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Abstract  
 

For multi-storey timber buildings, the stabilisation against horizontal loads is one of 
the key issues, which becomes more severe with height. There are a few main 
concepts utilised to resist lateral forces; shear wall action, diagonal bracing, and 
frame action. This doctoral thesis addresses the stabilising system of a beam and post 
system, where the main load carrying members are connected in a pinned manner 
and horizontal stabilisation is provided by special stabilising walls. The system ‘trä8’ 
developed by Moelven Töreboda AB has been studied as an example of such a 
system. The stabilising elements are prefabricated panels made of a glued laminated 
timber frame and cross-laminated veneer lumber Kerto-Q sheathing glued-screwed 
to the frame. 
The stabilising elements were examined in full-scale racking monotonic 
experimental tests. It was shown that prefabricated stabilising walls are very strong 
and stiff structures and can be successfully used for stabilisation of multi-storey 
timber buildings; however they require a reliable connection to the foundation.   
   
Connections with glued-in steel rods offer high strength and stiffness and were 
proposed as anchorage devices. They were tested both in the full-scale racking test 
and in single joint tensile tests. The experiment showed that these connections 
possess large load-carrying capacity and stiffness, but they fail typically by brittle 
pull-out of the rod from the timber member. A literature study was conducted to 
review existing manufacturing methods, mechanisms and parameters governing the 
performance and strength of the joints, theoretical approaches for the analysis of 
glued-in rods connections and existing design recommendations. Based on this 
review, the most recent methods were chosen to determine the pull-out capacity of 
glued-in rods connections and evaluate the test results. Additionally, the transformed 
section method was also found to be applicable for analysing stabilising walls 
anchored with glued-in rods connections.  
 
Brittle failure modes should be avoided in the design; therefore findings of the 
literature review were utilized in an attempt to achieve ductile behaviour of 
connections with glued-in steel rods. Two configurations of timber-to-steel 



iv 

connections with multiple glued-in steel rods, with many small diameter rods of 
high strength and few large diameter mild steel rods were tested in tension up to 
failure. The results showed that ductile behaviour can be achieved with mild steel 
rods and the number of rods should be small to reduce the amount of work during 
production and to reduce risk for manufacturing errors. The rods should be equally 
distributed in the timber cross-section to optimize the load transfer. At the current 
state, the only thing that seems to prevent a design method for the design of glued-
in rod connections in Eurocode 5 is a proper estimation of the characteristic shear 
strength value. 
 
The full-scale racking test also included nailed hold-downs. For large nailed 
connections loaded in tension parallel to the grain, an increased risk for plug shear 
failure exist, which was observed in the racking experiment. Nailed connections in 
general have a lower stiffness than glued-in rods connection provided they have the 
same connection area. The results of this test contributed, together to those of a 
previous study, to check the design proposal in Eurocode 5 for shear plug failure 
capacity of nailed connections, which was found to be non conservative.  
 
 
Keywords: multi-storey timber buildings, lateral stabilisation, bracings, building system, 
glued-in rods, nailed-on plate connections, timber engineering 
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Sammanfattning  
 

 
För flervånings trähus är stabilisering mot horisontella laster en av de viktigaste 
frågorna, som blir svårare att hantera ju högre huset är. Det finns tre sätt att 
stabilisera träbyggnader: skjuvväggar, diagonaler och momentstyva knutpunkter. 
Denna doktorsavhandling behandlar det stabiliserande systemet för pelar-balksystem 
där förbanden mellan de bärande elementen är ledade och särskilda stabiliserande 
väggar stabiliserar byggnaden mot de horisontella lasterna. Systemet ’trä8’ som 
utvecklats av Moelven Töreboda AB har studerats som ett exempel på ett sådant 
system. De stabiliserande element är prefabricerade paneler tillverkade av med en 
limträstomme täckt med fanérträ Kerto-Q skruvlimmad till båda sidorna av 
stommen.  
Det stabiliserande elementet undersöktes i fullskaliga experiment. Det visade sig att 
prefabricerade stabiliserande väggar är starka och styva, och kan användas för att 
stabilisera flervånings pelar-balk byggnader i trä, men de kräver en tillförlitlig 
anslutning till grunden. 
   
Förband med inlimmade skruvar har hög lastkapacitet och styvhet och föreslogs som 
grundinfästningar för de stabiliserande väggarna. De testades både i fullskaletester och 
i förbandstester. Experimenten visade att dessa förband har stor bärförmåga och 
styvhet, men de går ofta till sprödbrott genom utdrag av skruven från träet. En 
litteraturstudie genomfördes för att se över befintliga tillverkningsmetoder, 
mekanismer och parametrar som styr prestanda och styrka av förbanden, teoretiska 
modeller för analys av inlimmade skruvar och befintliga 
projekteringsrekommendationer. Utifrån denna studie, valdes de senaste metoderna 
för att bestämma utdragskapaciteten för förband med inlimmade skruvar i syfte att 
utvärdera testresultaten.  
 
Spröda brottmoder bör undvikas i träkonstruktioner, därför användes resultaten av 
litteraturgenomgången i ett försök att uppnå segt beteende i förband med inlimmade 
skruv. Två konfigurationer testades i dragning, en med många skruvar med liten 
diameter av höghållfast stål och en med få skruvar med stor diameter av milt stål. 
Resultaten visade att segt beteende kan uppnås med mjuka stålskruvar och antalet 
skruvar bör vara litet för att minska mängden arbete under produktionen och 
därmed risken för tillverkningsfel. Stavarna bör vara lika fördelade i tvärsnittet för att 
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optimera lastöverföringen. I nuläget är det enda som står mellan ett införande av 
beräkningsmodellen för inlimmade skruvar i Eurokod 5 en korrekt uppskattning av 
skjuvhållfasthetens värde.  
 
 
De fullskaliga testerna inkluderade också stabiliserande element förankrade med 
spikförband. För stora spikade förband som belastas i dragning parallellt fibrerna finns 
det en ökad risk för klossbrott, vilket observerades i experimentet. Spikade förband 
har allmänt lägre bärförmåga än förband med inlimmade skruvar, givet att de har 
samma förbandsyta. Resultaten bidrog till en tidigare utförd studie om utveckling av 
en prediktionsmodell för klossbrott i spikade förband. Slutresultatet visar att den 
nuvarande (2011) modell som används i Annex A i Eurokod 5 ger resultat på osäker 
sida. 
 
 
Nyckelord: flervånings trähus, horisontalstabilisering, pelar-balk system, inlimmade skruvar, 
spikade förband, träkonstruktioner 
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Notations and symbols 
 
A cross-sectional area [mm2] 
Anet,t net cross-sectional area perpendicular to the grain [mm2] 
Anet,v net shear area in the parallel to grain direction [mm2] 
B width of stabilising element [mm] 
E0,k char. modulus of elasticity for glulam, parallel to grain [N/mm2] 
Es modulus of elasticity for steel [N/mm2] 
Egl modulus of elasticity for glulam, parallel to the grain [N/mm2] 
ELVL modulus of elasticity for Kerto-Q LVL, parallel to the grain [N/mm2] 
Fax,Rk characteristic withdrawal capacity of the fastener [N] 
Fh lateral force [N] 
Ggl shear modulus for glulam [N/mm2] 
GLVL shear modulus for Kerto-Q LVL, 27 mm [N/mm2] 
L height of stabilising wall [mm] 
Md design bending moment in the wall-foundation intersection [Nmm] 
My,Rk characteristic fastener yield moment [Nmm] 
Rp-o mean pull-out strength of glued-in rod connection [N] 
Ru mean tensile strength of steel rod [N] 
Ry mean yielding strength of steel rod [N] 
V vertical load acting on the stabilising wall [N] 
b depth of glulam members of stabilising element [mm] 
b plug width including nail diameters [mm] 
bef plug width excluding nail diameters [mm] 
dr/d diameter of steel rod [mm] 
dh diameter of hole [mm] 
dn diameter of nail [mm] 
fa,k characteristic anchorage strength [N/mm2] 
fc,0,k  compression strength of the wood [N/mm2] 
fh,k characteristic embedment strength in the timber member [N/mm2] 
fk1,k  characteristic value of bond line strength [N/mm2] 
ft,0,k characteristic tensile strength of the wood parallel to grain [N/mm2] 
fv3 strength parameter [N/mm2] 
fv,k characteristic shear strength of the wood [N/mm2] 
fv, mean mean shear strength of the bond [N/mm2] 
fv,0,mean nominal shear strength of single axially loaded rod bonded in parallel to 

the grain [N/mm2] 
fws   withdrawal parameter for the square root case  [N/mm1.5] 
fwl  withdrawal parameter for the linear case [N/mm2] 
fy yield strength [N/mm2] 
fu tensile strength [N/mm2] 
h1 width of outer glulam member [mm] 
h2 width of middle glulam member [mm] 
h depth of whole stabilising element [mm] 
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l length of joint including nail diameters [mm] 
lef length of joint excluding nail diameters [mm] 
lg glued-in length [mm] 
n ratio between moduli of elasticity of steel and glulam GL28c 
n1 ratio between moduli of elasticity of LVL Kerto-Q and glulam GL28c 
nr number of rods in the connection [-] 
nn number of nails in the connection [-] 
tgl glue-line thickness [mm] 
t1 thickness of the timber member or penetration depth [mm] 

vrock vertical displacement in anchorage device induced by rocking [mm] 
SE horizontal displacement induced in stabilising element [mm] 
bend horizontal displacement induced by bending [mm] 
shear horizontal displacement induced by bending [mm] 
 slenderness of the rod [-] 
k characteristic density of the wood/timber [kg/m3] 
 density of the wood [kg/m3] 
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1 
Introduction 

 
 
1.1 Stabilisation of multi-storey timber buildings 
 
Since the change of the building codes in Sweden in 1994 (BKR 1994), when 
timber buildings higher than two storeys became legitimate, the development of 
multi-storey construction in timber has been rapid. Systems based on timber can be 
rational and cost effective (Thelandersson 1999). A building system is understood 
here as a conceptual technical solution with a certain degree of prefabrication and a 
specific construction method.   
 
Timber structures are light-weight in comparison to concrete structures, due to the 
high strength to weight ratio of wood. This is in general an advantageous 
characteristic, as it makes the building process faster since the elements are lighter 
and easier to handle, and the foundation less costly and complicated. However, due 
to this, actions of horizontal forces such as wind can cause high load concentrations 
and large deformations in timber structures, which can be highly inconvenient for 
the inhabitants. With increasing number of storeys the issue becomes more severe, 
as the self-weight of the structure is not sufficient to provide the necessary stabilising 
force to counteract overturning (Thelandersson and Larsen 2003). Therefore, 
structural stability is one of the key issues for timber buildings.   
There are three main structural concepts utilised for constructing multi-storey 
timber buildings: light frame system, heavy timber frame (linear members: beams 
and columns) and panels (e.g. solid wood, cross-laminated timber or composite 
elements). There are also three main principles for stabilising multi-storey timber 
buildings: wall diaphragms, diagonal bracings and moment resisting connections 
(Fig. 1.1). The moment resicting connections in case of timber structures are in fact 
semi-rigid, as achieving full rigidity is practically not possible due to the nature of 
wood. The in-plane stiffness of wall diaphragm (lateral/racking resistance) is utilised 
to stabilise buildings both in light-frame systems and panel-based systems. The stud 
wall diaphragms are most often referred to as traditional shear walls, composed of 
lumber framing (bottom rail, top rail, vertical studs) and sheathing (made for 
example of gypsum, plywood or OSB boards) attached to the frame by means of 
mechanical fasteners like nails or screws. The lateral capacity of the shear walls is 
influenced primarily by the load-slip characteristics of the connectors between 
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sheathing and framing , but also by shear strength of the sheathing; flexural stiffness 
of the frame, and compression strength of the bottom rail and tensile capacity of the 
hold-down connections (Salenikovich and Dolan 2003; Dujic et al. 2008).  
 

 
Figure 1.1 Lateral displacements in buildings utilising different stabilising mechanisms: wall diaphragm 

(a), diagonal bracings (b), moment-resisting connections (c) 
 
Often, shear walls are the most effective and economically advantageous, since they 
assure ductile performance and no expensive materials or connectors are used. The 
lateral capacity of timber frame shear walls has been the subject of many research 
studies (review by Van de Lindt 2004; Källsner and Girhammar 2009a, 2009b) due 
to the large ability of these walls to dissipate energy and a ductile behaviour, leading 
to good performance during earthquakes. The resistance to the seismic activity is a 
valid issue for, among others, North America, Japan, Australasia and Southern 
Europe. In Nordic countries, there are other reasons for popularity of timber 
structures. They are mainly a long tradition of using wood for construction, good 
supply of raw material and high environmental awareness of society (Thelandersson 
et al. 2004). 
 
One of the crucial factors influencing the in-plane resistance of a wall diaphragm is 
the connection of the wall to the foundation (Thelandersson and Larsen 2003). In 
light frame systems, the usual way to attach the walls to the foundation is through 
anchor bolts placed in the middle of the bottom rail, Fig. 1.2a (Källsner and 
Girhammar 2008). Many researchers investigated the importance of the anchorage 
for traditional shear walls (e.g. Girhammar and Källsner 2004; White et al. 2009; 
Van de Lindt 2004). However, the stiffer the wall diaphragm is, the higher load in 
the anchorage devices is created. Therefore, for systems utilising solid wood panels 
of some type, which can have shear strength approximately few times higher than 
the light frame walls, the anchorage device is decisive, especially with regard to the 
horizontal displacements in the system. For solid wood panels, steel angle brackets 
or tie-downs (Fig. 1.2b and 1.2c respectively) attached externally to the wall are 
used and anchored to the foundation by means of anchor bolts (Gavric et al. 2011).  
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The steel brackets prevent the wall mainly from sliding (shear forces), and the hold-
downs, placed at the ends of the wall prevent uplift of the corners (rocking).  
 

(a) (b) (c)

sheathing

bottom rail

anchoring bolt

 
Figure 1.2 Anchoring devices: anchor bolt for light frame system (a), steel angle bracket (b), steel tie-down 

(c) (Källsner and Girhammar 2008; Acler et al. 2011) 
 
A common conservative approach to design light frame buildings is to neglect the 
sheathing above and below openings during the design of racking capacity of timber 
frame shear walls (Vessby 2011). Efforts have been made to improve this approach 
(e.g. Källsner and Girhammar 2009a, 2009b; Doudak et al. 2006) and to develop 
calculation methods taking into account the whole area of the wall, not excluding 
the areas above and below openings (Vessby 2011) in order to optimize the 
structures and to adjust to  the increasing demands of the market (Doudak et al. 
2006). 
 
The beam and post timber system is well-known in Sweden as it has been 
extensively used for different sorts of long-span and large scale structures (Carling 
2001), mostly non-residential occupancies, for example sports arenas or industrial 
storages. The heavy beam and post structure is also commonly used for constructing 
concrete and steel multi-storey buildings. However, in Sweden, such a system in 
timber for multi-storey buildings is not yet common. In beam and post structures, 
the bracing against lateral loads can take the form of diagonal bracing (Fig. 1.3a) 
utilising steel chords that are designed to transfer only tensile forces or solid timber 
diagonals that on the contrary perform best in compression. In some cases, stiffening 
can be realised through frame action, which in practice means integrating moment 
resisting connections between frame members (Fig. 1.3b).  
Another possibility is to associate the beam and post structure with a small number 
of slender wall diaphragms, Fig. 1.3c, in order to achieve economical and 
architectural advantages. Systems utilising tall walls or walls with high aspect ratio 
have been investigated in very few studies (Popovski and Leonard 2008, 
Salenikovich and Dolan 2003).  
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Figure 1.3 Principles used for stabilisation of beam and post timber buildings: diagonal bracings (a), 

associated frame structure (b), associated wall diaphragm (c)  
 
One of the Scandinavian glulam manufacturers, Moelven Töreboda AB has since 
2006 pursued the development of a beam and post system named trä8 intended to 
be used for non-residential multi-storey buildings (e.g. commercial, office and 
public buildings). The system is based on glued laminated timber (glulam) and 
laminated veneer lumber (LVL). Utilising these engineered wood products in such a 
system gives it competitiveness as long span lengths can be reached.  
For full functionality and optimal performance of the whole building system a range 
of structural and functional aspects needs to be processed, such as structural joints 
between members, load-bearing capacity, vibrations, acoustics, erection method, fire 
safety, and functional and aesthetical demands (Thelandersson 1999).  This system 
was used as an example to study stabilisation of beam and column multi-storey 
timber buildings realised by special stabilising elements.  The composite stabilising 
walls anchored with innovative connections with steel glued-in rods and 
conventional ones with nail plates were studied. 
 
1.2 Objectives and research questions 
 
The objective of this research work is to examine the performance of the stabilising 
system for beam and post timber systems for multi-storey buildings based on special 
stabilising walls. Firstly, the overall behaviour of the prefabricated timber walls is of 
interest including their strength and stiffness. Secondly, the performance of the 
anchorage devices for stabilising walls is studied as a crucial part of the stabilising 
system.  
The work presented in this thesis and primarily, in the appended papers, that 
constitute the spine of the conducted research work, intends to answer the 
following research questions: 
 

RQ 1: How do slender stabilising wall elements perform under static racking loading? 
RQ 2: How do connections with glued-in rods perform as anchorage of stabilising walls 
and how can a ductile connection with glued-in rods be achieved? 
RQ 3: How do nailed connections perform as hold-downs of stabilising walls and how 
to avoid the plug shear failure in nailed anchorage devices? 
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1.3 Limitations 
 
This work addresses issues related to the technical solutions of horizontal stabilisation 
of buildings utilizing beam and post system for multi-storey timber buildings. There 
can be different types of beam and post systems: columns and compound beams, 
compound columns and beams, forked columns, columns and oversailing beams or 
beams and continuous columns (Kolb 2008). In this thesis the latter one is 
considered with continuous columns and beams designed to be connected with 
columns in a pinned manner. Also the connection between columns and foundation 
is pinned. Therefore the main load-carrying structure needs to be integrated with 
additional stabilisation. As an example of such a system, the solution named trä8 
developed by the glulam manufacturer Moelven Töreboda AB was studied.   
 
The technical solutions (structure of the stabilising walls and anchorage connections) 
that have been studied were initially proposed by the system's manufacturer. For the 
phase of the initial development of the system, related with developing the basic 
concept and detailing, the maximum considered height was four storeys and the 
maximum span length was 8 m (limiting aspects are related to swinging and 
vibrations).  
 
The glued-in rods connection studied represents a specific type of connection which 
is a timber-to-steel connection realised by means of steel rods with a metric thread. 
Rods are glued parallel to the grain and are loaded by combined tension and shear 
(in the real situation when the wall is subjected to racking loading) or in pure 
tension (in the second experimental programme). The adhesive used for gluing-in 
the rods is 2-component polyurethane (Purbond). The procedure of manufacturing 
specimens follows the Swedish Technical Approval (Typgodkännandebevis 
1396/78). 
 
The steel head plate used in the second experimental programme imitating flange of 
the intermediate I-beam was overdesigned in relation to the adhesive joint and to 
the strength of used rods. Designing the connection to achieve failure in the 
intermediate steel connector was studied by  for example Piazza et al. (2011), but 
this kind of solution is out of scope here.  
Since seismic loads are not relevant in Nordic countries, the worst case of wind load 
that can occur in Sweden was of interest and no dynamic loads were taken into 
consideration. The initial design of the studied case was performed according to 
Swedish design code (BKR 99), but along the duration of the research project the 
recommendations provided by EC5 have been taken into consideration. The 
influence on the structural behaviour of moisture content, temperature or other 
environmental factors, as well as long-time behaviour were not considered. 
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1.4 Structure of the thesis 
 

In the first part of this thesis, the overall work done during the extent of this 
research project is introduced and summarized. The main focus was put on the 
stabilising system including stabilising elements and their anchorage devices.  
 
Chapter 1 introduces the work providing a brief theoretical background regarding 
the strategies used for lateral stabilisation of multi-storey timber buildings. Further 
the objectives and limitations of the study are stated, as well as summaries of the 
appended papers, and correlations between them are explained. 
 
Chapter 2 includes an overview of theoretical topics relevant for stabilising system, 
such as: shear walls and lateral capacity theory, steel-to-timber connections with 
glued-in steel rods, large nailed connections. 
 
In Chapter 3 all the steps undertaken during this research work are shortly presented. 
The whole conceptual solution for system trä8 is also described.  
 
Chapter 4 presents the main results of the papers appended to the thesis representing 
consecutive aspects of the system (elements, connections and system effects).  
 
Chapter 5 concludes the thesis and provides suggestions for future research. 
 
In the second part of the thesis, two conference papers (papers I and II) and four 
journal articles are appended concerning different aspects or parts of the stabilising 
system for beam and post buildings. A graphical representation of the topics covered 
in the papers is presented in Figure 1.4.   
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Paper IV
Prefabricated stabilising 
timber walls anchored 
with glued-in rods –

experimental tests and 
preliminary design

Paper III
State-of-the-art 

review on timber 
connections with 

glued-in steel 
rods

Paper V
Prediction model for 
plug shear failure in 

nailed timber 
connection 

Paper VI
Provisions for ductile 
behavior of timber-

steel connections with 
multiple glued-in rods

Paper I
Beam and post system for 

non-residential multi-
storey timber buildings –

conceptual framework 
and key issues

Paper II
Displacements in the 
stbilising system of a 
glulam beam and post 

system

RQ1

RQ2RQ3

RQ2

RQ1 RQ2  
 

Figure 1.4 Illustration of the thesis’ structure 
 
 
1.5 Short summaries of appended papers 
 
Paper I “Beam and post system for non-residential multi-storey timber buildings -
conceptual framework and key issues” by Gabriela Tlustochowicz, Abdy Kermani 
and Helena Johnsson was published in 2010 in the Proceedings of 11th World 
Conference on Timber Engineering.   
 
This paper examines and provides guidelines on key issues in the development of 
the timber beam and post system for multi-storey non-residential buildings and deals 
with its structural system, assembly method and weather protection. 
 
Paper II “Displacements in the stabilising system of a glulam beam and post 
system” by Gabriela Tlustochowicz and Helena Johnsson was published in 2008 in 
the Proceedings of 10th World Conference on Timber Engineering. 
 
Paper II presents results of an introductory numerical parametric study that aimed to 
propose an optimal structure of the stabilising element. The analysis resulted in a 
stabilising element consisting of three longitudinal continuous glulam members, and 
short horizontal glulam members in between them on the floors levels. On both 
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sides of the element 27mm thick Kerto-Q boards are glued-screwed to the frame, 
which allows treating the element as solid. Stabilising walls constructed in such a 
manner have the potential to stabilise multi-storey beam and post buildings without 
experiencing buckling of the sheathing or any other damage.   
 
Paper III “State-of-the-art review on timber connections with glued-in steel rods” 
by Gabriela Tlustochowicz, Erik Serrano and René Steiger was published in 2011 in 
Materials and Structures,44 (5): 997-1020. 
 
Paper III gathers and summarizes practical and theoretical approaches from research 
carried-out on joints with glued-in steel rods mostly in Europe and published in 
English, German or Swedish. The review considers manufacturing methods, 
mechanisms and parameters governing the performance and strength of the joints, 
theoretical approaches for the analysis of glued-in rods connections and existing 
design recommendations. 
 
Paper IV “Prefabricated stabilising timber walls anchored with glued-in rods – 
experimental tests and preliminary design” by Gabriela Tlustochowicz, Massimo 
Fragiacomo and Helena Johnsson was submitted to the European Journal of Wood and 
Wood Products in August 2011. 
 
Paper IV presents the results of a series of full-scale experimental tests of 
prefabricated stabilising elements anchored with glued-in rods connections. The 
main objective of the test was to evaluate the performance of the prefabricated 
stabilising elements subjected to lateral load and their anchorage system with glued-
in rods. Some provisions for the design of the stabilising walls tied down with 
glued-in rod connections are also provided. 
 
Paper V “Prediction Model for Plug Shear Failure in Nailed Timber Connections” 
by Helena Johnsson and Gabriela Tlustochowicz was submitted to Materials and 
Structures in August 2011. 
 
This paper focuses on the plug shear failure that is limiting for large nailed joints 
loaded in tension perpendicular to grain, as used for the anchorage of stabilising 
walls. In the introductory experimental program on full scale stabilising walls the 
nailed anchorages failed in plug shear failure. The experimental results were 
included in the previous study aiming to evaluate the existing theoretical predictions 
with regard to nailed connections based on the experimental data from four different 
studies. Based on a grand total of 92 experiments, it was concluded that the 
prediction model in Eurocode 5 is on the unsafe side.  
 
Paper VI “Provisions for ductile behavior of timber-steel connections with 
multiple glued-in rods” by Gabriela Tlustochowicz, Helena Johnsson and Massimo 
Fragiacomo is submitted to Journal of Structural Engineering. 
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The main objective of this paper was to investigate the possibilities of achieving 
ductile behaviour in timber-steel connections with multiple steel glued-in rods as 
well as to provide recommendations for the design of these connections. In this 
article the results of experimental monotonic tensile testing of two configurations of 
timber-to-steel connections with multiple glued-in steel rods are presented.  
 
1.6 Additional publications 
 
In addition to the appended papers, two conference papers have been presented 
within the frame of the project during scientific conferences, reporting partial results 
of research work.  Also two technical reports have been published presenting 
outcomes of the introductory study-visit at the building site of the pilot building and 
the first experimental programme.    
 
Conference papers 
 
Tlustochowicz G, Johnsson H and Girhammar U A (2010) Beam and post system for 
non-residential multi-storey timber buildings – horizontal displacements in stabilising system. 
11th World Conference on Timber Engineering, Riva del Garda, Italy  
 
Tlustochowicz G and Fragiacomo M (2011) Prefabricated stabilising walls for multi-
storey timber buildings - General concepts and preliminary design. Structural Engineering 
World Congress, April 4-6, 2011, Como Lake, Italy 
 
Technical reports 
 
Tlustochowicz G (2008) Assembly of the load carrying structure of a pilot house built in 
post and beam system in glulam. Technical report 2008:02, Division of Construction 
and Structural Engineering, Luleå University of Technology, Luleå, Sweden (in 
Swedish) 
 
Tlustochowicz G (2010) Racking behaviour of stabilising walls and the anchorage systems 
for beam and post system in timber: test report. Division of Structural and Construction 
Engineering, Luleå University of Technology, Luleå, Sweden  
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2 
Theoretical background  

 
 
The choice of method to stabilise multi-storey buildings depends on the structural 
system, the required lateral capacity and the function of the building. The stabilising 
system being of interest here is based on tall wall panels anchored in the foundation 
by means of anchorage devices placed at their bottom corners. The racking capacity 
of the stabilising element is an important issue to gain lateral load resistance and to 
minimise horizontal displacements. The anchoring devices of these elements are also 
of importance.   
 
2.1 Racking capacity  
 
The racking capacity of timber light frame shear walls is normally calculated in the 
ultimate limit state of loading (ULS) and most commonly the elastic analysis is used 
(e.g. Vessby 2011, Källsner and Girhammar 2008, Carling et al. 1991). This 
approach assumes that: members of timber frame are pin-connected to each other; 
the bottom rail fully interacts with the foundation; the sheathing is prevented from 
out-of-plane buckling; connectors used to attach sheathing to framing behave in 
elastic manner regardless the direction of loading (Carling et al. 1991). With these 
assumptions, the calculation of the racking capacity of a timber frame shear wall is 
based on the capacity of the most loaded connector.     
The stabilising walls utilised for stabilisation of the beam and post system can be also 
defined as shear walls due to their function. However, the above assumptions are 
not valid, as in the cross-section of the stabilising elements adhesive connection is 
utilised, which allows treating the whole cross-section as solid, with no relative slip 
between members (Porteous and Kermani 2007). For the strength and stiffness 
analyses, the stabilising elements are treated as vertical cantilever beams.    
 
2.2 Horizontal displacements  
 
The horizontal displacements that occur in the stabilising system originate from 
displacements induced in the stabilising element by shear ( shear) and bending ( bend), 
Fig. 2.1a and 2.1b respectively. Additionally, vertical displacements occur in the 
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anchorage devices (vrock) as an effect of rigid body rotation of the wall (Fig. 2.1c), 
referred to as rocking (Gaveric et al. 2011).  
 

 
Figure 2.1 Components of the lateral displacement: shear (a), bending (b) and rocking (c)  
 
The behaviour of composite stabilising wall panels significantly differs from the 
traditional light-frame shear walls (Gavric et al. 2011) and is slightly similar to the 
behaviour of stiff solid wood panels. However, the solid wood panels are usually 
one storey high and very rigid, which causes these elements to experience negligible 
flexural ( bend) and shear ( shear) displacements, while the displacements in the wall-
foundation interface ( rock) are decisive (Gavric et al. 2011; Dujic et al. 2004). 
Stabilising walls with a high aspect ratio treated as cantilever wall-beams experience 
horizontal displacements induced by shear and bending that cannot be neglected, 
despite the high stiffness of these walls.  
 
The elastic displacement of the stabilising wall treated as a cantilever beam ( SE) with 
length (L), loaded with a lateral point load (Fh) at the top of the wall is a sum of 
displacements induced by shear and flexure: 
 

SE = shear+ bend     (2.2) 
 
The components of the elastic displacement are defined in Eqs. 2.3 and 2.4 (Popov 
1990). 

GA
LFh

shear                       (2.3) 

EI
LFh

bend 3

3

     (2.4) 

 
In the above equations GA and EI represent the shear and flexural stiffness of the 
cross-section respectively. In Eq. 2.3, a  factor is introduced that represents the 
modification of the shear deflection depending on the shape of the cross-section of 
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the considered element (Popov 1990). Factor  for the composite cross-section of 
the stabilising glulam-LVL wall is derived in Appendix B. 
The behaviour of wall-foundation connections is of great importance and preferably 
the anchorage devices should possess high strength and stiffness. The rocking 
component of the horizontal displacement can be calculated as the vertical 
displacement in the wall-foundation interface multiplied by the aspect ratio of the 
wall, Fig. 2.1c: 
 

rockrock v
B
L      (2.5) 

 
The vertical rocking displacement (vrock) comprises the slip (deformation) in the 
anchorage devices subjected to tension and of the crushing of the wall element 
caused by compressive forces at the opposite corner. The vertical displacements are 
magnified at the top of the wall by its aspect ratio, defined as the ratio between the 
height and the width of the wall (Salenkovich and Dolan 2008) and represent the 
rocking component of the horizontal displacement ( rock), Fig. 2.1c. The issue of 
rocking behaviour is discussed in papers II and IV, with respect to the specific 
behaviour of connections used for anchorage in the foundation.  
 
The total horizontal displacement ( tot) is a sum of three components, Eq. 2.6 
(Vessby 2008). 
 

rockbendsheartot       (2.6) 
 
The judgment regarding the value of the maximum allowed horizontal 
displacements in the structure is left to designers, as the current code of design (EC 
5) does not provide any limitations (Källsner and Girhammar 2008). For regular 
buildings, the limitation can be around 2-3% of the interstorey height (h) and total 
height of the building (L) for the interstorey drift and top floor horizontal 
displacement, respectively (Thelandersson 2003). For multi-storey buildings such a 
limitation may not be sufficient, as large horizontal deformations of the structure 
may cause severe cracking and permanent damage. In the previous version of 
Eurocode 5 (1989), the recommended maximum horizontal displacement was 
defined as L/300 (Källsner and Girhammar 2008), however, this limitation was 
removed as it was no longer actual for increasing number of constructed multi-
storey timber buildings and for the increasing quality demands. The strictest 
recommendation is currently given by the German design code (DIN 1994) and is 
defined as L/500. The L/500 and L/300 limits were used in papers II and IV. 
 
2.3 Connections used for anchorages  
 
It is important that the anchoring devices for slender stabilising walls possess large 
stiffness and small initial slip. On the other hand, the beam and post system has a 
relatively small number of joints between the main structural members 
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(Thelandersson 1999) and it is recommended to assure, despite the large initial 
stiffness, that the wall-foundation connections (and all the other connections) in case 
of accidental loads can develop ductile behaviour before the final rupture. This will 
allow creating alternative load paths, redistribution of forces and noticeable 
deformations in the structure, large enough to warn the inhabitants about the 
incoming failure. This will contribute to the robustness of the structure, which will 
not allow for the destruction disproportionate to its cause (Dietsch 2011) . This 
feature of structures  is important even in the Nordic region, where earthquakes and 
other hazardous events are rather rare.   
Timber wall diaphragms are usually attached to the foundation by means of steel 
angle brackets anchored by bolts and attached with nails or screws to the walls. 
These brackets are placed regularly along the bottom edge of the wall, to resist 
sliding of the wall subjected to the lateral loading. At the bottom corners of the wall, 
the tie-downs can be applied to counteract uplifting (Fig. 1.2c). These typically used 
hold-down devices may not be sufficient for restraining slender stabilising walls used 
in beam and post multi-storey buildings, where only two devices per element are to 
be used. 
Connections with bolts can achieve high strength; however they were excluded in 
this study as potential anchorage devices of the stabilising walls. Bolts are usually 
placed in the oversized holes, which naturally reduces the initial stiffness of the 
connections (Thelandersson and Larsen 2003) which is desired here. Due to the 
required large load capacity of the anchorage devices, connections with glued-in 
rods were proposed.  
For comparison purposes, connection with nail plates was chosen, that is commonly 
used in Sweden for holding down vertical structural members or parts like columns 
or walls (Carling 2001).  
 
2.3.1 Connection with glued-in rods 
 
Connections with different types of glued-in rods have been the subject of many 
studies since the 1980s and they are becoming popular as they provide good strength 
and stiffness properties, and efficiency in load transfer (Harvey et al. 2000).  

  
Figure 2.2 Examples of applications of connections with glued-in rods                                          

(Bainbridge et al. 2002, Carling 2001) 
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They can be used for example for anchorage of vertical elements in the foundation 
and for moment-resisting connections in frames utilising intermediate steel 
connectors (Bainbridge et al. 2002, Buchanan 1994, Broughton and Hutchinson 
2001). The behaviour of timber connections with glued-in steel rods is complex due 
to interaction between three different materials: timber, adhesive and steel. A 
number of research studies have addressed the dependency of the capacity on 
different geometrical (e.g. size of adherends, edge distance, spacing), material (e.g. 
adhesive type, density of wood, moisture content) and configuration (e.g. pull-pull, 
gluing direction, loading direction) parameters, which is overviewed in appended 
Paper III. The best performance of connections with glued-in rods is obtained in 
axial tension since tension perpendicular to the grain should be avoided. In many 
studies, single rod connections were investigated as it is then easy to test the 
influence of the isolated parameters. In these tests, the load was applied directly to 
the rods to enable investigating the adhesive connector.  
 
It was found that connections with glued-in rods subjected to axial tensile load 
(applied on the rods) can fail in five different failure modes: 

(i) Pull-out of the rod from the timber member caused by shear failure in the 
wood-adhesive interlayer, in the adhesive or in the wood, Fig. 2.3 a; 

(ii) Tensile failure of the timber member at the end of anchorage zone of the 
rods, Fig. 2.3 b; 

(iii) Tear out of the group of rods, Fig. 2.3 c; 
(iv) Splitting of the timber member, Fig. 2.3 d; 
(v) Plasticization of the rod, Fig. 2.3 e. 

 

 
Figure 2.3 Possible failure modes for timber connections with glued-in rods: shear failure along the rod (a), 

tensile failure (b), group tear-out (c), splitting failure (d), yielding of the rod (e) 
 
The connection studied in this thesis is a timber-to-steel connection with multiple 
steel threaded rods glued into glulam members parallel to the grain using a two-
component polyurethane adhesive (section 1.3) and connected to the steel hub with 
washers and nuts. This configuration of the connection broadens the range of 
possible failure modes with: 

(vi) Bending failure in the flanges of the anchorage steel hub (EC 3); 
(vii) Pull-through failure of the nut through the flange of the anchorage steel 

hub (EC 3); 
(viii) Thread stripping (Bolt Science 2011). 
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The modes described in points (i) – (iv) are brittle failure modes and should be 
avoided. Occurrence of splitting and group tear-out (iii and iv) can be prevented by 
complying with the recommended minimum edge distances as well as minimum 
spacing between the rods (e.g. Serrano 2001, Blass and Laskevitz 1999). The tensile 
failure of timber can be prevented by applying suitable geometrical proportions, 
ensuring sufficient tensile area of the timber member (Rtim,t), calculated according to 
Eq. 2.9. 
 

ttimnettimttim fAR ,,,      (2.9) 

 
A large number of studies investigated the parameters influencing the pull-out 
strength of the glued-in rod connections (i). The pioneer proposals for axial pull-out 
strength of a glued-in rod were given by Riberholt (1986, 1988). In later models the 
formula for pull-out capacity of glued-in rods became fairly consistent in different 
studies, Eq. 2.10. One of the main differences between models is that they refer to d 
as diameter of the rod (dr) or as diameter of the hole (dh).  
 

vgop fldR      (2.10) 
 
Still unclear is the definition of the shear strength (fv) of the wood in the context of 
glued-in rods connections. The strength parameter fv3 (derived empirically by 
Riberholt in 1977), presented in the Swedish literature (Carling 1992) depends on 
the threading of the rod and the relation between glued-in length and diameter of 
the rod. The characteristic pull-out strength of the rod can be calculated according 
to formula (2.10) based on empirical data and with the assumption that d denotes 
the diameter of the rod, and the characteristic shear strength of the wood (in this 
case fv = fv3) is defined as in Eqs. 2.11 and 2.12, depending on the slenderness of the 
rod.  
 
fv = fv3 = 3.4 MPa   for lg/d  10  (2.11) 
 
fv =fv3= 3.9-0.05lg/d MPa  for 10 < lg/d  20   (2.12) 
 
The European project GIROD investigating connections with glued-in rods (e.g. 
Bengtsson and Johansson 2002) resulted in the following proposals of the analytical 
models for shear strength for epoxy and brittle polyurethane adhesives (Eq. 2.13), 
and for the softening phenol resorcinol adhesive (Eq. 2.14). 
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In Steiger et al. (2007), a proposal of calculation model for the axial pull-out 
strength of rods glued-in parallel to the grain was published. The formula is again 
similar to the one presented in Eq. 2.10, taking into account the diameter of the 
hole (d = dh) and the nominal shear strength of single axially loaded rod bonded in 
parallel to grain direction, calculated according to Eq. 2.15.  
 

6031

20 48010
87

./

,, .
mm

Nff meanvv    (2.15) 

 
A thorough overview of the development of the design model is presented in Paper 
III. The proposals quoted here were used for the design of experimental tests and for 
the evaluation of their results. The Swedish proposal was initially used due to the 
lack of recommendations in EC 5. In further stage, after performing the extensive 
literature study, two models were used for the analysis. The model proposed by 
Steiger et al. (2007) is currently successfully used in the Swiss GSA® connection 
system, utilising glued-in rods (Gehri 2010). The model proposed by Aicher et al. 
(1999) was a result of the aforementioned GIROD project.  
 
The pull-out strength of the glued-in rod can be used as decisive design criterion 
with a large safety margin so as to reduce the risk of brittle failure. However, if the 
load reaches the failure load, the failure will occur in a brittle manner, which is in 
general not desired. Wood is a brittle material by nature, but it is possible to achieve 
ductile behaviour of the wooden structure by utilising the ductility of steel 
connectors joining timber members. In connections with steel glued-in rods the 
ductility can result from plasticization of the steel rods (v), Fig. 2.3 e. The yielding 
capacity of the rod (Ry,tens) is defined as: 
 

ytensryr fAR ,,      (2.16) 
 
The plasticisation of the rods can continue up to tensile failure of the steel rods, if 
required. Ductile failure of steel connector can also be obtained by plasticisation of 
the steel member connected to the glued-in rods (Andreolli et al. 2011).  
Another possible failure mode (with however smaller probability of occurrence ) in 
the steel-timber connection with steel glued-in rods subjected to axial tension 
(direction of loading parallel to the rods) is thread stripping (viii). This phenomenon 
is very complex and no formalized calculation method is currently available 
(Martínez Martínez and Zavala Ríos 2008; Bolt Science 2011).  
 
The ductility of the connection is strictly related to its stiffness. If the pull-out failure 
is decisive in the design of the connection with glued-in steel rods, the connection 
has very high stiffness with negligible deformation up to sudden failure.  
If, on the contrary, steel rods failure is decisive, the connection will have lower 
stiffness than in the previous case, but the connection will fail in a ductile manner, 
exhibiting visible warning displacements.  
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2.3.2 Connections with nailed plates 
 
Nails are commonly used dowel type mechanical connectors. They allow producing 
simple and not expensive connections, and therefore it was worth investigating if 
this type of connection will serve the purpose of anchoring stabilising walls for beam 
and post system. For timber-steel connections with dowel type fasteners loaded 
parallel to the grain, few failure modes have been identified (Johnsson, 2004). The 
brittle mechanisms occurring in dowel-type joints are splitting (Fig. 2.5a), row shear 
(Fig. 2.5b), block (or plug) shear (Fig. 2.5c) and tensile (Fig. 2.5d) failures. These 
types of failure should be avoided by respecting the recommendations regarding the 
geometry of the joint included in the design code (EC5). For nailed joints failure 
modes (a) and (b) never occur if the spacing and edge distance recommendations are 
followed. A proper design of the timber member eliminates failure mode (d), which 
leaves (c) and (e) to be checked.    
 

 
Figure 2.5 Failure modes of timber connections loaded in tension parallel to grain: splitting (a), row shear 

(b), plug/block shear (c), tension (d), embedment or plasticization of fastener (e)  
 

The preferred ductile behaviour is achieved if the joint fails in embedding, as the 
compressive behaviour of timber parallel to grain can be considered ductile (Jorissen 
and Fragiacomo, 2011) or by plasticization of the fasteners (Fig. 2.5e). A theory 
generally used to predict the load-carrying capacity of dowel type connections in 
shear was initially developed by Johansen in (1949). This theory was adapted for the 
design of nailed connection in Eurocode 5 (Thelandersson and Larssen 2003).  
For the steel-timber connection classified as single shear timber-to-steel connection 
there are five possible ductile failure modes: embedment failure (Eq. 2.6a and c), 
one plastic hinge (Eq. 2.6 b and d) and two plastic hinges (Eq. 2.6 e). 
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Figure 2.6 Failure modes for single shear timber to steel connections (according to EN 1995-1-1) 

 
Since the anchorage devices for the stabilising walls need to withstand relatively 
large forces, the joints will be large and therefore there is a risk for plug shear failure. 
This is a brittle failure mode and should be avoided and moreover it is an upper 
limit of the capacity of the nailed connection (Johnsson 2004). 
 
The difference between plug and block shear is explained in Fig. 2.8. Block shear 
failure occurs if the dowel protrudes the timber member, which is never the case for 
nails. 
 
 

 
Figure 2.8 Illustration of plug shear failure (a) and block shear failure (b) 
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Instead, the nailed connections can fail in plug shear failure, which can be predicted 
according to formulas provided in the informative Annex A in the Eurocode 5, Eq. 
2.18. 
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,,
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max                           (2.18) 

 
This approach proposes the capacity prediction based either on tensile or all shear 
areas of the joint, Figs. 2.9b and 2.9d respectively.  
 

 
Fig. 2.9 Definition of parameters  

 
Some extensive studies on dowel type connections resulted in a few more models 
predicting the plug shear capacity of nailed joints, the main differences of being 
which areas contribute to the capacity of the joint in plug shear failure.  
 
Foschi and Longworth (1975) suggested that either the side shear areas or the tensile 
area are decisive for the plug shear resistance, Fig. 2.9a and 2.9b respectively. Kangas 
et al. (1997) proposed a model, where tensile area and bottom shear area of the joint 
determine the shear plug resistance of the joint, Fig. 2.9f. Finally, a slightly different 
approach was proposed by Quenneville in a number of publications (Quenneville 
and Bickerdicke 2006; Quenneville et al. 2006; Quenneville and Jensen 2008), 
where the sum of side shear areas and partial tensile area are decisive, Fig. 2.9e. All 
possible combinations of areas contributing to the plug shear resistance are illustrated 
in Fig. 2.9. 
 
To assure that the connection does not fail in brittle manner by plug shear, the plug 
shear resistance of the connection needs to be higher than the ductile nail capacity, 
Rbs,Rk (Rplug) > Rv,Rk. To accurately determine plug shear failure of the joint, tensile 
(ft) and shear (fv) strengths of timber need to be known. These properties of wood, 
which is a brittle material, depend on different factors such as for example volume 
effect, duration of load, moisture content, density (Thelandersson and Larsen 2003), 
which is discussed in Paper V.  
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3 
Materials and methods 

 
 
 
 
The work has been conducted during a period of almost five years. During this time 
the structural system trä8 was studied as an example of a beam and post system for 
multi-storey timber buildings utilising special wall elements for stabilisation. The 
trä8 system has been under development since 2006 and the work presented herein 
was carried out simultaneously with the conceptual development of the system. To 
achieve the objectives specified in section 1.2, a number of methods was utilised to 
gain a better understanding, to collect data and to perform analyses.  
The work started with a study visit on a building site of a pilot project, continued 
with experimental and analytical investigations, and was continuously supported by 
studying literature.  
 
3.1 System trä8 
 
3.1.1 General concept 
 

Continuous 
column

Continuous 
stabilising element
(vertical cantilever)

Beams connected 
to columns in a 
pinned manner

 
 

Figure 3.1 Concept of beam and post system with stabilising elements 
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The structural system trä8 is based on a modular system of glulam columns and 
beams, prefabricated floor and roof elements, and prefabricated stabilising wall 
elements. Beams are connected to the continuous columns in a theoretically pinned 
manner. The column-foundation connection is also pinned. Therefore, the structure 
requires additional stabilisation which is realised through special stabilising elements 
(Fig. 3.1). The system is planned to be used for non-residential buildings, where 
large open spaces or glass areas would be possible. The 2.4 m wide stabilising walls 
are preferably placed along the façade of the building or comprise the walls of 
elevator shaft or staircases. Apart from stabilising elements no other walls are 
required from a structural point of view and the structure should only be 
complemented with curtain walls of some type. 
 

 
3.1.2 Stabilising element 
 
The stabilising element is a composite wood-based panel built of a glulam frame and 
LVL sheathing, Fig. 3.2.  The framing consists of three longitudinal members and 
short horizontal members placed at the bottom and the top of the element, as wells 
as at the level of each floor. The floor is made of Swedish glulam with properties 
equivalent to glulam classified as European class GL28 (SS-EN 1194).  
The length of the element is dependent on the height of the designed building. The 
cross-sectional dimensions are intended to be standardized to minimize design time 
and cost. The outer longitudinal members of the skeleton have the cross-section 
360mm x 160mm, the middle longitudinal member is 225mm wide and 160mm 
deep. Horizontal members with dimensions 225 x 160 x 728 mm3 are used to 
simplify the production of the elements and to prevent the out-of plane buckling of 
the sheathing. Members of the glulam framing are connected only by means of 
sheathing on both sides made of 27mm thick LVL Kerto-Q boards. The LVL 
Kerto-Q is a product that has high in-plane shear strength due to about 20% of the 
veneers being laminated in the transverse direction (Finnforest Finland 2011). The 
total width of the stabilising panel is 2.4 m, which is determined by the 
manufacturing capacity of Kerto LVL and by the transportation limitations. 
The single stabilising elements are to be connected into L- and T-shaped 
configurations (Fig. 3.2 c) for better stabilising effect and to make the configurations 
self-stabilising during the erection process. 
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Figure 3.2 Stabilising element: general structure (a), view (b), L- and T-shaped configurations (c) 

 
The spaces between members of the framing are to be filled with insulating material 
e.g. mineral wool so the element has a structural and a functional role. Sheathing is 
glued to the framing members with the use of phenol-resorcinol adhesive and 
screwed (Fig. 3.3). The screws connect the sheathing to the skeleton, but also apply 
pressure during bonding and provide additional safety in case of failure of the glue.  
 

(a) (b)

T-configuration

L-shaped
configuration

 
Figure 3.3 Production of specimens at the factory of Moelven Töreboda AB (a), examples of geometries of 

the buildings utilising L and T configurations (b) 
 
The properties of materials used for production of the stabilising walls are 
summarized in Table 2. 
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Table 3.1 Properties of used materials (nominal mean values) 
 

Elastic modulus

[N/mm2]
EL = 14000 ET = 500 ER = 14000 EL = 10590 ET = 2967 ER = 244.6

Shear modulus

[N/mm2]
GLR = 800 GLT = 500 GRT = 60 GLR = 147.5 GLT = 500 GRT = 48.9

Poisson's ratio LR = 0.02 LT = 0.02 RT = 0.45 LR = 0.02 LT = 0.02 RT = 0.68

Glulam GL28c LVL Kerto-Q 27mm

 
 
3.1.3 Anchorage devices 
 
To be able to stabilise multi-storey beam and post timber buildings with stabilising 
elements, reliable wall-foundation connections are required. It is assumed that two 
identical anchorage devices are placed at the bottom corners of the stabilising 
elements. The manufacturer of the system proposed a connection with steel rods 
glued-in the glulam members of framing and connected to the foundation by means 
of an intermediate steel I-profile connected to rods casted in the foundation (Fig. 
3.4).  

 
Figure 3.4 Drawing of used anchorage device with glued-in rods 

 

 
Figure 3.5 Drawing of the used anchorage device with nail plates 
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An alternative connection is the well-known nailed connection, used commonly for 
anchorage in the foundation of vertical timber members, which was slightly 
customized for the system. Two vertical nailed plates are welded to a horizontal 
plate that in turn has studs on the bottom side used for anchoring the plate in the 
concrete foundation (Fig. 3.5).   
 
3.1.4 Example building 
 
Since no multi-storey building was constructed using system trä8 at the start of the 
research project, a fictional object was designed for the analyses purposes. The 
chosen building is a 4-storey building consisting of 3 by 2 modules (3x2), each 
module being an 8m x 8m square unit, Fig. 3.6. The stabilising element for such a 
building is assumed to be 12m high. The dimensions of the cross-section of the 
stabilising element are identical as presented in Fig. 3.2a.  The building is assumed to 
be located in Sweden, where the most unfavourable wind conditions occur: terrain 
type I, reference wind velocity 26 m/s (BKR 99). This fictional building provided a 
base for the analyses and experiments performed. The detailed load analysis is 
included in related publication by author (Tlustochowicz 2010). The vertical loads 
(gravity loads) were conservatively neglected.  

 
Figure 3.6 Example building 3x2, 3D-view (a) and plan (b) 

 
The example building included twelve stabilising elements connected into six T-
shaped configurations. However, all the stabilising elements are treated individually. 
The connection between walls comprising ‘T’ is assumed to be merely an assembly 
connection, with no influence on the total stability of the whole building. The 
floors are assumed to be rigid diaphragms, thus the lateral load acting on the 
building is evenly distributed between the walls placed parallel to the loading 
direction (Thelandersson and Larsen 2003). 
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3.2 Methods 
 
3.2.1 Study visit 
 
In the initial phase of the project a study visit was conducted on the building-site 
where a two-storey multi-family house was erected in Töreboda in Sweden using 
the initial concept of trä8 system (Fig. 3.7a). The visit lasted for two months and 
resulted in a technical report, which became part of the base material for 
development of the system (Tlustochowicz 2008). The main purpose of the visit 
was to evaluate concept and the assembly method.  
 
3.2.2 Conceptual work 
 
During the two first years of project duration, activities like workshops and model 
building (Fig. 3.7 b, c) were performed aiming to solve the architectural design in 
relation to buildability. The research work focused thereafter on the stabilisation 
aspect.  
 

(a)                                         (b)                                     (c)  
Figure 3.7 Photographs from different stages of the project: erection of pilot building (a), conceptual 

workshop (b), model of the example building 3x2 in scale 1:5 (c) 
 
3.2.3 Experimental programmes 
 
Experimental test 1 
 
As showed by other researchers (e.g. Dujic et al. 2004; Salenikovich and Dolan 
2008), one of the essential requirements for the system is a strong and reliable 
anchorage for the stabilising walls. During April to September 2009, full scale 
laboratory experiments were performed at Department of Civil, Mining and Natural 
Resources Engineering of Luleå University of Technology, in the facilities of the 
experimental laboratory Complab, to investigate the stabilising performance of six 
wall elements and the performance of two different anchorage systems. Three 
specimens were connected to the foundation using glued-in threaded steel rods, and 
the other three using nail plates on both sides, Fig. 3.8.  
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(a) (b)  
Figure 3.8 Anchorage devices tested in experiment 1: glued-in rods (a), nail plates (b) 

 
Each specimen was subjected to a racking test in two directions up to failure of the 
wall-foundation connection loaded in tension. The load was first increased 
monotonically in one direction up to failure of the connection loaded in tension. 
The specimen was then unloaded and reloaded monotonically in the opposite 
direction up to failure of the other connection. The tests of the stabilising walls were 
performed in a horizontal position according to Fig. 3.9. The main objective of this 
experimental study was to evaluate the in-plane flexibility of the stabilising system, 
the load-carrying capacity of the wall panels, and the performance of the anchoring 
devices.  
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Figure 3.9 Experimental set-up of the full-scale test 

 
The tests were performed on full-scale wall specimens, as the timber wall panels 
made of engineering wood products are difficult to scale down. Due to space 
limitations in the laboratory, the length of the wall panels was taken as 6 m, which is 
half the height of the example four storey building. The experimental study is 
reported in detail in (Tlustochowicz 2010). 
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The racking test was performed in a conservative way, not fully representing the real 
application. The test was performed in the horizontal position, with the wall 
elements anchored to a steel frame simulating foundation. The only contact surfaces 
between the steel frame and hubs were at the corners (the only area of load transfer). 
Vertical (gravity) loads were neglected.  
 
Experimental test 2 
 
During a period from March to June 2011 a second laboratory study was conducted 
in order to examine the possibility for developing ductile anchorages for stabilising 
walls with glued-in steel rods. Two series, 10 specimens each, of glulam beams 
connected to the steel head plate with multiple glued-in rods were tested in tension 
up to failure 
 

    
 

Figure 3.10 Set-up of the experiment 2: photo (left) and drawing (right) 
 
The tested glulam members represented the outer members of the framing of the 
stabilising walls. The objective of this test was to implement the recommendations 
found in literature to achieve a ductile behaviour of these connections. In the first 
series (GB) 4 rods M20 made of mild steel (fy = 300 MPa) were used and in the 
second series 12 rods M10 made of high strength steel (fy = 640 MPa) were used. 
Detailed descriptions of specimens from both series and experimental set-up are 
included in Paper VI. 
 
The risk for experiencing failure in the steel hub through buckling of flanges or 
through pull-through of the nuts through the flanges was eliminated by 
overdesigning the profile. 
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3.2.4 Literature review 
 

In chapter 1, a brief overview of the references concerning the topic of lateral 
stability of timber buildings is provided. One of the main topics in this thesis is 
connections with glued-in steel rods and a literature review on this topic is 
presented in Paper III. This literature study was a foundation for evaluating and 
analysing results of the first experiment on stabilising walls anchored with glued-in 
rods connections, and for designing the connections with glued-in rods for the 
second experiment. In chapter 2, a review of theories necessary for the design and 
analysis of composite walls, timber-steel connections with glued-in steel rods and 
large steel-timber single shear nailed joints are included. Theories relevant for the 
specific aspects discussed are presented in the appended papers. 
 
3.2.5 Analytical approach 
 
The post-experimental analysis of prefabricated wall panels anchored with glued-in 
rods connections was conducted by means of the transformed section method 
(Batchelar 2006; Fragiacomo and Batchelar 2011) that is commonly used for stress-
strain analysis of reinforced concrete. This analysis allows evaluation of the racking 
capacity of the walls in terms of the lateral load that the wall can withstand, and also 
to extend the experimental case to a realistic scenario, where the wall will have 
contact with the foundation along its whole width, Paper IV. 
  
In the case of stabilising wall anchored with multiple glued-in rod connections with 
the same glued-in length subjected to lateral loading, the failure of the anchorage 
device in tension should occur with the failure simultaneous of the most loaded pair 
of rods. During the post experimental investigations of specimens from the 
introductory study it was found that the glued-in lengths for all rods was variable, 
most probably due to the too small glue-line thickness (0.5mm). After estimating the 
actual anchorage lengths, a ‘step-by-step’ analysis was conducted in an attempt to 
theoretically follow the track of experiment, which intended to verify the order of 
rod failures and the failure load for each joint. Details of the approach are described 
in Paper IV.  
 
The anchorage devices with nail plates failed during the experimental investigation 
by plug shear failure, so the existing models were employed to analyse the result. 
There is an apparent phenomenological difference between these models. The 
results of tests investigating anchorage devices with nail plates were analysed 
together with the results of previous experimental studies on plug shear failure. 
Results of 92 experiments were used to test different hypotheses assuming different 
areas contributing to shear plug capacity of nailed joints, Paper V.   
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3.2.6 Numerical analysis 
 
A number of three-dimensional numerical models were developed using ABAQUS 
finite element software (versions 6.7-1 and 6.8-3). During the introductory 
parametric study, models represented different variants of the wall panel, Paper II. 
After performing the racking tests of the walls, a model representing experimental 
set-up was also analysed. The stabilising element was modelled as an assembly of 
hexagonal (Hex) solid elements with reduced integration. The glued connections 
between inner posts and Kerto sheathing were modelled as constraints, since such a 
connection can be treated as fully integrated. The connection of the wall to the 
foundation was modelled as rigid.  Both glulam and LVL were modelled as linear 
elastic orthotropic materials with properties according to Table 3.1. Additional 
boundary conditions have been applied to all models to eliminate the risk for 
appearance of out-of-plane buckling of the wall. 
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4 
Results and analysis 

 
 
 
4.1 Single stabilising elements 
 
In the preliminary numerical parametric study, the structure of the stabilising wall 
was investigated, Paper II. It was found that for the sake of stability of the sheathing, 
a longitudinal glulam member in the middle of the panel is required as well as short 
horizontal members in between the vertical members, Fig. 3.2. This was confirmed 
in the exploratory full-scale racking test of the stabilising elements, where the 
measured out-of plane displacements of the stabilising element were negligibly small. 
No buckling of sheathing or other damage of the wall was observed (Tlustochowicz 
2010). The analyses carried out and presented in Paper II also showed that the walls 
have a potential to stabilise up to four-storey high buildings. Moreover, the wall 
panels, due to the fact that the sheathing is glued to the frame, exhibited close to 
linear behaviour, which is consistent with results obtained by Filiatrault and Foschi 
(1991), who tested shear walls with nails and adhesive. Only just prior to failure 
nonlinearity occurred. Such behaviour of the stabilising walls enables that the 
commonly used linear elastic design method can be used to predict the behaviour of 
the walls. 
 
To examine the performance of the composite stabilising elements, an exploratory 
full scale experiment was conducted. The design of the experiment was carried out 
for a fictional example building, as described in section 3.1.4. The example building 
was stabilised by twelve stabilising elements, which were connected into six T-
sections (Fig. 3.6b), however, the plane stabilising walls were treated individually. 
The stabilising walls were 12 m long (L = 12 m) and 2.4 m wide (B = 2.4 m). The 
lateral forces from wind loading are transferred to the stabilising walls through 
beams, as illustrated in Fig. 4.1, Case 1. Due to the limited laboratory space, the 
specimens tested were twice shorter than in the chosen fictional object. Apart from 
length, all the other dimensions were not scaled down. The assumption was fulfilled 
that the racking load applied during experiment will induce the same bending 
moment at the base of the wall as in the fictional case, Fig. 4.1, Case 2. 
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Figure 4.1 Illustration for calculation of scale factors 

 
Case 1 represents the designed wall, Case 2 is a representation of experiment where 
a half long wall was loaded with one point lateral load applied at the top, and Case 3 
is a simplification of Case 1, Fig. 4.1. 
 
4.1.1 Racking capacity 
 
The maximum characteristic bending moment effect at the anchorage connection 
was calculated to M1k = 289.6 kNm (Tlustochowicz 2010). The mean racking 
resistance (F2mean) of the tested wall panels was within the range 98.4 to 210.6 kN, 
on average 156.5 kN. Due to the large scatter of results, which is related to the 
brittle character of failure of the anchorage devices with glued-in rods, the estimated 
characteristic racking resistance of the walls was F2k = 53.6 kN. This is equivalent to 
a characteristic moment resistance of M2k = 321.6 kNm.   
 
Due to the manufacturing of the specimens (members of the wall were not exactly 
aligned) and set-up in the exploratory experimental study, neither the sheathing 
boards of the wall, nor the middle framing member had contact with the support. 
 

 
Figure 4.2 Transformed section method and three different cases of members contributing to the capacity 

(shaded areas represent contribution) 
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This indicates that only the outer glulam member of the framing transferred the 
compression forces, and in tension the glued-in steel rods were active (Fig. 4.2, Case 
1). Following the experiment, an analysis using the transformed section method was 
carried-out to investigate how much the members, that were not active during the 
experiment, could contribute to the racking resistance of the stabilising walls (on the 
compression side). The experiment conservatively ignored the vertical loads that will 
be present in reality, so the effect of taking them into account during design of the 
stabilising elements was also included in the analysis. 
 
Bending moment - normal force interaction diagrams were created to investigate 
the racking resistance for different combinations of moment and normal force, Paper 
IV. The approach is analogous to the method applied for reinforced concrete 
(Naaman 2004). It was found that for the investigated stabilising element, the 
middle vertical member of the framing contributes mainly to the compression 
resistance of the wall and the sheathing significantly increases both the racking and 
compression capacity of the wall. The M-N interaction diagram and table 
summarizing the limit cases (characteristic points) are presented in Fig. 4.2. 
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Figure 4.2 M-N interaction diagram and summary of the results for limit cases 
 
The curves in Fig 4.2 represent the upper limits of the design M-N capacities of the 
cross-sections of the stabilising walls from cases 1-3, Fig. 4.1. It is also that by 
assuring careful production of wall panels so that all vertical members of framing and 
sheathing of the wall are aligned and can participate in transfer of the lateral load to 
the foundation, significantly higher capacities can be achieved (Case 3) in 
comparison to situations when the middle framing member or sheathing do not 
have contact with the foundation (Cases 1 and 2).  
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4.1.2 Horizontal displacements 
 
The horizontal top displacements obtained in the racking test at SLS load level (40% 
of the failure load) for 6m long walls were within the range 4.2 to 19.8 mm, on 
average 10.8 mm. To extend the experimental results (Case 2) to Case 1 theoretical 
calculations of the displacements for different cases were performed.  
The horizontal displacements for each of the cases were calculated according to 
linear elastic theory, with the assumption that in all three cases the bending moment 
at the wall-foundation interface is the same (M1 = M2 = M3). In all cases the elastic 
displacement of the wall comprises the sum of shear and bending deflections.  
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The adhesive connection between the frame and the sheathing (embraced with 
screws) allows assuming that the composite cross-section of the element can 
function as a solid, where no relative slip between the frame and sheathing occurs. 
Therefore, the assumption of linear strain distribution along the cross-section can be 
applied and to calculate the banding (EI) and shear (GA) stiffness of the stabilising 
element, the 'equivalent section approach' is applied (Porteous and Kermani 2007). 
A detailed calculation of the stiffness is provided in Appendix A, where glulam is 
assigned as material number 1 and LVL Kerto-Q as material number 2. 
  

2211 IEIEEI      (4.4) 
 

2211 AGAGGA      (4.5) 
 
The shape factor present in Eqs. 4.1 – 4.3, for the composite cross-section of the 
stabilising wall is equal  = 2.535, Appendix B. In Paper II, the shape factor used to 
calculate the theoretical displacements was not correct, as  = 1.2 is the shape factor 
for a rectangular cross-section. In paper IV, the value of  = 3.507 was applied. 
 
The theoretical analysis conducted according to Eqs. 4.1 – 4.3, presented in detail in 
Appendix C, allowed calculating the scale factors between Cases 1, 2 and 3. With 
the assumption that the bending moments at the bottom of the walls in all cases are 
equal, the following relations exist: 
 

1/ 2 = 1.54 [-]      (4.6) 
 

3/ 1 = 1.14 [-]      (4.7) 
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2/ 3 = 0.57 [-]      (4.8) 

 
After applying the scale factors, the estimated displacements for a 12m high wall 
(case 1) would be 6.5 - 30.5 mm, on average 16.6 mm. This result is within the 
currently recommended design limits L/500-L/300 (Källsner and Girhammar 2008), 
which for a12m tall stabilising element is 24 – 40 mm.  
 
4.1.3 Stiffness 
 
In Paper IV, due to the use of incorrect shape factor (  = 3.507) average stiffness 
obtained in the test was 6.49 kN/mm. The re-evaluated average stiffness calculated 
on the basis of results from walls with both anchorage types and with application of 
scale factors was 7.84 kN/mm. The stiffness obtained for a numerical model of 12 m 
long stabilising wall (described in section 3.2.6) was 8.55 kN/mm. Both numerical 
and analytical results, show good agreement with the experimental result. All these 
values are very close to each other, however the result from numerical analysis is 
optimistic. To accurately model the behaviour of slender stabilising walls most 
probably the non-linear analysis needs to be employed.  
The stiffness of approximately 8 kN/mm for a 12 m long wall seems promising. As a 
comparison, in one study by Gavric et al. (2011) cross-laminated panels with sizes 
2.95x2.95 m and 1.475x2.95 m achieved under static racking loading stiffness 
withing the range 3.5 to 4.8 kN/mm.  
 
4.2 Anchorage connections 
 
The stabilising walls are slender and have a high aspect ratio, which, considering 
their strong and stiff structure, poses high demands on the anchorage devices.  
In the exploratory racking tests, two types of anchorage connections were 
investigated: nail plates (plates on both sides, welded to a horizontal plate anchored 
to the foundation) and glued-in steel rods attached to an intermediate steel profile, 
which was in this case a short I-beam with stiffeners at the ends (Fig. 4.2). Both 
types of connections reached expected load carrying capacities but also both, due to 
different reasons, developed brittle failure modes. The system trä8 is planned to be 
used in non- or low-seismic activity areas, which poses no demands on the ability of 
the joints to dissipate energy (ductility). However, some static ductility of the 
structure is recommended for safety reasons, so that warning displacements occur in 
the structure prior to rupture and to increase the robustness of the structure, so that 
alternative load paths should be possible in case of accidental loads. Due to the 
brittle nature of wood, the ductility of a timber structure can be achieved mainly in 
connections with metallic fasteners (Carolin 2003). Therefore, avoiding brittle 
failures and promoting ductility of the analysed wall-foundation connections was 
one of the interesting aspects here. 
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4.2.1 Connections with glued-in rods 
 
Great efforts have been made to develop a theoretical model accurately predicting 
the pull-out strength (Rp-o) of connections with glued-in rods, which is a complex 
problem due to the interaction of three materials (wood, adhesive and steel). 
Research done since the 1980s is summarized in Paper III. However, there is still 
not much research done regarding multiple rod connections and the mutual 
interaction between rods, especially for rods with a slenderness ratio  > 25. 
Moreover, due to the lack of consensus in the research world regarding the 
prediction model for the pull-out capacity of glued-in rods connections, there are 
no recommendations included in the current version of Eurocode 5.  
Steel-to-timber connections with multiple glued-in rods with metric thread were 
utilized as the anchorage device of the stabilising elements for system trä8.  During 
the exploratory test it was found that these connections have large initial stiffness 
(estimated to 1305 kN/mm for a connection consisting of 6 rods M24, 8.8, lg=300 
mm, PUR, tgl = 0.5 mm) and their behaviour is linear during a long phase of 
loading, which is an advantageous feature with respect to the desired small total 
horizontal displacements in the system. Even though the connection failed by brittle 
pull-out of the rods, no other damage of the timber was observed. The sheathing of 
the panel glued and screwed to the frame provided reinforcement of the glulam 
preventing its splitting. If a robust structure is to be achieved, the joints should be 
designed to exhibit some degree of ductility. In the second experimental study, 
tensile monotonic tests on two multiple glued-in rod connections were carried out 
in an attempt to achieve ductile behaviour prior to failure.  
 
The average capacities and tensile stiffness of the glued-in rods connections tested 
during both experimental programmes are summarized in Table 4.1. Due to a 
stepwise failure of the connections anchoring specimens in the full-scale exploratory 
study, caused by the various pull-out capacities of the individual rods (caused by 
various glued-in lengths), it was not possible to extract the tensile (pull-out) capacity 
of the joints from the experimental results.  
 
Table 4.1 Summary of tensile capacities and stiffness of the tested connections 
 

Connection 
(lg=300 mm, PUR) 

Av experimental 
Tensile capacity 

Average experimental 
initial stiffness 

6 x M24, 8.8 - 1305 kN/mm 
4 x M20, 5.6 (GB) 424.8 kN 714 kN/mm 
12 x M10, 8.8 (GS) 421.7 kN 1170 kN/mm 

 
Based on both experimental programmes and the literature review, it can be 
summarized that timber-to-steel connections with glued-in steel rods can fail in a 
number of modes: 

Pull-out of the rod from the timber member caused by shear failure in wood-
adhesive intersection, in adhesive layer or in wood; 
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Tensile failure of the timber member at the end of anchorage zone of the 
rods; 
Tear out of the group of rods; 
Splitting of the timber member; 
Plasticization of the rod (yielding and further tensile failure); 
Bending failure in the flanges of the anchorage steel hub; 
Pull-through failure of the nut through the flange of the anchorage steel hub; 
Thread stripping. 

 
The failure modes related to timber are in principle brittle (pull-out, tensile failure, 
splitting, group tear-out), and not always a prediction formula exists. 
Recommendations regarding the geometry of the joints based on empirical data are 
provided in the EC5. The formula for tensile failure of the timber member is well-
known and provided by EC5; it is in fact out of interest here, as usually in a 
connection with multiple glued-in rods the timber member is large enough not to 
fail in tension. Additionally, in the case of stabilising walls for system trä8, the glulam 
members with glued-in rods are strengthened by sheathing glued-screwed on both 
sides. Splitting, group tear out and tensile failure can thus be eliminated by correct 
design. Also the possible failures of steel connected member such as buckling of the 
head plate or pull-through of the nut through the head plate can be eliminated. 
Thread stripping is a complex failure mechanism that currently can be predicted 
only with the help of commercial design programmes that take into account all the 
phenomena occurring in the connection between the rod and the nut. This failure 
mode should not be frequent for standard threaded products and it is unclear why it 
occurred frequently during testing of test series GS in the second experiment.  
 
After eliminating these modes, two possible scenarios are left to consider: pull-out of 
the rod from timber member (failure of the adhesive joint) and yielding or tensile 
failure of the rods (rod failure). The pull-out capacity (Rp-o) of the glued-in rods, 
which can be a result of shear failure in wood, wood-adhesive interface or in the 
adhesive layer. A few prediction models can be found in the literature, summarized 
in Section 2.5.1. With the quest to achieve ductility it was found that steel-to-
timber connections with glued-in rods can be designed in three different manners 
depending on the desired degree of ductility, Paper IV, which can be expressed by 
means of the following design criteria: 
 
Zone I: brittle failure mode by pull-out of the rod from timber 
Design criteria: opyopfailurepredd RRRRR ;min.             (4.9) 

 
Zone II: brittle failure by pull-out after certain degree of rod plasticization 
Design criteria: yyopfailurepredd RRRRR ;min.    (4.10) 

 
Zone III: ductile failure of rod in tension (no pull-out, full plasticization) 
Design criteria: uuyopfailurepredd RRRRRR ;;min.    (4.11) 
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These three possible failure modes for a specific steel grade and specific density of 
wood can be graphically represented by ductility zones diagrams. As an example, the 
ductility zones diagrams were plotted for rods made of steel grades 5.6 and 8.8, Fig. 
4.3. 
 

 
 

Figure 4.3 Analytical comparison between average pull-out, yielding and tensile limits for rods made of steel 
grades: 5.6 (a), 8.8 (b) ( Swedish glulam GL28c, mean density 440kg/m3, valid for brittle PUR and EPX) 

 
Both the design criteria (Eqs. 4.9- 4.11) and the diagrams should be used to 
compare the pull-out strength of the glued-in rod connection with the behaviour of 
the rod. For a particular glued-in rod connection (known: lg, d, tgl, steel grade, 
adhesive type and wood density), the pull-out capacity can be calculated and  
located on the ductility zone diagram to find out which failure mode will be 
decisive. It should be noted that the range of possible to obtain resistances is 
practically limited to the values marked with diamonds, Fig. 4.3. For instance, 
glued-in 12 mm rod made of steel grade 5.6 with slenderness  = 20 cannot achieve 
the target capacity of 120kN (Fig. 4.3a) since such a connection cannot be realized. 
The rod will fail in this case at load Ru = 42.2 kN in tension, before it can reach its 
pull-out strength of Rp-o = 51.8 kN. Increasing the length of the rod (and at the 
same time slenderness) will not help reaching the demanded capacity. This is due to 
the slenderness and rod diameter restrictions found in research studies.  The rods 
used for glued-in rod (dr) connections are usually within the range 10 to 24 mm. 
(Rossignon and Espion 2008). The slenderness ratio ( ) for rods is usually within 
range 10 to 20, due to the effectiveness of the joint (Aicher et al. 1999). Below this 
limit, the joint does not reach satisfying capacity (too short joint and in consequence 
not sufficient shear area), and above this limit, the stress concentrations are to high 
and the effectiveness of the connection decreases (Thelandersson and Larssen 2003). 
 
In the used for analysis models, the major difference exist in the predictions of the 
shear strength of the wood. The plots of the shear strength of single glued-in rods 
connections comparing two used models depending either on glued-in length or on 
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slenderness of the rod are presented in Fig. 2.4. The curves were plotted for rods 
with diameters 20 mm (M20) and 10 mm (M10). The glue-line thickness of PUR 
adhesive was assumed to be 1 mm, and the average density of wood 440 kg/m3.   
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Figure 4.4 Shear strength of wood in context of: glued-in rods connections (a), nailed conections (b) 

 
4.2.2 Nailed connections 
 
Nailed connections are commonly used in Sweden for the anchorage of vertical 
structural members in the foundation and in general they are commonly used due to 
their simplicity, low cost and good ductility. The objective here was to compare the 
novel connection with glued-in rods with this well-known and proven type of 
joint.  The preliminary full scale racking tests of the stabilising walls anchored with 
connections with nailed plates resulted in plug shear failure on both sides (Fig. 4.4), 
steel plates was a result of a manufacturing error. The plates were cut out from large 
steel pre-punched plates and all the holes were thereafter filled with a nail. This 
resulted in too small a distance between fasteners as well as almost non-existing edge 
distance, which triggered the plug shear failure.  
 

 
 

Figure 4.4 Photograph of the plug shear failure in the nailed anchorage 
 
The results of this part of the experiment were added to the data from earlier 
experimental programs and analyses in order to evaluate the analytical models for 
prediction of plug shear failure capacity of nailed joints, Paper V. Based on the 
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models proposed in literature (EC5; Kangas and Vesa 1998; Foschi and Longworth 
1975; Quenneville and Bickerdicke 2006), eight hypotheses were formulated 
regarding different areas contributing to the plug shear capacity of the nailed joints, 
summarized in Table 4.2. Hypothesis testing was performed on results from 92 tests 
on nailed joints in tension parallel to the grain (Tlustochowicz 2010; Johnsson 2004; 
Burstrand and Salomonsson 1996; Bark and Martinsson 1991), and it was found 
that: hypotheses H1, H2, H5, H8 underestimate the capacity; hypotheses H6 and H7 
significantly overestimate the capacity; and hypotheses H3 and H4 predict the 
capacity well.  Based on the results of hypotheses testing, a plug shear resistance 
model was proposed. Single shear steel-to-timber large nailed connections should be 
designed according to the directives given by EC5, Eqs. 4.11. 
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 Additionally the proposed plug shear capacity (Rbs,Rk) should be lower than the 
ductile failure capacity of the joint (Rv,Rk): 
 

tefnett

kvnetv
RkbsRkv ftbR

flbR
RR ,

,, max     (4.12) 

 
fv = K·As

-0.25     (4.13) 
 
In Eq. 4.12, fv should be taken as in Eq. 4.13, with K determined according to 
wood species. For Picea Abies, K = 64.5 on the average load level (Johnsson 2004). 
The apparent shear strength in Eq. 4.12 is lower than the shear strength currently 
suggested in EC5, leading to unsafe design. The tensile strength in Eq. 4.12 can be 
increased from its tabulated value to a local tensile strength by multiplying with a 
factor 1.44, which is in line with the recommendations in EC5.  
The shear strength of the wood dependent on the area of the joint, according to Eq. 
4.13 is plotted in Fig. 4.4b. It is clear that the size of the timber member has a 
significant influence on timber connections.  
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Table 4.2 Hypotheses for different active load-carrying capacity areas for plush shear failure 
 
 

Hypothesis [kN]
Normalised unit 

of analysis
Illustration of 

stressed surfaces
Comment

H1: 2·tef·l·fv D1 = (H1-R)/100 Only side shear areas

H2: bef·tef·ft D2 = (H2-R)/100 Only tensile area

H3: b·l·fv D3 = (H3-R)/100 Only bottom shear 
area

H4: 2·tef·l·fv + b·l·fv D4 = (H4-R)/100 Both side and bottom 
shear areas

H5: 2·tef·l·fv + bef·tef·ft D5 = (H5-R)/100 Side shear areas + 
tensile area

H6: bef·tef·ft + b·l·fv D6 = (H6-R)/100 Bottom shear area + 
tensile area

H7: bef·tef·ft + b·l·fv +
2·tef·l·fv

D7 = (H7-R)/100 All enclosing areas

H8: D8 = (H8-R)/100 The same as H5, but
with the triggering
length a cr
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5 
Conclusions 

 
 
To evaluate the performance of the stabilising system for beam and post multi-storey 
timber buildings based on slender composite wall panels, two experimental 
programmes and several analyses were conducted. The performance of the 
prefabricated stabilising wall panels including the hold down devices with nail plates 
and with glued-in rods were investigated.  
 
RQ 1: How do slender stabilising wall elements perform under static racking loading? 
 
From the results of the carried out numerical analysis (Paper II) and full-scale 
racking experiments (Paper IV), it can be concluded that prefabricated panels made 
of glulam framing with LVL Kerto-Q boards glued-screwed to both sides of the 
frame, perform satisfactory under lateral loading, with no sign of damage of the 
structure and no out-of plane buckling. The horizontal displacements estimated on 
the base of the experimental results that would occur at the top of a 12m high 
stabilising wall are within the acceptable range L/500 - L/300 for the serviceability 
limit state load level. This indicates, that slender prefabricated wall panels can 
satisfactorily fulfil the stabilising function for beam and post timber buildings up to 
4-storeys height. If needed, the structure of the stabilising wall can be strengthened 
by using thicker Kerto-Q boards (available up to thickness of 63 mm), and larger 
dimensions of framing members. The studied structure is sufficient for 4-storey 
beam and post buildings. Due to the stiff and strong structure of the stabilising 
elements, it is clear that performance of the hold-down devices determines to a large 
extent the performance of the whole stabilising system. 
 
RQ 2: How do connections with glued-in rods perform as anchorage of stabilising walls 
and how can a ductile connection with glued-in rods be achieved? 
 
Connections with glued-in steel rods can be successfully utilized for connections of 
the stabilising elements to the foundation through an intermediate steel profile. The 
connections have large initial stiffness and large load-carrying capacity, several times 
higher than nailed joints.  
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Applying linear elastic method leads to the design below the pull-out capacity of the 
joint. Such a connection needs to be carefully designed and manufactured, as failure 
of a single rod in such a brittle configuration can initiate the premature failure of the 
whole connection. A useful tool for designing stabilising walls anchored with glued-
in rods can be the 'transformed section method', usually utilised for design of 
reinforced concrete members, Paper IV.  
During design of steel-timber connections, the risk for failing by splitting, group 
pull-out, tension in wood or in any way in the connected steel member can be 
eliminated  to gain the control over the joint behaviour. Depending on which of 
the remaining three failure modes is decisive during design, three ductility zones 
have been defined:  

Zone I - brittle failure mode by pull-out of the rod from timber, 
Zone II - brittle failure by pull-out after certain degree of rod plasticization, 
Zone III - ductile failure of rod in tension (no pull-out, full plasticization). 

The zones are illustrated in Fig.5.1 for three different rods made of steel grade 5.6; 
all three rods have different slenderness ratio. 
 

 
Figure 5.1 Illustration of rods in different ductility zones 

 
Despite the lack of code requirements regarding the ductile design of structures 
located in non-seismic areas (e.g. Nordic countries), it can be recommended to 
assure some static ductility for the sake of robustness and safety of the structure.  The 
rods can be designed to achieve plastic deformation with the pull-out capacity 
would still being decisive criteria, or they may attain full ductile tensile failure of the 
steel rods, Paper VI.  The advised level of ductility is identified as Zone II, which 
indicates some plastic deformation of the rods and final failure by pull-out from the 
timber member. This will allow for stress redistribution between rods and due to 
that the risk of premature brittle failure will be avoided. To achieve ductile 
behaviour of the glued-in rod joints, rods made of mild steel are recommended (4.8 
and 5.6). It can also be suggested to use rods with a slenderness ratio within the 
range  = 10 - 25, as the behaviour of rods with larger slenderness is not yet well 
known and low slenderness would indicate a need for using more rods, which is not 
advantageous from a manufacturing point of view.  For the optimal load transfer, 
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rods should be evenly distributed in the cross-section of the timber member. The 
adhesive layer should not be less than 1 mm, as smaller glue-line thickness might 
hinder distribution of the adhesive leading to decreased capacity of joints, Paper II. 
Two-component polyurethane adhesive suits this application well, as it has high 
viscosity and can easily be distributed in the hole. 
 
There are some limitations related to application of connections with glued-in rods, 
for example that manufacturing of the joints need to be performed in factory in the 
controlled environment (similarly as for all adhesive joints) and they can be used 
only in climate classes 1 and 2 (Carling et al. 1992). When apllying the glued-in 
joints for anchoring prefabricated stabilising wall panels it is not a hinder, as they are 
also produced in the factory. Due to geometrical limitations it might be problematic 
to achieve desired capacity, however great strength and stiffness properties of 
connections with glued-in rods are the great advantage.  
 
 
RQ 3: How do nailed connections perform as hold-downs of stabilising walls and how to 
avoid the plug shear failure in nailed anchorage devices? 
 
Anchorage devices with nailed plates have some advantages as being cost efficient 
and easy to manufacture. They also behave in a very ductile manner, however, they 
do not possess as large initial stiffness as e.g. connections with glued-in rods 
(estimated stiffness of the connection from the introductory experimental study was 
approximately 96 kN/mm), as the slip in the connection occurs almost immediately 
after the onset of loading. This is not speaking in favour of applying nailed plates for 
anchorage of stabilising walls, as this will induce immediate horizontal displacements 
at the top of the building magnified by the high aspect ratio of the stabilising panels. 
To achieve similar level of stiffness, joints with large number of connectors would 
be required. However, already with respect to strength demands for the anchorage 
devices for few-storey high continuous stabilising elements, the application of large 
nailed connections is required to resist large uplifting forces. The use of large nailed 
connections loaded in tension papallel to the grain is limited by the risk for plug 
shear failure. Considerations for plug shear failure design are included in the 
informative Annex A of EC5 and should always be considered for large nailed 
joints. This approach proposes the capacity prediction based either on tensile or all 
shear areas of the joint, Eq. 5.1 (used symbols are consistent with Paper V). A 
hypothesis testing carried out on the experimental results from 92 tests showed, that 
the prediction model for the plug shear resistance included in Eurocode 5 is on the 
unsafe side.  
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5                       (5.1) 

 
The model proposed here (Eq. 5.2) suggests that the resistance in the tensile failure 
mode of plug shear failure is best modelled by the tensile resistance of the end face 
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of the plug. The resistance in the shear failure mode of plug shear failure is best 
modelled by the shear resistance of the bottom area of the plug taking into account 
the volume effect of shear strength.  
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6 
Future research 

 
 
The pull-out strength of the glued-in rod can be used as a decisive design criterion 
with a large safety margin, so as to reduce the risk of brittle failure. There are few 
existing models for predicting pull-out capacity of glued-in rods connections; 
however a normalized design method for the connections with glued-in rods is 
needed. Especially, the shear strength of wood in the context of glued-in rods 
connections requires more research, as existing discrepancies hinder the use of these 
connections.  
 
In connections with multiple glued-in rods, the total load carrying capacity is 
currently calculated as the sum of the capacities of individual rods. It would be 
interesting to investigate if there is any group effect in such connections that can be 
accounted for, dependent for example on the glued-in length or rod slenderness, 
which could explain the premature failure of connections with multiple high 
strength, slender rods (  = 30).  If brittle pull-out failure is considered as decisive, 
the connection is as strong as its weakest link. If any error occurs, there is a risk for 
premature failure of the connection. At the same time there might be some 
interaction or interference between rods, that can be taken into considerations 
during design.  
 
Another issue is the calculation of stiffness of glued-in rod connections and relative 
displacement, which is referred to as slip modulus for dowel type connections. 
Theoretically, this value comprises the sum of the elongation of the rod, shear 
deformation of the adhesive and the elongation (associated with deformation) of the 
timber member. It would be interesting to investigate this topic with regard to the 
three proposed ductility zones.  
 
If nailed connections were to be used for anchoring stabilising walls, designers will 
face the issue of lack of an optimal capacity prediction model for plug shear failure 
of connections where cross-laminated LVL is involved, which is upper limit of 
capacity for large nailed connections.  
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A further robustness analysis of the system would be desired, as the system is prone 
to loss of stability due to a small number of load carrying members. An accidental 
load can cause loss of integrity, failure of part of the structure and it would be 
valuable to investigate whether a beam and post system is prone to progressive 
failure (Früwald et al. 2007). 
 
For the sake of easier and safer mounting of long and slender stabilising elements 
(for buildings taller than 2 storeys), and also for the sake of weather protected 
assembly in the early phase of the erection process (Paper I), it was suggested to 
connect two stabilising panels into T- or L-shaped configurations. In this way the 
elements will be less prone to loss of stability during assembly and less temporary 
bracing will be required during construction. Despite the practical aspect, 
connections between the stabilising elements (shear wall and transverse wall) can 
have significant benefits for the structure both structurally and economically. Also, it 
would be interesting to consider possibilities for optimizing the placement of 
anchorage devices already in the manufacturing stage of configurations L and T. An 
example of a possible analysis of two plane sections connect into T-configuration is 
illustrated in Fig. 6.1. In Fig. 6.1a, two standard sections are considered, which can 
result in non-sufficient anchorage when the wind is acting towards left (only 1 
anchorage device active in tension). In Fig. 6.1b, possibly unnecessary rods were 
removed. This improves the structure, but might still not be sufficicent. In Fig. 6.1c, 
one of the plane sections have been re-designed by placing two anchorage devices 
beside each other. In both loading situations (wind from both directions), two 
anchorage devices are active in tension. Such an alaysis can be conducted in order to 
standardize and optimize the structural solutions used for the system. 
 

 
 

Figure 6.1 Analysis of possible constructions of T-configuration 
 
 
Additionally, despite some possible minor inconvenience during assembly, an 
alternative running directions of floor panels both between the adjacent modules 
and between the consecutive storeys can be used to optimize the load transfer in the 
whole building. This and a symmetrical plan of the building can contribute to the 
smallest possible sizes of load-carrying members and also to the most optimal 
distribution of the vertical loads which, taken into account, can counteract the 
overturning forces and at the same time allows for lighter structure of the 
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foundation.  The topic of utilising correctly designed distribution of vertical load 
and transverse walls to optimize the stabilisation of timber buildings was discussed 
previously with regard to timber frame shear walls (Källsner and Girhammar 2008; 
Jorissen and Leijten 2008). 
 
A way to optimise the number of stabilising walls needs to be developed. It was 
proposed that for instance one or two modules can be stabilised by 2 elements 
connected in either T or L-shaped configuration, as proposed in the concept of the 
assembly method in Paper I, which will guarantee stability in both directions. 
Further analysis needs to be performed in order to explore possible options.  
 
Industrial implications 
 
To fully utilise the capacity of the composite wall structure, it is important to assure 
careful manufacturing process, so that all the vertical framing members and the 
sheathing are eligned with each other. This will enable their contact with the 
foundation and participation in the load transfer. 
 
A standardised procedure for the production of connections is also required, so that 
the connections can provide satisfactory performance. The method should be 
carefully devised to ensure especially the central position of the rods in the hole as 
well as its parallel positioning in relation to grain direction (and in case of axial 
loading also in load direction). Also, the correct amount of adhesive is crucial and 
therefore it would be useful to develop a device assuring the correct mixing 
proportions and allowing for injecting the exact amount of adhesive. The challenge 
of gluing-in rods into long timber members (in a horizontal position) also needs to 
be solved.   
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Appendix A 
 Flexural and shear stiffness of the composite cross-section of the 

stabilising wall  
 
 
Materials 
1 – glued laminated timber, GL28c 
2 – LVL Kerto-Q, 27 mm 
 
t 27mm
b 160mm
h1 360mm

h2 225mm
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I2 2
t B3
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I2 62208000000 mm4

EI E1 I1 E2 I2
EI = 218093544900000 Nmm2 
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Appendix B 
Derivation of shape factor for stabilising element  

 
 
Composite element and cross-section 
 
Consider a composite element subjected to a transverse point loading according to 
Fig. 1a. The transverse load induces the bending moment vector My and the shear 
force Vz in the composite cross-section according to Fig. 1b. The cross-section is 
symmetrical and is comprised of two different materials 1 (glulam GL28c) and 2 
(Kerto-Q LVL, 27mm). 

Fh

L

b
t t

h 1
h 2

h 1

B

y,v

z,w

x,u

22

1

1

1

x,u

 
Fig. 1 Symmetric composite cross-section comprised of two different materials: 1 - glulam studs and 2 - 
LVL sheathing 
 
 
Equivalent shear angle and stress for a composite section 
 
First, consider the cross-section of Fig. 1 subjected to the shear force V according to 
Fig. 2.   
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Fig. 2 Equivalent shear deformations uniformly distributed over a composite beam lamella symmetrical in 
the x-z plane 
 
Since the shear stress from the shear force is varying over the cross-section, the shear 
deformations or shear angle is varying accordingly with its maximum at the centroid 
of the cross-section. 
 
To simplify the analysis of the shear deflections it is customary to associate the shear 
force at a given cross-section with only one value of the shear angle at that section, 
an equivalent shear angle 

eq
 according to Fig.2. 

 
For a composite section, the total shear force is given by: 
 

ii AAAA ...2211     (B1) 

 
and the shear angle 
 

i...21      (B2) 
 
Hooke's law  =Glam  for the whole cross-section (where Glam is the shear modulus 
for the laminated cross-section) and i=Gi i=Gi  for the i-th sub-element, then gives 
the shear stiffness for the mean shear angle 
 

1 1 2 2( ) ...lam i iGA G A G A G A     (B3) 
 
where the (GA)lam is the effective shear stiffness of the cross-section with respect to a 
shear force in the transverse direction (z-direction) for a cross-section built up 
according to Fig. 1. 
 
The equivalent shear angle and stress associated with the shear force of the cross-
section can be written as: 
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( )
eq

eq
lam lam i i

i

V V
G GA G A

    (B4) 

where eq is the equivalent shear angle, eq the equivalent shear stress and  the shape 
factor for the shear deformation or transverse shear correction factor has been 
introduced. The equivalent shear angle and stress are assumed uniform over the 
cross-section. 
 
Before determining the shear correction factor , which relates the equivalent shear 
angle and stress to the actual ones that vary over the cross-section, it is necessary to 
derive this true shear angle and stress variation over the composite cross-section at 
hand. 
 
Derivation of the shear stress formula for a composite cross-section 
with varying modulus of elasticity 
 
Consider a composite cross-section with varying E-modulus, E(y,z), subjected to a 
bending moment M(x). Assume that Bernoulli's hypothesis is valid, i.e. a linear 
variation of the strain according to Fig. 3. 
 

 
Fig. 3 Strain variation over the whole cross-section due to a bending moment. (Assume that y, z are the 
principal axes and that the cross-section is symmetrical with respect to the x-z plane) 
 
Moment equilibrium gives: 
 

A

A A A
y

dAzzyE
xR

dA
xR

zzzyEdAzzyEzdAzyxxM

21 ),(
)(

)(
),(),(),,()(

      (B5) 

 
The normal stress is then given by 
 

2

( ) ( , )
( , , ) ( , ) ( , )

( ) ( , )
y

A

M x E y zzx y z E y z E y z
R x E y z z dA

       (B6) 

Consider now the differential element shown in Fig. 4. 
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Fig. 4 A differential element of the cross-section and a horizontal cut at an arbitrary z-level 
Horizontal equilibrium for the right figure gives 
 

( , ) ( ) ( , , )
sA

x z b z dx d x y z dA                (B7) 

( , , )( , )
( )

sA

d x y z dAx z
dx b z

              (B8) 

Differentiating the normal stress according to Eq. (8) then gives the nominal shear 
stress along the whole width of the cross-section at the z-level as 
 

2 2

( ) ( ( , ) )
( ) ( ) ( )( )( , )( , )

( ) ( ) ( )( , ) ( ( , ) ) ( )
s

s

z
Ay z

totA
A A

V x E y z z dA
dM x V x ES zE y z dAx z z

dx b z EI b zE y z z dA E y z z dA b z
     (B9) 

 
Derivation of the shear correction factor 
 
The shear correction factor can then be determined by equating the energy of the 
equivalent shear angle/stress model with the energy of the corresponding real 
situation, i.e. 

2 2

1 2
[ ( )] [ ( )]( ) ( ) ( ) ( )

( )
z z

z eq
lam i i

i

V x V xU x V x x U x
GA G A

          (B10) 

where (cf. Fig. 5)  
 

b(z)

z,w

dA=b(z)·dz

 
Fig. 5 
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where Glam=(GA)lam/A is the effective shear modulus of the cross-section lamina at 
the z-level where the shear stresses are determined (at the b(z)-width). 
 
For a symmetrical cross-section according to Fig. 1, we have  
 

2
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Then, the shear correction factor for the composite cross-section can, from Eqs. (10) 
and (12), be determined as 
 

2

0
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2

2 /
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B
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Divide the integration into three areas or parts of the height of the cross-section as 
shown in Fig. 6. 
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Fig. 6 Three different areas for determining the shape factor 
 
The shear correction factor can then be written 
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where the laminated shear stiffness is given by  
 

i
iilam tBGbhGbhGHGGA 21121 22            (B15) 

and the shear moduli by 
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and the total bending stiffness by 
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and the first moment of the axial stiffness of the sheared area by 
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and the width by 
 

2Ib b t               (B23) 
 

2IIb t               (B24) 
 

2III Ib b b t              (B25) 
 
Using these expressions in Eq.(14) and integrating finally gives the shear correction 
factor. 
 
Derivation of the shear deflection – application to a cantilever beam 
loaded with an end point load 
 
The general expression for the equivalent shear deflection can be written as 
 

0 0 0

( ) (0)( )( ) ( ) ( )
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lam lam lam
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where ( )yM x  is the bending moment at section x, where the deflection is to be 

calculated, and (0)yM  is the bending moment at x = 0, where the integration starts. 

 
Consider a cantilever beam subjected to a point load at the free end according to 
Fig. 7. 
 

 
Fig.7 Cantilever beam loaded with an end point load 
 
The bending moment at the clamped end is given by (0)yM HL . Applying Eq. 

(B26) for this example gives 
 

( ) (0) 0 ( )
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y y

v
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          (B27) 

 
Application to stabilising element for system trä8 
 
The calculations from Appendix A and Eqs. (B14) to (B25) were used to calculate 
the shape factor  for the stabilising element for system trä8. 
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The shear correction factor for composite stabilising element used in system trä8 is: 
 = 2.535 [-] 

 
 
 
 
(This derivation is a contribution by co-supervisor Prof. Ulf Arne Girhammar)  
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Appendix C 
Design method for anchorage with glued-in rods for stabilising 

walls 
 
 
 
For the calculations of horizontal displacements three static models (cases) have been 
used, as illustrated in Fig. C1. Case 1 represents the designed wall, Case 2 is a 
representation of experiment where a half long wall was loaded with one point 
lateral load applied at the top, and Case 3 is a simplification of Case 1. 
 

 
Figure C1 Illustration for calculation of scale factors 

 
Case 1 - design case  
 
In the design of experiment, a 4 storey high stabilising wall was considered loaded 
with four horizontal forces Fx1, Fx2, Fx3 and Fx4 placed accordingly at heights x1, x2, 
x3 and x4 corresponding to locations of beams. The detailed load analysis can be 
found in the report from the first experimental study (Tlustochowicz 2010).  
In this case the maximum lateral deflection of the wall ( 1) was calculated as a sum 
of deflections of the cantilever beam caused by shear and bending, according to the 
following formula: 
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Fx1 6400 N

x1 2640mm

Fx2 12800N

x2 5640 mm

Fx3 12800N

x3 8640mm

F x4 7700 N

x4 11640 mm

The shape factor  was calculated in Appendix B. 
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Case 2 – representing experiment 1 
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Case 3 – simplification of case 1 
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3

F3 L( )

GA

F3 L( )3

3EI

3 11.15 mm

Resulting from the above calculations scale factors: 
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BEAM AND POST SYSTEM FOR NON-RESIDENTIAL MULTI-
STOREY TIMBER BUILDINGS – CONCEPTUAL FRAMEWORK 
AND KEY ISSUES 

Gabriela Tlustochowicz1, Abdy Kermani2, Helena Johnsson3

ABSTRACT:  In Sweden, there has been a long tradition of using timber in the construction of 
housing and in recent years, timber structural systems are increasingly used in multi-storey and large 
span buildings.  The main focus of the majority of timber construction industries has been the 
development and utilisation of components, systems and construction techniques for the large market 
of residential buildings. Moelven Töreboda AB, a Scandinavian glulam manufacturer, has developed a 
beam and post system named “trä8” with the intention of filling the gap in the market for non-
residential multi-storey buildings in timber. The developed timber beam and post system offers many 
advantages over other construction systems as well as being an attractive and versatile system for 
meeting clients’ and users’ expectations. This paper examines and provides guidelines on key issues in 
the development of the timber beam and post system for multi-storey non-residential buildings and 
deals with its structural system, assembly method and weather protection.  

KEYWORDS: Beam and post system, Multi-storey timber buildings, Building assembly, Weather protection 

1 INTRODUCTION 123

The beam and post system is an old and well established building system which has been 
extensively used in steel and concrete structures and to a lesser extent in timber structures.  
Most probably, it is one of the oldest building systems [1] initially utilising the natural 
anatomy of trees: trunks as the main bearing elements and branches for the secondary 
members.  Along with the increasing requirements from the developing housing industry after 
the war, timber lost its prime position as a viable structural material for this system. Instead, it 
has evolved into simple systems albeit based on similar principles; examples include Skeletal 
Frameworks, Balloon Frames and Platform Timber Frames which are derivatives of balloon 
framing. 

Currently, when flexibility of the construction shape is often requested and environmentally 
friendly materials for construction are highly valued, the beam and post system utilising 
engineered wood products, which permit large spans, architectural freedom, simplicity and 
flexibility of the construction, finds its place on the market.  

The use of engineered wood products makes the beam and post system a feasible option for 
multi-storey buildings in timber. The system is based on the rectangular modules, with 
maximum spans of 8 metres (hence the name trä8=timber8), which offers flexibility, variety 
and simplicity of building design, Figure 1.   

1 Gabriela Tlustochowicz, PhD Candidate, Division of Timber Structures, Luleå University of Technology, SE-
971 87, Luleå, Sweden. Email: gabriela.tlustochowicz@ltu.se 
2 Prof Abdy Kermani, Professor and R&D Consultant in Timber Engineering, Centre for Timber Engineering, Edinburgh 
Napier University, 10 Colinton Road, Edinburgh EH10 5DT, UK. Email: a.kermani@napier.ac.uk 
3 Ass.Prof. Helena Johnsson, Division of Timber Structures, Luleå University of Technology, SE-971 87, Luleå, 
Sweden. Email: helena.johnsson@ltu.se 
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Figure 1: Examples of possible building shapes

The system is suitable for most types of non-residential buildings, filling at the same time the 
gap in the niche Swedish timber construction market. The system offers an economically 
advantageous and ecological alternative to concrete or steel based systems. Moreover, the 
positive economical aspect is increased by the fact that the system is standardised and 
optimised, which lowers the average design time for each individual project utilising the 
system.  

2 STRUCTURAL CHARACTERISTICS 
Since the system trä8 is in the development phase, the possibilities for its areas of application 
are not yet fully explored. The developed technologies and system solutions have placed trä8
in a prime position for use in multi-storey buildings up to four storeys high – classified as 
medium-rise buildings. The ambition is to utilise the system for much taller and longer-span 
structures; and at present a number of special solutions required is the subject of development. 

2.1 SYSTEM COMPONENTS AND CONCEPT 

The timber beam and post system trä8 comprises a range of products involving elements of 
the main structural load-bearing system, such as continuous columns, beams, prefabricated 
stabilising elements (composite walls), prefabricated floor cassettes and roof elements, Figure 
2. These are produced off-site by the systems’ manufacturer to be delivered to the building 
site just before assembly. The floor elements are to be placed in a ‘zigzag’ configuration, so 
that the working direction of floor elements of two neighbouring modules are perpendicular, 
Figure 1e. 

Figure 2: Illustration of the building system structure
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No load bearing inner or outer walls are included in the system, which adds to the 
architectural competency of the system. This feature of the system enables the application of 
large glass areas in the facade and also enables the creation of large open inner spaces, which 
can be very advantageous e.g. for commercial buildings and for conference halls in office 
buildings.

2.2 MATERIALS 
The newly developed system trä8 involves the application of two engineered wood products, 
glued-laminated timber and laminated veneer lumber (LVL), with the commercial name Kerto. 
The main elements of load-bearing structure (beams and columns) are made of glulam class 
L40 (according to Swedish designation). The remaining prefabricated elements of the 
structure such as floor and roof cassettes, and stabilising elements utilise Kerto LVL, 
produced in two types Kerto-Q and Kerto-S, utilised for different purposes. 

3 STABILISATION STRATEGIES 
3.1 MULTI-STOREY TIMBER BUILDINGS  

Since timber structures are considered to be light-weight in comparison to steel and concrete 
structures and do not have the mass to provide the necessary stabilising force for the building, 
structural stability is one of the key issues for these buildings that requires careful attention.  
Action of horizontal forces such as wind can cause large deformations in timber structures 
and can be highly inconvenient for the inhabitants. The problem becomes more severe with 
increasing number of floors.  

Conventionally, in low-rise buildings, two main approaches are utilised: diagonal bracing and 
shear walls. Residential low-rise buildings are often stabilised through shear wall action, 
where the sheathing (in most cases OSB or plywood) nailed or screwed to the timber frame 
assures a sufficient horizontal resistance of the building. Often, this method appears to be the 
most effective and economically advantageous, since it assures relatively ductile performance 
and no expensive materials or connectors are used. In industrial buildings, where the number 
of windows are generally less and the aesthetic issues are not as important as in domestic 
buildings diagonal bracing can be utilised, either being made of timber members or steel 
chords. However, sometimes it can be an intentional architectural feature to make the 
stabilising elements of the structure visible (Figure 3).

Figure 3: Application of diagonal bracings combined with steel rods in the office building 
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In some cases, mostly in industrial applications, also stiffening in one direction can be 
realised through frame action (moment resisting connections). 

When dealing with taller structures it is necessary to assure the users of higher storeys a good 
comfort against possible horizontal deformations in the structural system. For these structures, 
the above solutions must be designed in the serviceability limit state to limit displacements. A 
few structural solutions can be adjusted to be applied in multi-storey timber buildings to fulfil 
the high demands put on their stabilising systems [2].  

The shear actions in tall buildings are often transferred from roof systems, walls and floor 
diaphragms onto the foundations via a system of effective connection systems. However, the 
transfer of loads, in some cases, requires special solutions; for example, multi-layered (cross-
laminated) timber panels can be used instead of the more common nailed or screwed 
sheathing boards to limit excessive horizontal deformation.  

Another alternative can be to use the stair cases or elevator shafts, often constructed in 
concrete, as the stabilising mechanism for the whole building. Unfortunately the presence of 
the concrete shaft inside a timber building may make it visually as well as environmentally 
unattractive. Also, such construction methods could introduce problems due to differential 
settlements in the materials.  

In the systems based on volumetric elements, the basic shear wall action is utilised, as 
volumetric elements are manufactured as light frame systems. The main problem for this 
system is that the joints between the modules must be robust enough to provide satisfactory 
transfer of shear forces. In addition, a reliable anchorage to the ground must be provided to 
prevent the uplift of light structures.  

3.2 BEAM AND POST SYSTEM 
The structural system introduced in this paper, is based on a modular system of beams and 
columns connected by theoretical pins requiring a very strong and reliable stabilising system. 
The argument of building ecological structures is crucial for the system; consequently the 
possibility of using concrete structure for lift shaft or stair cases is not taken into 
consideration.  Moreover, the system is planned to be used for non-residential buildings, 
which for example in office buildings, puts a high demand on a stabilising system to enable 
large openings or glass areas. 

The demands put on the system’s flexibility and functionality are high, hence the stabilising 
system should be well-designed, reliable and robust. The concept proposed here is based on 
the stabilising prefabricated walls built of a glulam skeleton with Kerto-Q boards glued and 
screwed onto its both sides, cross-section on Figure 4. 

Figure 4: Cross-section of the stabilising element
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The boards used for sheathing maximises the use of the Kerto production width decreased by 
100 mm to comply with Swedish transportation rules, resulting in 2.4 m width. The plane 
stabilising elements are to be joined into desired configurations, T-, L- or X-shaped, Figure 5. 
Elements produced in this manner will have large lateral load-bearing capacity and stiffness, 
and can satisfactorily fulfil the stabilising function in a four storey building. The areas under 
development are the anchorage system for these elements and connection between elements.  

Figure 5: Possible configurations of the stabilising elements

4 ASSEMBLY METHOD AND WEATHER PROTECTION 
4.1 GENERAL

One of the very important issues related to using wood as a structural material is its sensitivity 
to moisture and, generally speaking, weather exposure, especially during the assembly phase. 
Throughout centuries this property has caused a lack of trust in the durability of timber 
structures and scepticism from the construction industry. It is important to emphasise that not 
only timber is sensitive to moisture, but so are other organic materials used in construction 
such as gypsum or insulation materials. Erection of timber buildings under “open-air” 
conditions, especially in bad weather conditions, may cause moisture to be encapsulated 
within layered construction materials to develop during service time into a harmful biological 
threat. With regard to these facts weather protection of the construction site for timber 
structures is preferred. Furthermore, a barrier creating a beneficial working environment is 
desirable.

The problem of moisture sensitivity of wood products can be minimised to some degree by 
applying appropriate preservatives and ensuring proper detailing (chemical and physical 
protection). However, this kind of protection can only be efficient up to a certain level of 
moisture content and or humidity in the air (heavy rains and very humid climates might not be 
covered) [3].

For smaller houses the weather protection concept leads to an increased degree of 
prefabrication. Buildings (e.g. villas) can be entirely manufactured off-site and then 
transported to the destination location and the assembly including the roof can be completed 
in half to one full working day.  In this case, the additional conditions for successful moisture 
protection of the structure are: a dry concrete plate and protection of the unassembled 
(waiting/stored temporarily) elements. However, this method does not apply for non-
residential buildings or multi-family houses or apartment blocks. For these buildings the 
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erection time as well as the exposure to weather is longer, so the principal protection against 
weather should be an integral part of the building system design.  
For multi-family houses and other larger buildings, there are a number of methods for 
protecting the erected building from the climate’s influence. Again, for multi-storey buildings 
a very high degree of prefabrication as, for instance, volumetric elements can be a solution to 
avoid moisture influence problems. Even if the assembly is much faster compared to the 
conventional construction method, the structure can be still strongly influenced by weather 
conditions. So the problem of weather protection of the building site occurs again, but in a 
smaller scale and some additional actions need to be taken. 
In Sweden, there are three common ways of protecting taller buildings during construction. 
The largest problem  arise when the construction work goes on without any protection, 
besides the protective layers of wax or impregnation (sometimes a plastic foil is used although 
not durable) applied directly on timber members. In this case the bearing structure is erected 
firstly, not including any moisture sensitive materials like gypsum boards or insulation 
materials, so the moist structural elements can dry-up before completion of the work. This is 
the most common method applied for non-residential buildings or halls. The biggest 
disadvantage of this method is the requirement of the follow-up quality control to assure the 
correctness of the dry-up. 
Another option is a method analogous to that used for small houses. The assembly method is 
to assure that the roof structure is mounted within one day. This method has some limitations 
and is usually applicable to a maximum of four-storey buildings and requires a high degree of 
prefabrication, e.g. volumetric elements. 

Figure 6: Example of usage of tent over the whole building (photograph by Anders Björnfot) 

The most advanced way of isolating the construction works from the weather influence is 
covering the building site with suitable tents (light bearing structures with fixed tarp), Figure 
6.

On the Swedish market, there are a number of solutions available. There are tents covering 
the whole structure with an opening roof or tents protecting one storey of construction work, 
successively moving up as the work progresses.  This kind of weather protection shows very 
good results for instance in the case of erecting a multi-storey building in solid wood system. 
Another large advantage of this kind of protection is that it enables using inside it a travelling 
crane.  However, this method also has some limitations, for example ventilation problems 
during warmer periods, logistic complications and higher cost in comparison to other methods, 
[3].
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Figure 7: Weather protection used for volumetric element systems (photograph by Hans-Erik Johansson) [3] 

There are also some less advanced ways of protecting the structures from harmful moisture 
influence like covering the erected parts with different types of tarpaulins (Figure 7), but this 
type of protection is not durable and may also cause additional problems for instance with 
handling the tarpaulins during erection work. 

4.2 BEAM AND POST SYSTEM – MOUNTING METHOD  
The weather protection systems and products available in Sweden have proven to have a 
positive impact on the industry. The general evaluation of applying weather protection 
systems is positive, since they provide a meaningfully improved working environment, which 
in turn leads to shortened production time, higher level of safety at work and improved final 
quality [4, 5]. The main criticism regarding these systems is their high cost, which seems to 
be the argument for their limited use.  

Therefore, the goal for the beam and post system is to create an inexpensive system-specific 
solution for weather protection of the buildings during erection time. The principle is similar 
to that for small houses, to assemble the roof of the erected section of the building within half 
to one working day. Such a result is possible due to the primary assembly of self-stable e.g. T-
modules (or other configurations, as shown on Figure 3) of robust and rigid prefabricated 
elements (Figure 8a). The vertical continuous columns of the systems are raised first with pre-
mounted steel brackets to support the connecting beams. Thereafter, columns and stabilising 
elements are connected by a number of beams, (Figure 8b), creating a sufficiently stable 
structure enabling early mounting of the roof over the erected segment, just after assembly of 
the floor elements over the top storey, (Figure 8c-d).  
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(a) (b) (c) 

(d) (e) (f) 

Figure 8: Assembly method for system trä8 

The modular configuration of the buildings built using beam and post system allows division 
of the whole structure into smaller sections. Early assembly of the roof reduces the risk for 
floor elements being damaged or harmed by rain, as well as facilitating the assembly of the 
vertical façade creating a protected environment inside for the continuation of construction 
work of the covered part. 

The façade tarps, attached to the roof structure (Figure 8 f), are developed with the system, 
fixed to some sections of the bearing structure and rollable or movable from other sides, 
enabling assembly of remaining beams and floors. An illustration of the assembly method is 
presented in Figure 6. Assembly performed in this manner can be applied to arbitrary shapes 
of the building (ref. to Figure 1). 

5 FURTHER RESEARCH CHALLENGES 
One of the issues related to the stabilisation of light timber structures is the anchorage of the 
walls or in the case of the system trä8, stabilising walls. This issue together with the acoustic 
performance is currently the main focus of research. 

The racking capacity of the stabilising walls plays an essential role in the performance of the 
system. The resistance of these walls against the horizontal loads has recently been 
experimentally investigated and the results are currently evaluated.  

The work will continue to concentrate on utilising full racking capacity of these walls and the 
interaction between the different structural components.  

For future use, further improvements of the system would be necessary in order to meet the 
architects’ and clients’ expectations with respect to the geometry of the buildings as the 
system is planned to be used for buildings based on the rectangular modules.  

The future development of trä8 should also take into account the possibility of utilising longer 
spans and a larger number of storeys to be able to compete with other systems on the market.    
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Displacements in the Stabilizing System of a Glulam Beam-and-Post System 
 
Abstract 
The provisions for developing a beam-and-post building system of glulam are examined for 
the Swedish market. The building system should provide open spaces through long-span 
floors combined with apartment floors, reaching a total height of 5-6 stories. Building multi-
storey houses in timber requires a strong and stiff stabilizing system assuring safety and 
comfort for their users. Large movements are unacceptable risking damage on interior 
claddings and even nausea with the inhabitants on the upper floors.  
Stabilization can be achieved through diagonal bracing, moment stiff connections or 
diaphragm action. In this work a special stabilizing element based on diaphragm action is 
proposed. A parametric study of the stabilization system against lateral loads for a beam-and-
post building system is presented based on traditional and numerical analyses. The aim of the 
paper is to establish the limitations for the stabilizing element to function within a multi-
storey beam-and-post system. The study is a first step towards introducing an optimized 
beam-and-post building system in timber to the Swedish market.

 
Keywords:  stabilisation, timber frame, beam and post, glulam, displacement 

1. Introduction 
In 1994 the building regulations in Sweden changed to allow buildings with a timber frame 
higher than 2 storeys. Since then, the development has been rapid and is still ongoing. For 
multi-storey houses in timber, one key issue is a strong and stiff stabilizing system. 
Stabilization can be achieved through diagonal bracing, moment stiff connections or 
diaphragm action. In this work a special stabilizing element based on diaphragm action is 
proposed. The stabilizing element has a glulam skeleton frame with high shear strength Kerto 
LVL boards glued to its sides. The approach is similar to the Structural Insulated Panels 
(SIPS) developed in USA [1]. 
 
The parametric study presented in this paper is one of the first results of an ongoing PhD 
project on development and optimization of a beam-and-post building system in timber. The 
building system should provide open spaces through long-span floors combined with 
apartment floors, reaching a total height of 5-6 stories. The aim of the study is to investigate 
and quantify the displacements in the stabilizing system based on the special stabilizing 
element and thereby establish the limitations for the use of the stabilizing system.  
 
1.1 Problem description 
 
The study contributes with understanding of the performance of the stabilizing element (SE). 
The structure is exposed only to lateral static forces, representing wind loads. An analysis 
example is taken as a four-storey building with three times two modules in plan, see Fig. 1. 
As a module, an 8 m x 8 m unit is understood, with an assumed storey height of 3 m. 
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Figure1: Illustration of considered problem (a) building, (b) a gable wall, (c) structure of SE 
 
In the chosen example of building, just one stabilizing element in each gable wall was 
assumed, providing a very unfavourable load case to simulate a worst case scenario. 
Earthquake loads are not included since in the Nordic countries such loads are not common. 
 
2. Materials and method 
2.1 Stabilizing elements 
The dimensions of the reference SE were partially pre-defined, since the element was 
preliminarily tested in a two-storey pilot residential building built in Töreboda, Sweden in 
autumn 2007.  The reference SE is 2.5 m wide since this is the maximal possible width of the 
element determined by the production capability for Kerto panels. The element is continuous 
over the height and thus “four-storeys high”, which in this case equals 12 m. Continuous 
stabilizing elements are possible with regard to both production and transport requirements. 
Even for six-storey building the dimensions of the SE will not exceed the limitations for 
dimensions of transported loads according to Swedish standard.  
 
The inner skeleton of a stabilising element is made of glued laminated timber in class L40, 
according to Swedish designation, a typical sort of wood used for construction purposes. 
Sheathing of SE made of Kerto-Q, a product of Finnforest in Finland, is applied on both sides 
of glulam skeleton. Kerto-Q is a laminated veneer lumber with a high lateral bending stiffness 
due to a specific structure where one fifth of the veneers are glued crosswise. In conventional 
analysis, the timber materials are treated as elastic transversely isotropic materials with 
different elastic properties parallel and perpendicular to the fibres. The Table 1 presents the 
material properties provided by literature [2] and information from producer. The values 
marked in table with bold italic text were used in hand calculations.  
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Table 1: Mechanical properties of the used material 
 

Elastic modulus
[N/mm2]

E L =14000 ET=500 ER=800 E L =10590 ET=2967 ER=244.6

Shear modulus
[N/mm2]

GLR=800 G LT =500 GRT=60 GLR=147.5 GLT=500 GRT=48.9

Poisson's ratio nLR=0.02 nLT=0.02 nRT=0.45 nLR=0.02 nLT=0.02 nRT=0.68

Glulam L40 Kerto-Q

 
 
2.2 Traditional analysis 
The parametrical analysis of the deformations of the stabilising element was performed in 
serviceability limit state according to Eurocode 5 [3]. To perform the calculations, the 
stabilizing element was assumed to be a cantilever beam loaded with four vertical forces 
representing wind load transferred to the SE through beams, see Fig. 2. The cross-section of 
the beam is a composite box with flanges of glulam and webs of Kerto boards.   
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Figure 2: The static model for hand calculations (a), A-A section (b) 
 
In the analysis of the beam deformations, the maximum deflection max at the end of 
cantilever beam was calculated taking into consideration deformations due to flexure and 
shear, Formula 1.   
 

shearbendingmax                                                                                                   (1) 
 
Formulas for calculating the flexural deflection of a cantilever beam under concentrated loads 
placed along the beam are available e.g. in [4]. Deflections caused by shear forces applied to 
the beam were calculated according to simplified graphical method presented in [5]. 
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 Figure 3: Graphical method used for calculation of displacements due to shear 
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Simplifying formula (3) for the considered beam loaded with four concentrated loads Fi, we 
obtain: 

4

1i

ii
shear GA

xFk                                                                                                       (4) 

In the above formulas T represents the integral, V - a shear force, G - a shear modulus of the 
material, A – an area of the cross-section and k is a shape factor for the cross-section of the 
beam. For a rectangular cross-section k equals 6/5.  
 
2.3 Finite element model 
A number of three-dimensional numerical models were developed using ABAQUS finite 
element software (version 6.7-1). Models represent different variants of SE with two 90 mm 
wide inner glulam posts. The stabilising element is modelled in ABAQUS as an assembly of 
hexagonal (Hex) solid elements with reduced integration. 
 
In the models, the loads were applied as pressures on surfaces equal to the area of the cross-
section of a beam, to simulate the transfer of forces from wind loads through beams. The 
glued connections between inner posts and Kerto sheathing were modelled as constraints, 
since such a connection can be treated as fully integrated [6].  
 
Both glulam and Kerto were modelled in ABAQUS as linear elastic orthotropic materials 
with material data according to section 2.1. Additional boundary conditions have been applied 
to all models to eliminate the risk for appearance of out-of-plane buckling of Kerto webs. 
 

                    
Figure 4: Numerical model 
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2.4 Parameter study 
The shear capacity for shear walls is dependent on such variables as thickness of the 
sheathing and spacing of nailing and framing, [2]. In the considered case, where the 
connections between skeleton and outer layers are glued, the nail spacing is not a valid 
parameter. Thickness of the Kerto-Q panels was used as a parameter in the analysis with three 
different values.  
Another geometrical feature that was taken into consideration was the cross-sectional height 
of the glulam posts of the skeleton, where three different values were tested. 
Following the recommendation of varying the frame spacing, the effect of applying a third 
inner post was checked.  The cross-section of the third middle post is 90 mm x 90 mm, hence 
the designation of the parameter. Table 2 describes the parameters used in the study and their 
values. 
 
Table 2: Parameters included in the study 

Name of the
parameter Description

t thickness of the sheating 27 mm 33 mm 39 mm
b height of the inner post 270 mm 315 mm 405 mm

 +90x90 additional inner post 0 1  -
B width of the whole SE 2.5 m 1.25 m  -

Tested values

 
 
Figure 5 illustrates the cross-section of the reference SE, assumed with the same dimensions 
as for the SE used in the demonstrator house, and another cross-section with marked 
parametrical features. 
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Figure 5: Analyzed reference cross-section (a) and parametrical cross-sections of SE (b) 
 
3. Results  
In this study, a special stabilizing element based on diaphragm action was analysed by means 
of analytical and numerical methods. According to [7], buildings with timber bearing 
structures in Sweden should fulfil the requirement of a maximum horizontal displacement of 
H/500, where H stands for the height of the wall. For the example stated in section 2.1, the 
limit is 12000/500 = 24mm. 
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Table 3: Results for parametric analysis 

max [mm] Percentage max [mm] Percentage
Share of 

shear
deformation

t = 27 mm 61.9 100% 72.6 100% 36%
t = 33 mm 54.9 88.7% 63.2 87.1% 40%
t = 39 mm 49.7 80.3% 56.0 77.1% 42%

b = 270 mm 61.9 100% 72.6 100% 36%
b = 315 mm 58.8 95.0% 69.5 95.7% 32%
b = 405 mm 54.1 87.4% 64.6 89.0% 30%

 +90 x 90 19.7 31.8% 70.3 96.8% 34%
 +90 x 90

(finer mesh) 24.3 39.3%  -  -  -

B=2,5 m 61.9 100% 72.6 100% 36%
B = 1,25 m * 197.3 318.7% 151.6 208.8% 28%

Additional inner post in the middle

Width of the whole element

Parameter

Numerical analysis Hand calculations

Web thickness (Kerto-Q)

Width of inner posts 

 
*) For the half width SE half of the load was applied. 
  
The main effect in decreasing the displacement of the beam by about 60% was achieved by 
applying the third inner post in the middle of the stabilising element. Even with the thinnest 
Kerto panels and smallest outer posts, the maximal deformation of the structure exceeds just 
slightly the posed limit of H/500.   
 
The analyses reveal also that increasing the thickness of the Kerto-Q LVL panels decreases 
the displacement with 12-20% on increasing the bending stiffness of the stabilizing wall. 
Increasing the size of the inner posts decreases the displacement with only 5-13%.  
 
The displacements obtained from the conventional beam analysis exceed the results from the 
numerical analysis about 20%. The displacements due to shear have a meaningful influence 
on the results of hand calculations. They comprise between 30-42% of the total deflection of 
the beam. 
 
The conventional calculations include the additional post only as an additional value in the 
second moment of inertia of the whole cross-section. This does not have a meaningful 
influence, since the post is in the middle of the cross-section and leaves a very small 
contribution to the second moment of inertia.  
 
4. Conclusion and discussion  
The overall conclusion from the study is that the key to increasing the stiffness of investigated 
stabilizing element appears to be by applying a third inner post in the middle of the element. 
 
In the presented study the stabilizing elements were analyzed as singular elements. However, 
they are meant to stabilize the bearing structure of a building, which implies that interactions 
between members of the system and three-dimensional effects should be taken into 
consideration. The effects of load distribution in the whole beam-and-post system need to be 
investigated.  
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An analysis of an SE with half the reference width and half the load showed that the element 
deforms strongly, Table 2. However, maybe in case where the three-dimensional behaviour 
was included, the application of two narrow SEs instead of one wide would possibly be more 
favourable for the system from an architectural point of view. The following configurations, 
presented on the Figure 5, may be considered in the future analysis. 
 

8000 8000

1250 1250

8000 8000

1250 1250

 
Figure 5: Configurations of narrow SEs suggested for future analysis. 
 
Otherwise, one recommendation for future work is to estimate the area of SE per area of the 
walls of the building in terms of future standardization.  
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State-of-the-art review on timber connections with glued-in rods 
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Abstract: Adhesive joints have been known and applied to timber structures for ages. Hybrid joints with glued-
in rods are nowadays efficiently and successfully used for both constructing new and strengthening existing 
timber structures. The research and development of timber joints with bonded in rods has been going on since 
the 1980’s, however agreement regarding design criteria for these connections has not been reached. Today, 
connections with glued-in rods are not included in the European design code. This paper gathers and summarizes 
practical and theoretical approaches from research done regarding joints with glued-in steel rods mostly in 
Europe and published in English, German or Swedish. The review considers manufacturing methods, 
mechanisms and parameters governing the performance and strength of the joints, theoretical approaches and 
existing design recommendations. 

1. Introduction and aim 
Adhesive joints have been known and applied widely for ages. For structural purposes 
different types of adhesives have been used to form, for instance, scarf joints, finger joints, 
lap joints, web joints or connections with glued-in rods. A comprehensive overview on the 
development of the glued-in rod connection can be found in the Proceedings of the Working 
Commission W18 of the International Council for Research and Innovation in Building and 
Construction CIB. Early investigations on glued-in rods were done with the use of bonded in 
bolts screwed into holes of slightly smaller diameter or reinforcement bars [1, 2]. The 
technology of connections with bonded in rods started to develop in the 1980’s and is still 
going on [3]. However, the technology is commonly used in only a few European countries, 
in Australasia and in North America. Over the years, there have been many attempts to 
introduce design recommendations into the European structural timber code, Eurocode 5, so 
far though these have been unsuccessful. The reason for this is probably due to different 
scientific approaches used in earlier investigations, but also due to different national design 
approaches used in practice. 
The connections with glued-in rods have gained popularity as they provide, in many cases, 
solutions both for newly built structures and for strengthening existing ones [3-5]. Applied 
both parallel and perpendicular to the grain direction of wood, they provide excellent strength 
and stiffness properties, efficiency in load transfer [6] and offer light-weight solutions [7], 
except for applications where steel intermediate connectors are required. Being completely 
surrounded by the wood, the glued-in rod connections benefit from good fire resistance and 
good design from the aesthetic point of view. As reinforcement, glued-in rods perform well 
preventing cracks in areas of high stresses perpendicular to the grain and/or shear such as in, 
for instance, tapered or curved glulam beams and end-notched beams [3, 8-10]. 
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This paper intends to present a state-of-the-art overview regarding timber connections based 
on the use of glued-in threaded steel rods. A range of solutions using glued-in rods made of 
other materials than steel are available, including e.g. hardwood or FRP dowels. These 
systems are beyond the scope of the present paper, and will only be briefly mentioned herein. 
The overview is mostly based on literature from European sources commonly available in 
English, Swedish and German. 
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Notations and symbols 

( )r property related to rod 

( )w property related to timber 

A cross-sectional area [mm2] 

B width of the fracture area [mm] 

C compliance in energy release rate analysis  

D diameter of the drilled hole [mm]  
  

E modulus of elasticity [MPa] 

Fax, k characteristic axial resistance [kN] 

Fax, mean mean axial resistance [kN] 

G shear stiffness of adhesive layer [N/mm2] 

Gc critical energy release rate of the joint [J/m2] 

Gekv equivalent shear stiffness 

Gf the fracture energy [J/m2] 

Gf,s the fracture energy in shear [J/m2] 

Pu,k characteristic pull-out strength of a single rod [N] 

Rsh design shear strength of wood across the grain  

Ra,d design anchorage capacity [kN]  

Ra,k characteristic anchorage capacity [kN]  

W  work by external loads during crack propagation [J] 

T  kinetic energy [J] 

Tg  critical temperature, or the glass transition temperature [ºC] 

b width of the timber member [mm] 

d or dr or da outer diameter of the rod [mm] 

dh or h or D diameter of the (drilled) hole [mm] 

fa,k characteristic anchorage strength [MPa] 

fk1,k  characteristic value of bond line strength [(N/mm2] 

fv3 strength parameter [MPa] 

fv,k characteristic shear strength of the wood [MPa] 

fv, ,k characteristic shear strength of the wood at the angle  between the 
rod and grain direction  [MPa], 
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fv, mean, b mean shear strength of the bond [MPa] 

fv,0,mean nominal shear strength of single axially loaded rod bonded in parallel 
to the grain [MPa] 

fws   withdrawal parameter for the square root case  [N/mm1.5] 

fwl  withdrawal parameter for the linear case [N/mm2] 

kb  bar type factor (threaded: 1.0, deformed: 0.8) 

kd factor to account for the influence of the rod's diameter 

ke  epoxy factor (Araldite 2005: 1.17) 

km  moisture factor  

ks factor to account for the influence of ratio of anchorage length divided 
by rod diameter  

k1  coefficient due to irregular stress distribution along the bar 

k2  reduction factor taking into account irregular force distribution among 
multiple bars 

l / lg/ lad/la glued-in length/embedment strength [mm] 

lm material length parameter 

lgeo geometrical length parameter 

 outer diameter of the rod [mm] 

 slenderness ratio 

  elastic strain energy [J] 

k characteristic density of the wood/timber [kg/m3] 

f local bondline shear strength [MPa] 

max maximum shear stress [MPa] 

 stiffness ratio of the joint 
 

2. Connections with glued-in rods - general 

2.1 Materials used 

Rod material 

Showing a ductile behaviour at failure, the most commonly used material for connections 
with bonded-in rods is steel. Mostly rods with metric threads are used because these perform 
well for timber-timber connections with the threads providing increased area for adhesion and 
mechanical interlocking. Furthermore, the metric threads are especially convenient for timber-
steel joints, where threading allows for easy assembling to connecting steel members. During 
the past three decades, a large number of studies have been conducted on timber joints, 
investigating e.g. different diameters and lengths of the bonded-in threaded steel rods. 
Instead of using threaded rods, steel reinforcement bars (ribbed bars) have been used in some 
investigations. In Finland, a connection was developed based on reinforcement bars glued-in 
at skewed angles. These joints, called V-joints or V-connections, [11, 12] have been shown to 
be an efficient alternative regarding both production methods and performance. 
Another, less common solution is the application of Fibre Reinforced Polymer (FRP) as an 
optional material for the rods. Early investigations were made by Müller and Roth  [13]. In  [6, 
7] the results from testing rods made form GFRP (Glass Fibre Reinforced Polymer) and 
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CFRP (Carbon Fibre Reinforced Polymer) were presented, revealing that these materials also 
perform well in terms of ease of manufacturing, light weight and statically efficient 
connections.  
Finally, the connections with glued-in rods can also be realized by means of hardwood dowels. 
This kind of connection has the advantage of giving smaller differences between the moduli 
of elasticity of the connected materials. The technology has mainly been used and 
investigated in Japan and is not common worldwide.  

Adhesive type 

Over the years, a wide range of different types of adhesives have been tested in glued-in rod 
connections. Generally speaking, in early years, traditional wood adhesives based on phenol-
resorcinol or epoxy adhesives were used, while later work has included also the use of e.g. 
polyurethanes. In [14], an investigation was made regarding the suitability of 12 different 
adhesives and adhesive/sealants for use in glued-in rod connections. In the experiments 
conducted within a large European research project in the late 1990’s, (GIROD), three types 
of adhesives were used and compared [15] – phenol-resorcinol, epoxy and polyurethane. 
From the tests and analyses it was concluded that the adhesives revealed increasing strength 
in pull-out tests in the following order: PRF (fibre reinforced phenol-resorcinol), PUR 
(polyurethane) and EPX (epoxy). It must be emphasized that the choice of adhesive is not 
independent of the method used to produce the joints, the main parameters of concern being 
the adhesion to the adherends and the diameter of the hole. If, like in the GIROD project, the 
rod is placed in an oversized hole, the adhesive should present good gap-filling properties. 
Even if the PRF-adhesive used in the GIROD project was fibre reinforced, the PRF adhesive 
performed poorly. Generally speaking, epoxy adhesives develop a strong bond with both steel 
and the wood, resulting in the wood becoming the weakest link of the joint. Thus the fracture 
properties of the wood or the wood/adhesive interface are decisive for the pull-out strength. It 
is worth noting that characterising an adhesive only by terms like epoxy or polyurethane is 
not sufficient, there are many adhesives available of each type and they “can show all types of 
constitutive behaviour” (regarding epoxy) [16]. For the joints with glued-in rod there are 
many failure locations and modes which can be decisive for the load bearing capacity, and the 
adhesive might be chosen during the design of the connection taking into account geometrical 
properties, requests of application methods and with the aim of avoiding a brittle failure mode 
finally making sure that the adhesive bond will not be the weakest link of the connection [17]. 
The pull-out strength of the glued-in rod is obviously related to the adhesive type, but also to 
the used wood type, since different adherends may develop different bonding strengths with 
different adhesives [7]. 
In many cases, where the influence of geometrical parameters has been of interest of a study, 
the adhesive was not a variable in the tests.  
To summarise, in countries like Sweden, UK, Switzerland, Germany [18], and New Zealand 
[19] the most commonly used adhesives for joints with glued-in rods are 2-component 
polyurethane (PUR) and epoxies (EPX).  
 

Timber body of the joint 

Bonded-in rods are commonly used for rather large joints, with high load bearing capacity, 
and thus, mostly glulam made of softwood has been used. The rods are set either parallel or 
perpendicular to the grain direction of the glued-laminated timber, which has to be taken into 
account when designing the connection. In order to get a reliable connection, a good quality 
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of the timber body has to be guaranteed, e.g. by exclusively using strength graded timber and 
glulam subjected to quality control. 
In some countries the connections with bonded-in rods have been tested for LVL structures in 
different contexts [3, 20]. Some tests were also performed on inline and moment resisting 
joints built of LVL and connected by means of GFRP rods [7, 21]. 
 

2.2 Manufacturing principles

As is the case for all structural adhesive joints, glued-in rods require some special attention in 
terms of the manufacturing process. The necessity of assuring specific curing conditions for 
the adhesive (temperature and moisture content) as well as precise geometrical properties 
creates a demand of quality control of the production process of these joints [22]. The 
production requirements make the usage of glued connections on the building-site difficult 
and therefore limit the possibilities of using glued-in rods for the strengthening of existing 
structures. Moreover, in many countries, even for the factory/in-house production of joints 
with bonded-in rods, control test methods still do not exist [23].  
 
In the literature, a few methods for gluing in of the rods have been described. In the recent 
work of Johansson-Jänkänpää [24], the possibility of horizontal gluing in of rods was tested. 
This resulted in many cases in a non-uniform distribution of the adhesive and a substantial 
decrease of the pull-out strength of the connection. Unfortunately, in many cases, 
manufacturing of the joints in positions other than horizontal or horizontally leaning is not 
possible to avoid this effect.  
If the joint is to be manufactured with an oversized hole, one straight-forward method to use 
is to apply a well defined amount of adhesive into the bottom of the hole and then insert the 
rod (while rotating it to assure a uniform spread). This method generally requires some 
equipment to insert the rod, since the force needed for large glued in lengths is rather high, 
and not possible to apply manually. It is also practised to coat/cover the interior of the hole 
and the outside of the rod prior to connecting. 
A possible alternative to the above is to introduce the adhesive through a small hole drilled 
close to the end of the embedment hole, perpendicular to it, Fig.1. An additional hole close to 
the free end of the rod is also drilled. The role of this hole is to assure the complete and even 
filling of the embedment hole with adhesive and removal of air bubbles. After 
inserting/screwing in the rod, the overflow of the adhesive indicates complete filling. In 
addition to this visual assessment, some specific quality control methods should be applied. 
Other methods have been described, such as using a hollow rod with a small diametric hole. 
The adhesive can then be injected through this diametric hole [25]. 
In Sweden, the manufacturing of bonded-in rods by the use of undersized holes has also been 
applied. In that case, the diameter of the hole typically equals the nominal diameter of the 
threaded rod minus the depth of the thread. By applying adhesive to the hole and to the rod 
itself, and then screwing it into the hole, the bonded-in connection is formed. The advantage 
of using this method is that the adhesive is better contained in the hole before curing. The 
disadvantage is that it is very difficult (even impossible) to assure that adhesive has reached 
all parts of the rod. In some cases it has been suggested to groove the threaded rod in order to 
assure the spread of adhesive within the undersized hole. However, experience shows that 
instead this can lead to other problems, related to the sharp edges of the groove grinding the 
wood material during insertion (screwing) of the rod [26].  
Manufacturing of joints with glued-in rods is a demanding process if the high quality of the 
joint is to be achieved. As for all the adhesive joints, one of the conditions to achieve proper 
adhesion between members is to assure clean surfaces. Obtaining clean and even surfaces 
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inside a drilled hole might be difficult and normally, cleaning surfaces is not practiced due to 
economical reasons [27]. 

 
Fig. 1 One of the available methods for gluing-in rods 

2.3 Applications of joints (examples) 

A possible division regarding the application of the joints with glued-in rods can be in terms 
of joints connecting structural elements (timber-timber and timber-steel connections), on the 
one hand, and joints being used for anchorage of components to the foundation, typically 
timber-concrete joints in e.g. columns. 
Statically, glued-in bolts perform very well in many types of moment-resisting timber 
connections (e.g. in frame nodes and corners of portal frames), Fig. 2. The main advantage of 
such a joint (timber-timber) being that the steel rods are embedded inside the wooden 
members, which is aesthetically advantageous for cases where the load bearing structure 
remains visible. Another advantage is that it also allows for better protection of the 
connection from the influence of fire and a possibly corrosive climate (e.g. indoor swimming 
facilities), with the timber member as the insulator of the steel connector.  
Common practice is to replace the corners of frames, where large bending moments occur by 
more strong solutions, for instance by corners made from steel profiles, which can easily be 
connected to the existing timber frame by means of glued-in rods. This kind of solution can, 
however, be prone to corrosion and the required protection needs to be applied or a special 
steel quality has to be chosen. Special attention should be drawn to this type of design, where 
the large steel parts, if incorrectly designed, will prevent the moisture induced deformations 
of the timber to take place. Thus, moisture induced cracks can develop, and substantially 
weaken the static performance of the joint. 

  
Fig. 2 Examples of applications of connections with glued-in rods [28, 29]  
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3. Mechanics of glued-in rods 
3.1 Introduction

While analysing connections with glued-in rods, it is important to understand which 
mechanisms govern the behaviour of these connections. It is known that screws anchored in 
timber rely on the compression mechanism created by contact between the wood and the 
flanks of the screw and hence the pull-out strength of screws is related to the surface of the 
anchorage [30, 31]. If the nominal diameter of the rod is very close to the diameter of the hole, 
the connections with glued-in rods also benefit from this kind of mechanism. 
During axial pulling, the load transfer between timber and the rod is governed by shear of the 
adhesive. However, since in some cases, depending on the surface characteristics of the rod 
and its surface treatment, it is more reasonable to treat the anchorage between the threaded 
rod and the adhesive acting as a mechanical joint [32, 33]. The load transferring mechanism is 
also influenced by the ratio of the diameter of the hole to the diameter of the rod, i.e. the 
adhesive bond line thickness. In some sources it is claimed that glued-in rod connections act 
like a combination of glued and mechanical connections [5, 16, 22, 24]. For example, for rods 
inserted in undersized holes, it can be expected that the connection strength is to a large extent 
due to the mechanical interaction between the wood and the flanks of the screw [10]. One 
major advantage with the bonded-in rod connections, from a static point of view, is that of the 
transfer of forces directly into the inner part of the members’ cross-sections [34]. The 
connection actually is a hybrid one, made up of typically three different materials (wood, 
adhesive, rod) with different stiffness and strength properties [7] but that have to work under 
loading simultaneously. This severely complicates the analysis of the connections and is also 
a reason for today’s lack of full understanding of the behaviour of this joint type as well as for 
agreeing on a unique design model.  
The overall behaviour of the joints with glued-in rods depends on many parameters/factors 
such as: geometry of the joint, the materials used, loading conditions and boundary conditions. 
The influence of a wide range of these factors has been the subject of many studies conducted 
during the past, these studies typically aiming at the development of design formulae for 
connections with glued-in rods [35]. The proposal of factors belonging to each category can 
be found in the Fig. 3, a structure adopted also in the present work. 

 
Fig. 3 Proposed classification of factors determining the performance of joints with glued-in rods, [18] 
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To some extent, our knowledge about the mechanical performance of bonded-in rod 
connections is based on practical experience and design formulae developed by curve-fitting 
of empirical data. To a certain extent, theoretical approaches have been used to describe the 
behaviour of bonded-in rod connections. The research conducted in this area has been devoted 
to properly understanding such joints and finding suitable models describing their behaviour 
for simple load cases. Thus, the majority of the studies performed have focused on axial pull-
out strength of a single glued-in rod and its dependency on various material and/or 
geometrical parameters. Since no consensus regarding proper design criteria for this type of 
connection has been reached, a large number of investigations, dealing with numerous factors 
of possible influence have been conducted. Single rod connections are, however, not very 
common in practise (possibly for anchorage of slender or small columns). They are, 
nevertheless, very popular in scientific studies. This is, of course, due to the simplicity when 
performing tests, the limited number of failure modes to take into account, the possibility of 
analysing the influence of single parameters and, thus, the relatively simple interpretation of 
the results. 
 
As presented in Fig. 3, the number of rods can be treated as another parameter of the analysis, 
but for this review it was decided to consider joints with multiple rods separately. Testing of 
multiple rod connections is not frequent, since the range of parameters influencing the 
behaviour of these connections is very large; the mechanisms are complex and thus very 
difficult to assess.  
Also, only few studies are reported on combined load modes, e.g. combined shear and 
bending [36-38], which could be of great interest for applications like moment-resisting 
connections where not only the axial loading of the rods is involved. 

3.2 Theoretical approaches to describe the adhesive bond 

General

In the literature, a few theories can be found that have been used to describe the laws 
governing the behaviour of adhesive connections. Here, three different approaches will be 
described: a) traditional strength analyses, b) analyses based on linear elastic fracture 
mechanics (LEFM) and, finally, c) so called non-linear fracture mechanics (NLFM) analyses. 
In a traditional strength analysis, one tries to predict the stress (and strain) distribution in the 
joint for a given load situation, and then applies some failure criterion for this distribution. 
The failure criterion can be based on stress or strain, involving also multi-dimensional criteria. 
The approach will give a prediction of the load bearing capacity of the joint, and also give a 
prediction of the joint stiffness. Determining the stress (and strain) distribution can be done 
with analytical or numerical methods. 
When using the framework of LEFM, the situation of loading a joint with a pre-existing crack 
is considered. The crack introduces a stress (and strain) singularity, and thus a traditional 
single point maximum stress criterion is not useful. Instead the crack driving force, also 
known as the energy release rate is calculated. The energy release rate is defined as the 
amount of (elastic) energy released during crack propagation. The critical energy release rate 
of the joint, Gc, which is assumed to be a material parameter, is the amount of energy needed 
to increase the crack area [J/m2]. By assuming that failure of the joint takes place when the 
strain energy released is equal to the critical energy release rate of the joint, the load bearing 
capacity can be calculated. 
NLFM provides a framework that takes into account not only the strength of the bond line 
(like in the first method above) neither only the fracture energy of the joint (like in the LEFM 
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approach), but in fact accounts for both. In that sense, the NLFM approach can be said to be a 
unifying theory.  
The choice of theory to be applied basically depends on the predicted failure characteristics 
(brittle or ductile) of the adhesive bond, related to the properties of the bonding agent, to the 
size and shape of the joint and to the stiffness of the adherends. Thus, for ductile adhesive 
bonds stress based approaches can be useful. For very brittle adhesive bonds, an approach 
based on LEFM can be appropriate, and in theory, an NLFM-approach can be used for both 
these cases and any in-between situation. It must be emphasized that the failure characteristic 
of the bond line (brittle or ductile) depends on material (strength of timber, type and strength 
of adhesive), geometry (surface and thickness of bond line) and loading conditions. 
 
The main tendency in the development of the theoretical ground for analysis of connections 
with glued-in rods seems to follow Gustafsson’s development of the so-called Volkersen 
theory [39, 40] taking into consideration the nonlinear fracture mechanics (NLFM). 
Since the connection with glued-in rods is a type of adhesive joint, usually those theories are 
the basis for the stress analysis. The broad description of available theories and the historical 
development of them are available in many sources, for instance in [41]. Below, only the most 
important and the most recent methods for the stress analysis of single lap joints are presented. 
 

Stress distribution in the adhesive joint – The Volkersen theory  

 
The theory and model developed by Volkersen [39, 40] for the analysis of single lap joints are 
regarded as pioneers in this field. The materials in the Volkersen theory are assumed to be 
isotropic and to behave in a linear elastic manner. The theory describes the one-dimensional 
stage where the adherends respond to the load only in tension and the adhesive responds only 
in shear. Fig. 4 shows the shear stresses in the bond line with peaks at the ends. 
 
The shape of the shear stress curve depends on the axial stiffness of adherends, on the shear 
stiffness of the adhesive, and on the geometry of the joint (shape and size). The shear stress 
distribution is derived from the above assumptions, leading to a second order differential 
equation found to be: 

2211

22 11)(0- ''
EAEAd

Gb     (1) 

where G is the shear stiffness of the adhesive layer, d its thickness and b its width. The 
adherends are characterized by their axial stiffness, A1E1 and A2E2, respectively. Here it is 
assumed that indices 1 and 2 are chosen such that A1E1 A2E2. The general solution to (1) is 
given by:  

)sinh()cosh( 21 xCxC      (2) 

The constants C1 and C2 are determined from the boundary conditions (loading conditions). 
For the pull-pull case (the most important loading condition), corresponding to a pull out of 
the rod from the wood, and remembering the choice of indices 1 and 2 above, we obtain the 
maximum shear stress (at x = 0) according to: 

)sinh(
1

)tanh(
1

2211
max LAELAEd

PG    (3) 
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Setting the shear stress equal to the intrinsic shear strength f of the bond line (assumed for a 
very short length with uniform stress distribution) we can calculate the failure load Pmax from 
(3). 

P Adherend 2

Adhesive layer
Adherend 1

l

E1 , G1, 
E3 , G3

E2 , G2, 

m

t1 = t
d

t2 = t

 
Fig. 4  Model of the single-lap joint [41] 

 
Expressions valid for other loading conditions can be obtained in a similar manner (see 
Gustafsson and Serrano [15], where also a more elaborate model including shear deformation 
of the adherends is presented). The Volkersen model is idealised since both wood and glue 
usually do not behave in a linear elastic manner. Moreover, the normal forces in this model 
are in reality eccentric, causing a bending moment in the connection. Goland and Reissner 
[42] included this influence in their calculation model. 
The further development was made by Hart-Smith [43] when also elastic-plastic stress 
distribution of anisotropic material could be included in the analysis. Depending on the 
ductility of the bond line, the above expressions are more or less accurate. For situations when 

 is far from unity, large stress concentrations are predicted by the model. Thus a simple 
single point stress based failure criterion will, in general, be inappropriate. Instead, the 
framework of fracture mechanics can be used. It should be emphasized that the expressions 
according to (1)-(3) predict, in general, a non-uniform stress distribution, with a uniform 
distribution being obtained as a special case for short anchorage lengths, or for the case of the 
shear stiffness being very low. For those limiting cases, the failure load is assumed to be 
proportional to the anchorage length and, accordingly, no size effect in terms of the nominal 
shear strength is predicted. 
 
Linear elastic fracture mechanics approach 
It is possible to obtain closed form expressions, based on LEFM of the failure load for simple 
load cases. The most straightforward manner is probably making use of the so called 
compliance method, were the energy released during crack propagation is determined, and 
this energy release is then set equal to the critical energy release rate of the bond line [44]. 
Equating the energy released during crack propagation (during infinitesimal propagation), the 
energy balance can be written:  

dA
d

dA
dTWG f      (4)

where Gf is the dissipation of the energy during the crack propagation, W is the work by 
external loads during the crack propagation, T is the kinetic energy and  is the elastic strain 
energy. For quasi-static conditions, loading only by a single load P, linear elastic performance 
of the material and strains in the material only due to the external load, equation (4) gives 
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da
adCBPG fc

)()/(
2
1 2      (5) 

Here, C denotes the compliance of the structure, da the extension of the crack length a and B 
is the width of the fracture area. Pmax is the magnitude of the load that is just sufficient to start 
crack propagation. 
As an example, a bonded-in rod in pull-pull, where a pre-existing crack is assumed can be 
considered (see Fig. 5). When assuming that the adherends are loaded with purely axial force, 
the failure load can be written as: 

1

221111
max

112
AEAEAE

EAGEAP f    (6) 

In the above formula values with index 1 represent the rod material properties and values with 
index 2 represent the wood material properties, respectively. Thus, the theory predicts the 
failure load to be independent of the anchorage length, which is also what is observed in 
practice for long anchorage length. Note also that the framework of LEFM (equation (6)), 
predicts a square root size effect in terms of nominal shear strength versus anchorage length, 
such that for example doubling the anchorage length would result in a decrease of nominal 
shear strength by a factor of (1/2)0.5. 
 
Gustafsson’s generalised Volkersen theory  
 
The basic theory of Volkersen [39, 40] described above was generalised by Gustafsson in 
1987 [45] to take into consideration softening in the bond. The basic idea behind this theory is 
to use the above Volkersen expressions, but replace the shear stiffness G of the adhesive with 
equivalent shear stiffness, expressed in terms of the intrinsic shear strength f and fracture 
energy Gf of the joint. As a result, the failure load of the joint (Pmax) is predicted to depend on: 
the modulus of elasticity of the adherends (E1, E2), their thicknesses (t1,t2), the width (b), the 
length (l), the shear strength ( f), and finally the fracture energy in shear (Gf,s) (assuming the 
adhesive bond acts in pure shear). 
In order to introduce the equivalent shear stiffness of the adhesive layer, some assumption 
must be made regarding its shear stress versus shear deformation relation (including its 
descending, softening part). For the simplest possible choice, a linear relation according to Fig. 
5, one obtains: 

Shear slip 

Area=Gf 

f 

 
Fig. 5  Idealised shear stress versus shear slip behaviour of adhesive bond. The fracture energy is represented by 
the area beneath the curve 

f

f
ekv G

G
2

2

      (7) 
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For other choices of shear stress versus shear slip relations, a dimensionless factor can be 
included in the expressions, Gustafsson [45]. 
 
A good overview of different models is given in the final report of the GIROD project [46], 
where four theoretical models were compared, each of the models belonging to one of the 
three categories described above. The models were: bar shear lag fracture model (generalized 
Volkersen), ideal plastic model, linear elastic fracture mechanics and Timoshenko beam shear 
lag fracture model (generalized Volkersen). The detailed description of formulas for different 
versions of loading modes can be found in [15]. The comparison of methods used in the 
GIROD project in relation to the glued-in length is shown in Fig. 6. 

 
Fig. 6 Example of results of influence of glued length on the pull-out strength according to models tested in the 
GIROD project (pull-pull loading) [15] 
 
As a result of this work, a calculation model based on the generalised Volkersen theory was 
proposed (see the section Latest design proposals for pull-out strength). 
 
4. Pull-out strength of a single rod 
Even though in reality the connections with single glued-in rods are hardly ever applied, 
testing single rod connections allows for the analysis of isolated parameters and their 
influence on the performance of the connection. Especially in the case of the connection type 
where the technology is still under development, it is crucial to understand these influences. 
The parameters that have been investigated can be classified into three main groups: geometry, 
material and parameters related to loading or boundary conditions [35]. Below a compilation 
of the main parameters is examined, including short descriptions of the general conclusions 
drawn regarding the influence of these parameters. A short comment is also given regarding 
the theoretical evidence for the influence of these parameters, where applicable. 
 
4.1 Geometrical parameters 
Anchorage length 
Many experimental studies included investigating the influence of the anchorage length (also 
called glued-in length) on the pull-out strength of the rods. For example, Otero Chans et al. 
[47] describe that their tests for the high density species (Tali) revealed that the failure load 
increased with larger rod length, but the character of this relationship is not linear and very 
difficult to define. However, in earlier published articles [1, 5, 12, 30, 48-51], it was shown 
that the increase of anchorage length causes the increase of ultimate load, but at the same time 
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a decrease of the nominal shear strength which is caused by the non-uniform distribution of 
shear stresses with peaks at the ends of the anchorage zone. 
The various theoretical approaches described above predict different influence of anchorage 
length. The limiting cases are the perfectly plastic behaviour, where the pull out load is 
proportional to the anchorage length, and the linear elastic fracture mechanics approach, 
which predicts no influence of anchorage length on pull out load. 
 
Diameter of the rod
The diameter of the rod is a commonly investigated parameter influencing the pull-out 
strength. Similarly to the situation with the anchorage length the relation between the pull-out 
strength and the diameter of the rod was not found by Otero Chans et al. [47]. They noticed 
that with increasing diameter of the rod the ultimate load increased as well, but the 
relationship was not proportional and hard to define. Broughton and Hutchinson [52] found 
no significant effect of diameter of the rod on pull-out strength, as well. Again the earlier 
studies [1, 12, 30, 48-51, 53] revealed a certain dependency of the pull-strength from the 
diameter of the rod (or of the drill hole respectively in case of pull-out failure in the wood). 
Steiger et al. [5] in their study could not define and describe the influence of hole/rod 
diameter on the pull-out strength of the rod separately. As already suggested by [48] they 
combined the two parameters. The influence of both glued-in length l and diameter of the rod 
dh need to be taken into account with different exponents and therefore the concept of 
combining them into a slenderness parameter ( =l/dh) seems reasonable, e.g.[5, 16, 17].  
From a theoretical point of view, and referring to the above described theoretical approaches, 
the different models predict different influences of the diameter of the rod, from no influence 
at all for standard strength analyses, to the square root expressions for linear elastic fracture 
mechanics models. 
 
Edge distance 
The possible failure modes for connections with glued-in rods are also related to the distance 
of the rod to the edge of the timber and to the distance between the rods. For example Serrano 
[9] claims that if the edge distance is too small, splitting failure will occur. In this case, the 
splitting failure will be decisive for the strength of the connection. In 1999 it was 
recommended [54] that the minimal edge distance for glued-in rods should equal to two and 
half times the diameter of the rod (2.5d) and the minimal spacing between rods should be five 
times the rod’s diameter (5d). It was also recommended that the edge distance should never be 
smaller than 2d due to the “inevitable inaccuracies” that occur during the drilling of the holes 
for the rods. Moreover, if the edge distance would be smaller than 2.5d, the strength of the 
connection should be reduced. A recent study by Steiger et al. [5] showed that the noticeable 
decrease of the pull-out strength of the joint appears when the edge distance becomes smaller 
than 2.3d. 
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Fig. 7  The comparison of recommendations regarding edge distance for rods glued-in parallel to grain [10, 23, 
55, 56] 
 
Load-to-grain angle
The intuitive correlation between the loading and grain angle is that the strength is highest 
when the load acts along the grain direction and the lowest perpendicular to grain (resulting in 
tension perpendicular to the grain). This seems to be confirmed by the tests performed within 
the frames of the GIROD project [15], but this result is not consistent for all performed 
experiments. Some studies [23, 57] showed the opposite effect: the direction perpendicular to 
grain appeared stronger than the longitudinal one. Tests performed on GFRP rods glued-in the 
LVL members did not reveal any significant difference between these two directions [7].  
 
From a theoretical point of view, see the discussion of different models above, the stiffness of 
the adherends will influence the pull-out strength of the rod. In addition to this, the loading 
mode will also affect the failure load. Thus, when comparing results from pull-out test in the 
fibre direction (“pull-pull” loading) with pull out tests across the fibre direction, which 
typically are performed on a rod glued into a beam, perpendicular to the beam axis, timber 
strength and timber stiffness in the pull direction has changed, so has the loading mode. 
 
Loading and boundary conditions 
Some studies were also conducted to observe the influence of other factors and conditions on 
the pull-out strength like loading mode (e.g. pull-pull or pull-compression, [15]), long term 
[34] or fatigue [21, 58] performance of glued-in rods. 
For rods set parallel to the grain the pull-pull loading (Fig. 8a) is the usual case when 
performing tests. Efficient data analysis in such cases make use of the Maximum Likelihood 
Method (MLM) to take into account not only the failure loads but also the additional 
information provided by the survivors and by different failure modes as well [59]. 
In the case of rods set perpendicular to the grain, three different types of loading situations 
can be realised during experiments (Fig. 8, b – d). The pull-beam situation (Fig. 8c) is closest 
to practice but inefficient for testing because a large amount of glulam is required. 
Additionally the pull-out strength could be influenced by bending stresses in the beam and 
tension failures perpendicular to grain are likely to occur [60]. Testing the specimens in a 
pull-compression setup (Fig. 8b) does not correspond to the practical application of glued-in 
rods and pull-out strengths are influenced by local excessive compression stresses 
perpendicular to the grain in the area of the load transfer. An efficient way to overcome these 
problems is to perform tests in the so-called pull-‘‘pile foundation’’ configuration according 
to Fig. 8d [57]. This type of loading configuration benefits from the tensile force in the steel 
rod being balanced by shear stresses in the timber and from a rather homogenous shear zone 
(more or less uniform distribution of shear stresses) in the section between piles and rod. 
Crushing of wood due to excessive compression perpendicular to the grain caused by the 
reaction forces is avoided by the "piles". Screws, preferably with thread over the entire length, 
or glued-in steel rods, with metric thread, can be used as "piles". 
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Fig. 8 Loading modes when performing pull-out tests of glued-in rods  

Bond line thickness 
The influence of bond-line thickness on the pull-out strength was also examined in several 
studies [15, 61, 62]. Usually, the thickness used varied between 0.5-2 mm, since for larger 
thickness some adhesives might develop shrinkage that will cause significant stresses in the 
joint [7]. A general conclusion cannot be drawn since the influence of the thickness of 
adhesive on strength of connection depends highly on the properties of the adhesive. For 
instance, Bengtsson and Johansson [61] described results for three types of adhesive: EP, PRF, 
PUR, where the differences in behaviour of the adhesives when increasing the thickness of 
the adhesive layers were substantial. EPX showed a small increase in pull-out strength with 
increasing glue line thickness (0.5-2 mm) and also for the PUR-type adhesive this effect could 
be seen. For the PRF, the specimens showed a significant decrease of strength, which is 
partially caused by the larger effect of shrinkage while curing due to the large volume of the 
bonding agent.  
From a theoretical point of view, several explanations of the glue line thickness influence are 
possible. First of all, an increased glue line thickness can result in a larger failure surface, if 
the failure is in the adhesive/wood interface region. Apart from this, a thicker glue line will, in 
general, give a more shear flexible glue line, and thus a more uniform stress distribution. This 
in turn would result in an increased load bearing capacity. In addition to this, an increased 
glue line thickness could also mean different shear strength and different fracture energy of 
the adhesive due to different curing conditions, factors that are known to influence the pull 
out strength.  
 
4.2 Material parameters 
Density of timber member
Opinions differ in the matter of the influence of density on the pull-out strength of glued-in 
rods. The recommendations given in [63] for the design of glued-in rod connections indicate 
that the axial strength of glued-in rods depends on the density of the wooden element (see 
equations 29, 33 and 34). It could be expected that such a relation exists, having in mind that 
it has been demonstrated that the pull-out strength of nailed and screwed connections is 
dependent on the density of the wooden member [31, 64-67]. On the other hand, the 
correlation between the density and strength of wood is generally poor [61]. 
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The most recent study on the influence of density [5, 57] in fact demonstrated, based on 
performed pull-out tests on low and high density specimens of Norway spruce glulam, that 
the influence of density on pull-out strength of the rods bonded in parallel to grain direction 
can be quantified by a power function of density ( c) with an exponent of c0=0.55. The 
adhesive used in this case was of epoxy-type. The further testing of rods glued-in 
perpendicular to grain [5, 57] revealed less consistent results and therefore the influence of the 
density of the timber was recommended not to be taken into account or to account for by 
using an exponent of c90=0.25. Bernasconi [68] also showed that such a relation could be 
found. However, several other studies [9, 47, 68] showed that if such a correlation exists, it is 
hard to identify.  
From a theoretical point of view, the influence of the density is often regarded as a secondary 
effect, meaning that changing the density changes the value of the parameters in the 
theoretical expressions for pull-out strength. Thus, an increased density of the wood can 
influence the load bearing capacity by: increased shear strength of the wood, reduced 
adhesion to the wood, increased stiffness of the wood etc. Consequently, a number of factors 
can in part counteract each other. 

Moisture content 
The shrinkage and swelling of the wood due to moisture variations are claimed to cause 
considerable stresses as well as cracking together with a possible loss of adhesion in joints 
with glued-in rods and therefore it is recommended to use these connections in service classes 
1 and 2, and with caution in class 3 [10, 22, 24]. The application may be even limited to 
service classes 1 and 2 only [32]. However, the application of connections with glued-in rods 
in service class 3 is desired by the industry. 
Aicher and Dill-Langer [69] found EPX bonded rods being rather unaffected by humid 
conditions in both short-term and long-term loading, whereas PRF bonded rods exhibited a 
significant short-term strength decrease at higher humidity and a high sensitivity to 
interference of moist climate and sustained loads. With PUR bonded rods as well reduced 
short-term strength at humid conditions were recorded. One of the latest test series and 
publications in this area is [24] treating glued connections for heavy timber structures and 
bridges. In the study the glued-in rods were tested after exposure to moisture at least as severe 
as service class 3, then dried and tested. They showed a significant loss of pull-out strength. 
Johansson Jänkänpää [24] states that previous studies showed that samples exposed to the 
changes of the moisture in long periods can lose up to 50% of their strength. A similar effect 
was observed for rods produced from GFRP [7]. When the moisture content is increased, 
failure occurs in the majority of cases in the wood near to the wood/adhesive interface with a 
lower amount of pulled-out wood. 

Temperature/Fire resistance 
Buchanan [70] presented results from a study of a series of full-size single rod joints (EPX 
adhesive) exposed to increased temperatures in the range of 40-90°C. Testing revealed that 
the bonded-in rods perform satisfactory until the adhesive reaches the critical temperature of 
50°C. However the time of reaching this temperature might be different and therefore further 
research was recommended. The critical temperature, or the glass transition temperature, Tg, 
of the adhesive is highly dependent on the composition of the adhesive. In a study by Aicher 
and Dill-Langer [69] significant strength losses with EPX and PRF bonded rods were found at 
ambient temperatures above about 50°C, especially when the test specimens were under load. 
Contrary, elevated temperatures in EPX bonded specimens without loading resulted in post-
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curing of the adhesive and hence in higher short-term load capacity. PUR bonded rods already 
above 40°C showed a considerable reduction in short-term strength. Thus the only general 
conclusion that can be drawn is that the adhesive used should have a Tg well above the highest 
temperature expected to be encountered in practice during the life time of the joint. 

Duration of load 
The duration of load (DOL) effect with adhesively bonded joints has to be studied together 
with varying climate (changing humidity and temperature). Aicher and Dill-Langer [69] did 
so and found a DOL effect with EPX bonded rods being similar to the long-term strength loss 
of pure timber. The DOL effect with PRF bonded rods was rather unaffected by influence of 
warm climate, whereas it was accelerated with PUR bonded rods at elevated temperatures and 
humid ambient conditions. 

4.3 Failure modes 
The mode of failure is normally defined by the load type causing failure (the mechanism). 
Gardelle and Morlier [71] took a more detailed approach and distinguished location and mode 
as two characteristics of the failure. In their work, fracture mode can be understood as a 
character of failure which can be brittle, ductile or brittle/ductile mode. Failure location, in 
turn, expresses where in the connection the failure occurred, which can be directly connected 
to the type of load (normally called “failure mode”) that caused the destruction, e.g. shear or 
tension. This approach will be used also herein. 
The mode of failure is strictly dependent on the materials in the connections, their mechanical 
properties and the properties of the bonds between them. Few failure modes/locations can be 
distinguished for pulled glued-in rods. One possible failure mode is caused by the shear forces 
in the connection and may take place in three different locations. 
The first one is shear located at the interface between adhesive and timber and is symptomatic 
for single rods in axial tension/compression or for multiple glued-in rod systems when the 
timber volume around the rods is not sufficient. This failure is also characteristic for PRF 
fibre reinforced phenol-resorcinol adhesives as tested in the GIROD project [15]. The reason 
was that the PRF used had poor adhesion to the steel and also that the shrinkage during curing 
caused initial lack of fit between the adhesive and the threads of the bolt. The specimens with 
rods glued-in with polyurethane adhesive (PUR) revealed a failure in the adhesive layer close 
to the wood. The reason for this was the nature of curing. During the chemical reaction 
bubbles of gas formed in the bond line, which weakened the zone close to the wood making it 
prone to failure. Specimens glued with EPX exhibited strong bonds with both steel and wood, 
the failure being located in the wooden member.  
Another possible location of failure occurrence is “behind the extremity of the bonded in rod”, 
which is most often caused by tensile stresses and characterizes the rods glued-in 
perpendicular to the grain direction [71]. 
The splitting mode of the timber, caused usually by tension perpendicular to grain, is possible 
in cases of imperfect axial loading or mixed load mode [71]. Serrano [9] states, that the 
splitting mode was earlier proven as the dominating failure mode for samples with edge 
distance 1.5-2.25 times the diameter of the rod.  
The precision of describing this classification can slightly vary between sources. However, it 
is important to add to the above list one additional failure mode: yield failure of the rod [29]. 
Since the yielding of the rod is a ductile failure mode, it can be treated as a preferred design 
mode. It allows for calculating the joint's strength very precisely and for transmitting loads 
even after failure and in this way provides a certain reserve in capacity. Furthermore a ductile 
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design of the glued-in rod joint by designing the steel part to be the weakest link of the 
connection results in more robust structures having the possibility of dissipating energy under 
hazardous actions as e. g. earthquakes [72]. Ductile behaviour of connections with glued-in 
profiled rods is generally achieved if the tensile failure of the rod, which requires large 
deformations, is certain to occur before the other possible failure modes [32]. That is why 
normally mild steel (strength class 4.6) is used as rod material. In connection with high-
strength wood like beech and ash steel quality 8.8 may be indicated. Along with the ductile 
failure of the steel rods occurring, large deformations result in a progressive (very fast) 
destruction of the bond (the adhesive cannot follow these large strains) and consequently in a 
(brittle) pull-out of the rod [72]. To overcome this, in the GSA® system (glued-in rod 
connection system sold in Switzerland, www.neueholzbau.ch), the cross section of the steel 
rod is reduced over a certain length by turning the rod's thread off on a lathe section [5, 72]. 

 
Fig. 9 Possible failure modes for timber connections with glued-in rods: a) shear failure along the rod, b) tensile 

failure c) shear block failure, d) splitting failure [71], e) yielding of the rod
 
4.4 Multiple rod connections 
Among the first who recommended accounting for irregular force distributions in multiple rod 
connections was Turkovsky [73]. Some of the few cases where multiple rods were tested are 
described by [36, 74]. They described tests on timber-steel joints with glued in rods in three 
different configurations under monotonic transverse loading (Fig. 9). The strongest solution 
revealed from first experiment was tested further under cyclic loading. M20 bars screwed into 
couplers that were also bonded into glulam were tested. The first solution included straight 
bars with additional centre bars (Fig. 9a), angle bars glued-in at an angle of 20 degrees to the 
grain direction (Fig. 9b) and straight bars with additional transverse tie bars (Fig. 9c). The 
specimens with tie bars appeared to perform best under both monotonic and cyclic loading 
which makes the solution suitable for seismic areas. The remaining two types of specimens 
failed either in shear with longitudinal crack (angle bar specimens) or in tension (centre bar 
specimens).  
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Fig. 10 Bar arrangements for testing of moment-resistant joints [36] 

 
Multiple rods connections were the objects of some studies of timber-timber connections 
along beams subjected to two point bending. One of the studies [75] examined different 
configurations of two to four rods in order to investigate the role of placement of the rods in 
the joint. The connections proved the large potential of such joints; however the authors 
suggested that through proper choice of parameters such as edge distance, glued-in length and 
choice of steel for rods the ductile failure can be achieved. The issue of increased ductility of 
middle span joints with bonded in rods was addressed in another study Baroth et al. [76]. 
Here, glulam beams in two points bending with two different placements of four rods with 
diameter of 25 mm and one configuration of sixteen rods with 12 mm diameter were tested. 
The conclusions drawn from the tests was that the beams with 25 mm bars had higher 
moment resistance when the bars were placed more on the outside in the beam’s cross-section. 
However, the specimen with numerous slender rods had about 20% higher bending capacity 
than the remaining specimens, due to smaller stress concentrations for smaller diameter rods 
and also more ductile behaviour of these rods. 
Looking at a multiple rod connection compared to a single rod connection, non-uniform 
distribution of forces and interference between the rods occur. In case of brittle failure of the 
connection, i.e. when no plastic redistribution of forces takes place, the failure of one rod may 
initiate the failure of the whole connection  [72, 76]. A uniform distribution of forces between 
the rods can only be achieved if the connection is designed such that the steel rods are the 
weakest link of the connection. Thus, close to the failure load, forces are redistributed among 
all rods by plastic deformations in the overloaded rods. 
 
4.5 How to optimise the load transfer 
 
In order to get an optimised performance of the glued-in rod connection, stress concentrations, 
which always affect the strength of a connection, especially when brittle materials are part of 
the connection, should be minimized [72]. Hence, the load transfer should be steady. 
Deviations of the force direction from the grain direction should be small. In multiple rod 
connections this can be reached by using a large number of small rods, equally distributed 
over the cross-section, instead of large single rods. In order to get a smooth load transfer, both 
elements to be connected (timber body and steel rod) should have similar stiffness (i.e. 
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Etimber Atimber=ESteel ASteel). This leads to a target ratio of cross-sections Atimber to ASteel of about 
16 to 20 [5, 72]. 

5 Design recommendations (pull-out strength) 
The connections with glued-in rods for timber structures have become more and more 
common in European countries. “However, the lack of common European design rules is a 
serious hinder to the exploitation of the system” [77]. Below, some of the known design 
recommendations are described regarding mostly axially loaded glued-in rods, followed by 
the most recent proposals of improvements and other recommendations found in the literature.  
The formula proposed by the pioneer in the field, Riberholt [51, 78] for the axial pull-out 
strength for glued-in length is: 

u,k r gP l    for   200 mmws k gf d l             (8) 

u,k r gP l    for   200 mmwl k gf d l             (9) 

where the material constant fws (called also withdrawal parameter for the square root case) and 
fwl (called also withdrawal parameter for the linear case) are given by: 
- fws = 650 N/mm1.5  fwl = 46 N/mm2  - for non-brittle glues, e.g. 2-component polyurethane 
(Johansson 1995), 
- fws = 520 N/mm1.5  fwl = 37 N/mm2  - for brittle glues, such as resorcinol and EPX. 
Early design models in Germany [1] accounted for a mean anchorage strength of 5 N/mm2 for 
glued-in lengths up to 20d and rod diameters  24 mm. The anchorage strength was said to be 
linearly dependent on the diameter of the rod. For a diameter of d = 30 mm mean anchorage 
strength of 3.2 N/mm2 was mentioned in the design proposal: 

, ,ax mean a a v meanF d l f    / 20a a al d  (10) 

where 
2

, 5 N/mm    for   24 mmv mean af d         (11) 

2
, 5 0.2668 24 N/mm    for   24 mm 30 mmv mean a af d d           (12) 

 
A further step of German research [30, 53, 67, 79] revealed the following design equations for 
mean axial resistances or bond strength respectively: 

, , ,380

c

ax mean a a v mean cor
k

F d l f             (13) 

  

, , , , 1v mean cor v mean b s a df f k k             (14) 

 
Where  

2
, , 7.5 N/mmv mean bf  0.019sk  1c          for PU (15)

2
, , 12.6 N/mmv mean bf  0.042sk  0.55c         for EPX (16)

 
The factor kd in case of metric thread may be assumed as 1. 
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In the former USSR there were design recommendations for glued-in rod connections [73] as 
well. The design load carrying capacity of glued-in bars was determined by means of the 
following formula:  

1 20.005shT R d lk k      (17) 

 
where Rsh is the design shear strength of wood across the grain. l is the design length of the 
reinforcement bar (m) (designated as equal to the distance between the wood surface and the 
bar end excluding 3 cm to account for a possible lack of glue). d is the nominal diameter of 
the bar (m). k1 is a coefficient due to irregular stress distributions along the bar (k1 = 1-
0.01l/d; in Zubarev et al. [80] the formula for k1 reads k1=1-0.015l/d) and k2 is a reduction 
factor taking into account the irregular force distribution among multiple bars (k2 = 1.0 with 
one bar, k2 = 0.9 with two bars and k2 = 0.8 with three bars in line). 
 
In Swedish literature [22] it can be found that the pull-out strength of the rod can be 
calculated according to formula: 

3vku, fldP      (18)

The strength parameter fv3 (derived empirically by Riberholt in 1977) depends on [22] the 
threading of the rod and the relation between glued-in length and the diameter of the rod and 
can be calculated according to formula (18) based on empirical data:  

fv3 = 3.4 MPa  for l/d  10    (19) 

fv3= 3.9-0.05l/d MPa  for 10 < l/d  20    (20) 

 
The above formulas can be used for indoor connections, where the variations of humidity are 
not higher than 20% above or below the balanced level, which describes the service classes 0 
(a national service class, traditionally used in Sweden, drier than service class 1 acc. to EC 5) 
and 1. If the connection with glued-in bolts is planned to be used in service class 2, the 
strength calculated according to the above formulas should be reduced by 10%.  
In Sweden, there is a national type approval (issued in 2004, under revision in October 2009), 
which is entirely based on the design recommendations from the GIROD project. The design 
formulae used is similar to equation (35) below, except that a simplified expression for the 
parameter  is given. 
 
In 1993 Kangas [81] used the following approach to calculate the mean anchorage strength fa 
of in V-shape glued-in rods depending on the anchorage length lef: 

, 7 1 0.01 /a u eff l d              (21) 

 
The design anchorage capacity Ra,d of the rod was calculated on the outer surface of the glued 
joint, when the diameter of the drilled hole is D 1.25d: 

, ,a d ef a dR Dl f              (22) 

Based on further investigations with deformed reinforcing bars (dnom = 20 mm) bonded in 
glulam by means of epoxies or 2-component polyurethanes using a rather large hole diameter 
of 25 mm Kangas [82] gave the following proposal for angles of 30° - 90° between rod and 
grain direction: 
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, , ,ax k h a ef v kF d l f      (23) 

where 

, 1.5a ef al l d         (24) 

,
, 6.5 1

100
a ef

v k
l

f
d

             (25) 

nomd d  1.25hd d      (26) 

 
Design of axially loaded EPX glued-in rods in end grain in New Zealand at that time was 
made using the following empirical approach by Buchanan and Deng [83] 

0.86 1.62 0.5 0.58.16 / / 20 / /b e mF k k k l d d h d e d    (27) 

 
where the following conditions had to be fulfilled: 
12  d  24 mm; 5d  l  17.5d; 1.15d  h  1.4 d; e  1.5d; kb = threaded: 1.0, 
deformed: 0.8; km < 14%: 1.0, 14 – 18%: 0.9, 18 – 22%: 0.75. 
The formula to calculate the characteristic pull-out strength (or axial resistance corresponding 
to shear in wood) of a single glued-in rod included in the former draft of Eurocode 5, Part 2: 
Design of Bridges [63] is as follows: 

gequkv,ku, ldfP      (28) 

The local shear strength of the wood around the hole could for softwoods for all angles 
between the rod and the fibre direction be determined from: 

1.50.2
equ

3
kv, d101.2f      (29) 

rhequ d;1.25dmind      (30) 

      for threaded rodsa nomd d d     (31) 

1.1       for deformed reinforcing barsa nomd d d                         (32) 

The shear strength of the adhesive and its bond to steel had to be verified by tests. For service 
class 2 the values of kmod had to be reduced by 20%. 
Since this proposal was given, many researchers tried to verify it. It was claimed that the 
parameters included in EC formulas did not coincide with the area where the failure actually 
occurs [55]. Hence the failure loads obtained from the formulas included in the European 
standard [63] were often found to be higher than experimental results [23, 47]. This problem 
was already pointed out in 1997 by Aicher and Herr, as states Serrano [8], and was a motive 
for taking the initiative and to intensify the research on connections with glued-in rods within 
frames of the project GIROD. 
Analysis of the first GIROD test results presented in [48] resulted in the following 
preliminary mean shear strength design equations for epoxies and the type of investigated 
brittle polyurethane adhesive: 

2

, 0.450.52 0.62

8.0 N/mm
min

129 / 480
v meanf

d
    (33) 

and for the softening phenol resorcinol adhesive: 
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2

, 0.450.17 0.08

6.3 N/mm
min

10.3 / 480
v meanf

d
                         (34) 

where d = dh and l=l/dh (dh, la in mm),  = 12 in kg/m3 and dh-dnom  2 mm. 
 
Latest design proposals of pull-out strength  
The GIROD project resulted in a calculation model, based on the generalized Volkersen 
theory [39, 40]. This calculation model was used as a basis for a code proposal for inclusion 
into Eurocode as Annex C in Part 2 Bridges of the Eurocode 5 [84]. In order to simplify the 
expressions as much as possible, it was decided to use the formula for the pull-compression 
load case, which is an approximation on the safe side. Thus, the pull-out strength is given by:  

tanh

dl
P

f
u      (35) 

where dl – the area of the bond, 
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l
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In the above formula, lgeo is a geometrical length parameter and lm is a material length 
parameter (a measure of the ductility of the bond line), and they are defined as: 
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The above proposal is appropriate for adhesives that develop adhesion also to the steel rod 
and gives accurate predictions for the pull-compression loading case, and safe predictions for 
the pull-pull and pull-distributed loadings. The latter is a load case corresponding to e.g. pull 
of a rod glued in perpendicular to a beam (Fig. 8c) [15]. 
After a long discussion at the 2003 Delft Meeting of CEN/TC 250/SC 5 it was decided by 
voting to delete all of Annex C [85], since it was not possible to reach consensus about the 
design formula. 
 
Kangas [12] uses the following approach to estimate the anchorage strength fa in all directions 

  15° with the grain direction: 

0.2
, 10 440

k
a kf D      (39) 

 
and the anchorage capacity Ra,k of the rod is calculated on the outer surface of the glued joint, 
when the diameter of the drilled hole is D  1.25d: 

, ,a k a a kR Dl f      (40)

In 2001 Bernasconi [68] suggested a design model where the variation of the pull-out strength 
was found to be proportional to the diameter of the hole with an exponent of –0.5, whereas a 
variation of the strength depending on the anchoring length could not be proven. In case of 
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timber failure the following rule for the calculation of the pull-out strength of glued-in rods 
perpendicular to the grain was given by the author: 

0.525    (characteristic value)k hd     (41) 
0.532    (mean value)k hd      (42) 

A statistical analysis of the test results [68] showed a very poor correlation between density 
and strength. In cases where it is possible to describe a trend for a relation between density 
and strength, Bernasconi suggests to account for this influence by c, with c = 0 to 0.3. These 
values were confirmed by Widmann [57]. 
 
According to the German design code DIN 1052:2004-08 [56, 86] or DIN 1052:2008-12 [86] 
respectively the characteristic value for axially loaded rods glued-in parallel or perpendicular 
to the grain may in case of bond line failure be derived from: 

, 1,ax k ad k kR dl f      (43) 

where d = diameter of the rod (mm), lad = glued length (mm) and fk1,k = characteristic value of 
bond line strength (N/mm2). The characteristic value of the bond line strength fk1,k (N/mm2) 
depends on the glued length lad: 

1, 4.0   if   250k k adf l mm      (44) 

1, 5.25 0.005    if   250 500k k ad adf l l mm    (45) 

1, 3.5 0.0015    if   500 1000k k ad adf l l mm    (46) 

This bilinear design model is based on tests by [87] and is closely related to the equations 2 
and 3 by Riberholt [51]. However, according to the DIN model the pull-out strength does not 
depend on the wood density. The geometric parameters diameter d and glued length lad are 
treated linearly. 
 
An important fact helping to guarantee sufficient robustness is that joints using glued-in rods 
should be designed allowing for ductile rather than brittle failure [32, 72]. This can be 
achieved by designing the connection such that the steel rod is the weakest link. By 
additionally reducing the cross-section of the steel rod within a certain length (lv) outside the 
anchoring zone, yielding of the rod, together with necessary large deformations, can develop 
without early brittle failure of the timber or the adhesive [5].  
Similarly to the above, the Swedish recommendation [88] says that plasticization of the rod 
should occur before the rod is pulled out, and this should be achieved by applying the proper 
anchorage length of the rod, which should not be longer than 350 mm. 
 
In 2007 Steiger et al. [5]and Widmann et al. published proposals of calculation models for the 
pull-out strength of glued-in rods (GSA® system, www.neueholzbau.ch). The axial pull-out 
strength of rods glued-in parallel to the grain can be calculated as follows: 

ldfF hmeanvmeanax ,0,,      (47) 

where the nominal shear strength of single axially loaded rod bonded in parallel to grain 
direction is: 

6.03/1

2,0, 48010
8.7

mm
Nf meanv     (48) 
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The axial pull-out strength of rods glued-in perpendicular to the grain can be derived from: 
2

, 1
k

ax mean gF k A      (49) 

where g hA l d , l = glued length, dh = diameter of the drill hole, k1=0.045 and k2=0.8.  
The limitations of applications for the above models are: single glued-in rods; loaded axial in 
tension; range of slenderness ratio =7.5÷15; range of rod diameter d=12÷20 mm; length of 
reduced cross-section in the rod: lv=5d; edge distance 2.5d; material: glulam made of 
Norwegian spruce or other timber with similar properties and density in the range of 350 to 
500 kg/m3. 
 
1 State-of-the-art and further research 
The research work and design models presented above agree that there is an influence of the 
glued-in length on the shear strength. There is also a general agreement regarding the 
distances of the rod to the edge of timber element and between rods amongst each other. 
Instead of accounting for the influences of single parameters separately these are often 
combined in order to get simplified design models. It can also be observed that generally the 
ductile failure mode is recommended in structural design, thus the yielding of steel rods 
would be the desired failure mode for joints with bonded-in rods.  
 
Although a lot of work has been done since the early 1980's there are still open questions and 
discrepancies in research results. Further research should therefore concentrate on the 
discrepancies and the lack of knowledge in, amongst others, the influence of density of timber 
members; influence of glue line thickness with regard to performance of adhesive when 
loaded and with respect to manufacturing method and required properties of adhesive, and fire 
resistance.  
The performance of connections with glued-in rods is governed by very complex mechanisms 
and is dependent on the large number of geometrical, material and configuration parameters, 
and their combinations. Only some of these relations have been explained so far and therefore 
the remaining questions have to be answered. Clarification has also to be reached if the glued-
in rods connection can be part of EC5 or if due to a wide range of influencing parameters and 
aspects of quality assurance should perhaps be treated only in terms of Technical Approvals 
to be able to better account for specific products and for the fact that this type of connection 
acts as a system of timber, rod, adhesive, geometrical properties and skills / quality in 
production. 
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Abstract: A new post and beam system for multi-storey timber buildings is being developed 
in Sweden. This system, utilising engineered wood materials such as LVL Kerto and glulam, 
is suitable for buildings requiring larger open areas, and allows larger freedom of architectural 
design. A system composes of modular structure of main load-carrying members, beams and 
columns, prefabricated floor ribbed panels and roof elements. In this frame, a stabilising 
system is integrated, made of a continuous walls fixed to the foundation. Such stabilising 
walls are constructed from two Kerto-Q LVL boards glued and screwed onto a glulam 
skeleton. The walls are prefabricated off-site and connected to the foundation using either 
glued-in rods or nailed-on plates. 

An introductory racking test of a full scale stabilising walls with the two types of anchorage 
device mentioned above was performed. The paper presents the main results of the 
experimental test for specimens anchored with the glued-in rods connections.  The 
experimental results were evaluated using the so-called transformed section method, used 
traditionally for design of reinforced concrete. To evaluate the strength of the glued-in rods, 
two of the latest models were employed. Additionally, a theoretical examination was 
conducted to investigate the role of the sheathing in the racking load carrying capacity of the 
stabilising walls. An analysis was also performed to quantify the contribution of the axial 
force on the racking capacity of the wall, which was conservatively ignored in the experiment.  
The performed evaluation was accurate and thus the transformed section method is 
recommended in the paper as a method for design of the stabilising walls anchored with 
glued-in rods. 

Generally, the stabilising wall panels tested in this experimental programme showed high 
strength and stiffness. The anchoring joints with glued-in rods demonstrated high load-
carrying capacity with, however, large scatter of values and brittle failure mode characterized 
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by pull out from the timber member.  One of the recommendations concluding paper can be to 
carry out a detailed study to identify a detail of the anchoring device that exhibits ductile 
behaviour characterized by e.g. yielding of the threaded bars. 
 

Keywords: beam and post system, timber, wood, anchorage, glued-in rods, shear walls, multi-
storey buildings 
 

1 Introduction
The development of multi-storey timber construction in Sweden is nowadays very rapid and 
new technical systems have been developed as modifications of traditional solutions. One of 
the innovations in this area is a post and beam system with the Swedish commercial name 
“trä8”, developed by the Scandinavian glulam manufacturer, Moelven Töreboda. The concept 
is based on the well-known beam and post load-carrying system for gravity load resistance 
integrated with a new type of compound wall panels providing the innovative stabilising 
system, which enables time efficient and weather protected assembly of the buildings, 
Tlustochowicz et al. 2010 (a). The beam and post system uses glulam and Kerto LVL that 
allow longer span lengths and create large open spaces suitable for commercial buildings. The 
simplicity of the structural frame offers large flexibility in architectural design and the 
possibility to have large windows along the facade and non-structural partitions.  
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Fig. 1 3D view (left) and plan (right) of the post and beam system trä8 used in a case study multi-storey building 
(dimensions in [mm]) 
 
It is well-known that the stabilisation against lateral loads is one of the key issues in design of 
tall timber structures due to their light weight and to the large flexibility of timber as a 
construction material, which make such structures prone to large horizontal displacements and 
uplift. Building parts that are crucial for resisting lateral loads are shear walls and floor 
diaphragms. Floor diaphragms transfer the wind load from the facade to the shear walls. 
When resisting lateral loads, shear walls act as vertical cantilevers transferring the racking 
load applied to the building to its foundation.  
In the trä8 system, the shear wall element is a special prefabricated stabilising wall integrated 
in the structural frame made of load-carrying beams and posts, which are connected with ideal 
pins and are placed at discrete locations in the building plan. Ribbed floor panels built from 
Kerto LVL slabs screwed to glulam or Kerto-LVL joists and connected to the adjacent panels 
with screws create the floor diaphragms.  
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The stabilising walls used in the trä8 system are elements with a high aspect (height to width) 
ratio (in the range 2.5 to 6.5) so as to allow for increased architectural flexibility. Since the 
use of high aspect ratios was shown to be unfavourable for typical shear walls as their 
stiffness and strength are greatly reduced (Salenikovich and Dolan, 2003), the stabilising 
elements are prefabricated as composite panels comprising both-sided Kerto-Q LVL 
sheathings on a glulam frame (Fig. 2). The sheathings are both glued and screwed to the 
glulam frame to enhance the stiffness of the element with respect to the use of only 
mechanical fasteners , as demonstrated for example by Filiatrault and Foschi (1991).  
 
The wall panels are typically 2.4 m wide due to limitations in LVL production and 
transportation, and are continuous up to four storeys height. They are prefabricated off-site 
and connected to the foundation by using special anchoring devices made of threaded rods 
glued-in lengthwise in the timber members. The glued-in rods connection was chosen as a 
potential solution for the system since it has been successfully used in Sweden for anchoring 
vertical members (Carling, 2001) and also for its potential high stiffness and pull-out strength 
capacity. To make the assembly of the slender wall elements easier and to improve their 
lateral load resistance, the panels can be combined into different T-, L-, or X- shaped 
configurations (the T-shaped configurations were used in the model building, Fig. 1), 
depending on their geometrical location in the building plan. Creating these setups allows 
them to be self-stabilising during assembly which simplifies and speeds up the erection 
process.  
 
This paper presents the results of a series of full-scale experimental tests with the main 
objective to evaluate the performance of the prefabricated stabilising elements subjected to 
lateral load and their glued-in anchorage system. Some provisions for the design of the 
stabilising walls and anchoring devices are also provided and compared with the experimental 
results, showing an overall acceptable approximation. 

2 Test specimens 
An experimental programme was carried out at Luleå University of Technology, Sweden to 
investigate the behaviour of full scale stabilising wall elements under monotonic racking 
loading simulating wind action.   

2.1 Wall panels 

Three wall panels were subjected to static racking tests. Full-scale specimens were used, since 
the timber wall panels including the anchoring devices are difficult to scale down. Due to 
space limitations in the laboratory, the height of the wall panels was taken as 6 m, which is 
half the height of a 4-storey building. 
 
The elevation of the stabilising wall element and its cross-section are shown in Fig. 3 
presenting also set-up of the experiment. The skeleton is made of glulam of Swedish strength 
class L40 corresponding approximately to European class GL28c. Three continuous vertical 
glulam members of the framing are connected to the horizontal members placed in between 
them by means of LVL sheathing on both sides. The cross-section of the outer vertical 
framing members is 160  360 mm2, the intermediate one 160  225 mm2, and the horizontal 
members 160  225 mm2. No framing joints were provided between the vertical and 
horizontal members. The LVL sheathing is 27mm thick Kerto-Q boards, where 20 % of the 
veneers have crosswise direction. The sheathing is glued and screwed to the framing members 
on both sides using Resorcinol Casco base 1719 hardener 2619 adhesive, and Heco TFT 
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Protect 4 6.0 80 screws, with spacing of approximately 300 mm. The design of the wall 
element was based on the results of an introductory FEM study (Tlustochowicz and Johnsson, 
2008). The specimens were produced in the glulam factory of Moelven Töreboda, Sweden, 
the manufacturer of the system.  
The material properties reported by the producers are displayed in Table 1.  
 
 
Table 1 Average mechanical properties of the used materials (Moelven Töreboda, Finnforest) 

Steel
Elastic modulus

[N/mm2]
EL=14000 ET=500 ER=800 EL=10590 ET=2967 ER=244.6 E=210000

Shear modulus
[N/mm2]

GLR=800 GLT=500 GRT=60 GLR=147.5 GLT=500 GRT=48.9

Poisson's ratio
[-]

nLR=0.02 nLT=0.02 nRT=0.45 nLR=0.02 nLT=0.02 nRT=0.68 n=0.3

Glulam Kerto-Q

 
 
The design lateral load was based on the most unfavourable wind load case in Sweden (sum 
of the pressure on the windward and leeward facades of 1.29 kN/m2) applied to the entire case 
study building displayed in Fig. 1. The calculation was based on the Swedish design code 
(BKR 99). The wall element loaded with the highest racking load (4 lateral forces applied at 
the beam-wall connections) was then chosen and the maximum bending moment demand at 
the connection with the foundation was calculated: Md=395.01 kN. The reduced-height wall 
specimen tested in the laboratory was then subjected to a lateral load applied at the top corner 
of the wall inducing the same bending moment at the base.  

2.2 Anchorage device 

Two anchoring devices were used at the bottom corners to connect the wall element, which is 
theoretically treated as a cantilever, to the foundation. The connection consists of six ø24 
metric threaded rods, class 8.8. The set-up of the connection was proposed by the 
manufacturer and the detailed design was performed according to previous research 
programme recommendations regarding glued-in lengths (e.g. DIN 1052:2004-08; Steiger et 
al. 2007), edge distances and distance between rods (e.g. Steiger et al. 2007, Serrano 2001).  
The rods were glued-in to 300 mm length (Fig. 3). The holes drilled in the glulam were 1 mm 
larger than the diameter of the rods and had a length of 310 mm. The adhesive used was two-
component polyurethane, Purbond CR 421. During production, the adhesive mixed with 
hardener was injected into the hole; thereafter the rod was inserted in the hole so as to press 
out the adhesive and distribute it along the rod. The procedure should assure relatively even 
distribution of the adhesive in the hole despite of the horizontal position of the assembly.  
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Fig. 2 Detail (left) and photo (right) of the anchorage device with glued-in rods (dimensions in [mm]) 
 
To enable connection of the rods to the foundation, an HEB 180 steel profile was used as a 
hub (Fig. 2). The rods glued into glulam, as well as the connectors cast in the concrete 
foundation, are fastened to the flanges of the steel hub by washers and nuts. To decrease 
deformations of the flanges of the steel profile, 10 mm thick stiffening plates were welded on 
both ends of the steel hub.  

2.3 Test set-up

The test was performed in a horizontal position and the specimens were supported from below 
by a roller support at approximately two thirds of the height of the wall element (Fig. 3).  
The actual connection of the HEB 180 steel hub to the foundation was simulated in the tests 
by connecting the hub to a steel frame via a steel square hollow section (Fig. 3). These 
elements introduced larger flexibility of the anchorage device in the test situation than in 
practise. The steel frame that was fixed to the floor by screwing and welding also showed 
some flexibility during the test.  
 
Specimens were instrumented with 17 Linear Voltage Displacement Transducers (LVDT) 
with a measurement length between 10 and 100 mm (Fig. 3). Out-of plane displacements 
were measured at the top corners of the specimen by LVDTs No. 3 and 6 (Fig. 3). 
 
Due to some limitations of the test set-up, the influence of self weight as well as permanent 
loads transferred from the floors, which in a real situation would partially counteract the uplift 
of the structure (Vessby, 2008; Filiatrault and Foschi, 1991), were conservatively neglected. 
The racking load was applied at the top of the wall element through a distributing steel beam 
by a hydraulic jack secured to the coordinate floor. This steel beam was screwed to the 
framing members at the top of the wall panel from both sides thereby stiffening the top end of 
the wall. The end of the hydraulic jack was fixed to the end of the load distributing beam 
thereby restraining somewhat the free movement of the wall during loading. The hydraulic 
jack used in the test had displacement range of ±400mm and capacity of 270 kN.  
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Fig. 3 Test set-up (transducers are indicated in blue), (dimensions in [mm]) 
 
Each specimen was subjected to a racking test in two directions (Fig. 3). The load was first 
increased monotonically in one direction up to failure of the connection loaded in tension. The 
specimen was then unloaded and reloaded monotonically in the opposite direction up to 
failure of the other connection.  
The first specimen was subjected to several preliminary loadings before the final load-
displacement curve was registered, since too large deformations occurred in the steel frame 
and the initial experimental set-up needed to be strengthened.  

4 Test results 
4.1 Load-displacement relationships 

 
The load-displacement curves obtained for the top end of the wall panels are presented in Fig. 
4. The first number in the designation of the curves (1, 2 and 3) represents the specimen 
number, and the second one stands for the connection (R-right, L-left) loaded in tension. The 
lateral displacements obtained in the racking test can be divided into components originating 
from different effects: shear, bending and rocking of the panel (Vessby, 2008; Tlustochowicz 
et al. 2010(b)). Due to the insufficient stiffness and strength of the steel frame simulating the 
foundation, additional unintended components occurred from rotation and translation of the 
steel frame itself. The results presented in Fig. 4 include only the displacement components of 
the stabilising wall panels with the anchoring devices themselves, i.e. displacements and 
deformations of the steel frame that unintentionally occurred during the experiment were 
subtracted from the registered results (Tlustochowicz et al. 2010(b); Tlustochowicz, 2010). 
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Fig. 4 Load-top lateral displacement curves 
 
Generally, it was observed that the tested walls have a large initial stiffness with an average 
value of 6.49 kN/mm. The specimens exhibited close to linear behaviour, with the only 
visible nonlinearity occurred just prior to failure, which sometimes was caused by local 
deformations of the upper flange of the HEB profile.  
 

  
Fig. 5 Typical failure in the connection (left), evaluation of glued-in lengths in connection 2R (right) 

4.2 Racking load capacity 

All stabilising elements performed well under lateral loading. Their racking capacity was 
determined as the maximum load reached before any visible decrease in load on the load-
displacement diagram occurred, which corresponds to a failure in the connection. The racking 
capacity of the prefabricated wall panels Fv,mean varied between 98.4 and 210.6 kN (on 
average 156.5±44 kN), Table 2, with an estimated characteristic capacity of Fv,exp,k=53.6 kN . 
The design value of the horizontal load, calculated according to the Swedish design code to 
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account for wind load in a 4-storey study case building (as in Fig. 1), was 65.8 kN (Fv,Rd), 
demonstrating a global material safety factor Fv,Rd/ Fv,exp,k =1.23.  
Table 2 Experimental results 

Test Fh,max [kN] 0.4 Fh,max [kN] 0.4Fhmax [mm]
T-1L 98.38 40.12 4.195
T-1R 157.80 63.14 8.490
T-2L 128.29 51.86 7.445
T-2R 141.96 56.98 8.934
T-3L 198.82 79.57 19.776
T-3R 210.57 84.03 15.877  

4.3 Failure 

Generally, the observed failure in all cases was brittle, caused by pull-out failure of the rods. 
The glued-in joints failed mainly due to shear around the rods, either along the surface of the 
adhesive (Fig. 5) or in the timber as shear blocks. In test No. 3R, where the highest failure 
load was attained, the glued-in rod joint did not fail before the maximum load capacity of the 
jack was reached.  
Examination of the individual pulled-out rods after the experimental tests revealed that the 
rods in the connections were not glued along their entire length (the effective adhesive area 
was estimated as 46 to 88 %, see Fig. 5, in comparison with the target value of 100%), which 
is the most probable reason for the large scatter of experimental results. 

5 Analytical models 
5.1 Prediction of the lateral displacements 

In the design of experiment, a 4 storey high stabilising wall was considered loaded with four 
horizontal forces Fh,1, Fh,2, Fh,3 and Fh,4 placed accordingly at heights x1, x2, x3 and x4 
corresponding to locations of beams. In this case the maximum lateral deflection of the wall 
( 1) was calculated as a sum of deflections of the cantilever beam caused by shear and 
bending, according to the following formula: 
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where L=12 m is the height of the wall, =3.507 is the shape factor calculated for the cross-
section of the stabilising wall (Orosz, 1970), GAtr and EItr are calculated for the composite 
cross-section of the wall. The predicted maximum lateral displacement 1=13.26 mm. In the 
experimental case the stabilising had a reduced height to L/2 and the lateral load applied Fh 
was supposed to induce the same bending moment at the base of the wall as in the first case. 
The theoretical maximum lateral displacement ( 2) can be then calculated as follows: 
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  (2) 
The predicted displacement 2=8.47 mm. Due to such a procedure, the experimentally 
obtained displacements are not representative for the four storey high wall. Therefore, to 
approximate the displacements for a full height wall, the experimental results, as presented in 
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Fig. 4 were multiplied by a scale factor: 1/ 2=13.26/8.47=1.57 so the results can be 
considered representing displacements for a four storey stabilising element.  
Obtained in this manner displacements varied for the maximum lateral load between 10.6 and 
56.3 mm, and at the level of 40% of failure (corresponding to the SLS load level) varied 
between 4.2 and 19. 8 mm, which is below the recommended in the engineering practice 
limits L/300÷L/500=24÷40 mm. 

5.2 Glued-in rods 

As a consequence of the lack of general consensus on the analytical modelling of glues-in 
rods connections, no recommendations can be found in Eurocode 5 (CEN 2003). In this paper, 
two of the latest proposals were chosen to carry out a theoretical analysis and compare the 
mean experimental (Ft,mean) and analytical (Rm) pull-out capacities of the rods to provide a 
design method for the stabilising walls.  
The first model used in the theoretical analysis was developed by Aicher et al. (1999), which 
is based on the equation: 

meanvahm fldR ,,1      (3) 

where Rm,1, dh, la and fv,mean signify the mean pull-out strength capacity of the rod in [N], the 
diameter of the hole in [mm], the glued-in length in [mm], and the mean shear strength of the 
bond [N/mm2], respectively. The shear strength is given by: 
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Nf meanv  – for PUR adhesive   (4) 

where d, , and  signify the diameter of the rod in [mm], the slenderness of the rod ( =la/d [-
]), and the density of the glulam in [kg/m3], respectively. According to this model, the 
calculated mean shear strength of the bond fv,mean is 5.06 N/mm2, and the pull-out strength 
capacity of one rod fully glued along its length as used in the experimental programme is 
Rm,1=119 kN.   
The second model was proposed by Steiger et al. (2007) based on the research carried out on 
the patented Swiss system GSA® optimized to obtain a ductile behaviour of the joint. The 
failure occurs by yielding of steel rod along the tapered length placed in the highest shear 
stresses zone. According to this model, the axial pull-out strength capacity of the glued-in rod 
can be calculated using the equation: 

meanvahm fldR ,,, 02      (5) 

where the mean shear strength of the bond fv,0,mean can be calculated as follows: 
6031

20 48010
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./
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mm

Nf meanv     (6) 

According to this model, the mean shear strength of the adhesive bond is equal to 
fv,0,mean=7.05 N/mm2, and the pull-out strength capacity of one rod fully glued along its length 
is Rm,2=166 kN.   

5.2 Wall-foundation connection

The stabilising walls are composite elements built from two different wood engineered 
materials connected to each other by means of both mechanical and adhesive connectors. 
Thus, the element can be considered as solid since no relative slip between the glulam 
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framing and the LVL sheathing can occur. Based on the approach originally proposed by 
Batchelar (2006) for design of timber moment connections with epoxied rods, the transformed 
section method was employed to analyse the stress distribution at the wall-foundation 
interface (Fig. 6). This approach uses the assumptions of plane sections remaining plane and 
linear stress distribution in the compressed timber area (Fragiacomo and Batchelar 2011). The 
lateral force (Fv*) applied to the top corner of the stabilising element causes a bending 
moment (M*) at the wall-foundation interface, thus one of the anchorage joints is subjected to 
tension and the other one to compression. Six steel rods with cross-sectional area As each are 
the active section resisting the tensile force, while in the opposite connection timber resists 
compression by direct contact to the steel hub and from this to the foundation.  

Fc

Ft

z

Fst,1

Fst,2

Fst,3

b
t t

neutral 
axis

Kerto-Q

Glulam
 L40

z

M*
FtFc

Fv*

st,3

st,2

st,1

tim,C2

tim,C1

      Elevation             Cross-section             Case 1a            1b       1c 2              3  
Fig. 6 Transformed section method for stress analysis at the wall-foundation interface – gray areas denote the 
resisting parts of the cross-sections 
 
In the experimental test, only the glulam member rested on the foundation and, therefore, 
participated in the transfer of compression force since the specimens was manufactured so 
that the Kerto sheathing had no contact with the HEB 180 steel hub. Also the part of the 
specimen between the anchorage devices was entirely unsupported. The glued-in rods in the 
compression area were not considered in the analysis as they were not welded to the HEB 180 
steel profile and, hence, could not take any compression force. The analysis was performed 
with different degrees of accuracy. In case 1a, the areas of holes in the glulam member were 
subtracted from the compression area, whereas in case 1b the whole cross-section of the 
glulam member is assumed as compression area. On the tension side, for both cases, each pair 
of glued-in rods was considered as one layer of reinforcement, which gives different tensile 
forces in each pair with the assumption of linear stress distribution. In the ideal case, when the 
rods are fully glued along their length (6×300 mm=1800 mm), the failure of the outermost 
pair implies failure of the entire connection. In case 1c, the group of rods was concentrated in 
the centroid of the real connection.  
The compression force (Fc) and tension force (Ft) are given by:  

12112 2
1 hhF CtimCtimCtimc )( ,,,     (7) 

321 222 ,,, stsstsstst AAAF     (8) 

The position of the neutral axis (y) can be determined by imposing the condition of zero static 
moment of the resisting transformed section about the neutral axis, which for case 1a leads to 
the equation (see Fig. 6 for the meaning of the different quantities): 
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Once the quantity y is known, the second moment of area of the resisting transformed area 
about the neutral axis (Ix) can be calculated: 

222

2
1

2
1

2
1

2
1

1

3
1

1

222

2
2

2
2

2
2

212

yadAnydAnyadAn

hayAhayAhyAhybhbhI

sss

hhhax,

 (10) 

and the stresses in the cross-section are given by: 
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For case 1b, the area of the hole (Ah) can be assumed as zero. For the case 1c the formulas 
will assume a null distance between rods, a=0. 
 
Based on the actual glued-in lengths, a ‘step-by-step’ analysis of each joint was performed in 
order to theoretically model the failure mechanism and the corresponding failure load. By 
assuming a linear stress distribution in the connection, the forces in all rods Fst,i can be 
calculated as functions of the applied racking load Fv*. 
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By imposing that such force demands are the same as their pull-out strengths calculated 
according to the two methods described before, it is then possible to calculate the load-
carrying capacity under lateral load:  

*
,, 10 visti FFR      (18) 

This way the applied racking load causing the failure of the weakest rod in the connection is 
obtained (Fv,i*). After failure of the first rod, the load is redistributed between the remaining 
rods and a new, reduced second moment of area of the transformed resisting section can be 
calculated (Ix1). Following the same procedure as described above, in each step the racking 
load causing the failure of the consecutively stronger rods can be calculated (Fv,i*). The 
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analysis is completed when Fv,i+1* < Fv,i*, which indicates progressive failure of all remaining 
rods in the connection. 
In Table 3, the results of this step-by-step analysis are expressed as the horizontal/racking 
load causing failure in the anchorage subjected to tension. Both methods proposed by Aicher 
et al. (Eqs. (3-4)) and Steiger et al. (Eqs. (5-6)) were used to predict the pull-out strength 
capacity of the glued-in rods. 
In Table 3, the results of this step-by-step analysis are expressed as the horizontal/racking 
load causing failure in the anchorage subjected to tension. Both methods proposed by Aicher 
et al. (Eqs. (3-4)) and Steiger et al. (Eqs. (5-6)) were used to predict the pull-out strength 
capacity of the glued-in rods. 
Table 3 Summary of the step-by-step analysis for the prediction of the load-carrying capacity of the wall, and 
comparison with experimental results 
 

Aicher et al. Error Steiger et al. Error Aicher et al. Error Steiger et al. Error Aicher et al. Error Steiger et al. Error

[mm] [kN] [kN] [%] [kN] [%] [kN] [%] [kN] [%] [kN] [%] [kN] [%]
Ideal

situation 1800  - 223.0     - 317.5     - 223.4     - 318.0     - 239.5     - 340.9     - 

1L 830 98.3       75.1      -23.6% 106.8    8.7% 75.0      -23.7% 106.8    8.7% 81.4      -17.1% 103.7    5.6%
1R 1365 157.8     133.8    -15.2% 190.4    20.7% 133.9    -15.1% 190.6    20.8% 139.1    -11.8% 188.6    19.5%
2R 1460 142.0     147.2    3.7% 209.5    47.6% 147.0    3.5% 209.2    47.4% 145.8    2.7% 207.5    46.1%
2L 1300 128.3     123.9    -3.5% 176.3    37.4% 123.9    -3.4% 176.4    37.5% 125.9    -1.9% 179.2    39.7%
3R 1225 213.9     122.1    -42.9% 173.8    -18.7% 121.9    -43.0% 173.6    -18.9% 112.6    -47.4% 160.3    -25.1%
3L 1770 198.9     215.6    8.4% 306.9    54.3% 216.0    8.6% 307.4    54.5% 223.6    12.4% 318.2    60.0%

156.5 136.3 -12.2% 194.0 25.0% 136.3 -12.2% 194.0 25.0% 138.1 -10.5% 192.9 24.3%Average value

Case 1a
Case

Sum of 
glued-in 
lengths

Theoretical analysis
Test

 result Case 1cCase 1b

 
 
Table 3 shows that the method proposed by Aicher et al. (1999) shows better agreement with 
the experimental values. The method proposed by Steiger et al. (2007), in fact, largely 
overestimates the load-carrying capacity of the connections. The analysis also shows that the 
results for cases 1a and 1b are almost identical, which implies that the area of the holes in the 
compression zone can be neglected. It can be also observed that when the rods are not fully 
glued along their length, a more detailed analysis (cases 1a and 1b) is recommended as the use 
of the simplified approach (1c) significantly overestimates the load-carrying capacity of the 
system. 

5.2.1 Contribution of axial force 

In the experimental programme, no axial compression force was applied to the wall specimen 
due to limitation with the experimental set-up. In the reality, the compression force due to 
dead and imposed gravity load counteracts the overturning moment caused by the wind load 
by providing a positive effect and an increase in load-carrying capacity. Therefore it is of 
interest to investigate analytically the significance of this effect for design considerations.  



13 

-2000

-1500

-1000

-500

0

500

1000

1500

2000

2500

3000

3500

0 500 1000 1500 2000 2500

N
 [k

N
]

M [kNm]

Design curve
Mean values
Limit cases

y<2400

2310<y<2400
2220<y<2310
2130<y<2220

2040<y<2130

360<y<2040

0<y<360

y<0

-2000

-1000

0

1000

2000

3000

4000

5000

6000

7000

0 500 1000 1500 2000 2500
N

 [k
N

]

M [kNm]

Limit cases

Design curve

Design including middle 
glulam member
Design including middle 
member and sheathing

y>240

2310>y>2400
2220<y<2310

2130>y>2220
2040<y<2130

y<0
0<y<360

360<y<2040

  
Fig. 7 Bending moment-axial load interaction diagram: corresponding to case 1b in Fig. 6 (left) and 
corresponding to cases 1b, 2 and 3 (right) 
 
The transformed section method was used again to plot the axial load – bending moment 
interaction domain as presented in Fig. 7. The analytical procedure followed to plot the limit 
domain is similar to that used for reinforced concrete sections: (i) a position of the neutral axis 
y is assumed (see Fig. 6); (ii) the attainment of the limit stress of timber in compression 
parallel to the grain tim,C1 is considered in the top fibre of the section; (iii) based on the 
hypothesis of planar sections, the force in the lower rod Fst,1 is calculated from congruence 
and compared with the pullout strength Rst,1; (iv) if Fst,1 is greater than Rst,1, failure will be for 
rod pullout, Fst,1 is assumed equal to Rst,1, and the stress tim,C1 has to be recalculated from 
congruence; (v) the resultant axial force N and bending moment M are then evaluated using 
equilibrium equations; (vi) the position of the neutral axis y is varied to minus and plus 
infinity and procedure (i) to (v) is repeated by calculating the corresponding axial forces N(y) 
and bending moment M(y). The obtained experimental average racking moment capacity of 
the wall is 939 kNm when no axial force is applied (N=0). The average bending moment 
capacity of the wall can be increased to 1987.7 kNm (111.7 % more) when an axial 
compression force N=742.7 kN is applied (mean values in Fig. 7 – left). The design maximum 
bending moment capacity is Md=1279.1 kNm when a design compression force Nd=710 kN is 
applied. Note that the average experimental bending moment capacity Mexp=939 kNm lays in 
between the mean and design analytical bending moment capacity.  

5.2.2 Contribution of the middle framing member and sheathing 

From a design perspective, it is interesting to explore how much the middle glulam member 
of the framing sheathing can contribute to the load-carrying capacity of the wall element if the 
wall was produced so that there was a contact between the middle glulam member and the 
foundation (case 2 illustrated in Fig. 6), and if there was additionally contact between the steel 
hub and the LVL sheathing and further contact between the sheathing and the foundation 
(case 3, Fig. 6). The transformed section method was employed here to examine these two 
cases.  
Table 4 Comparison of different theoretical approaches 
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M [kNm] N kN] M [kNm] N kN] M [kNm] N kN]
Mean values, case 1b 1337.50 0 0 3005.52 1987.70 742.68
Design values, case 1b 668.68 0 0 2163.98 1297.14 709.99
Design values, case 2 666.52 0 0 2729.86 1298.79 925.87
Design values, case 3 663.47 0 0 6214.60 1774.60 1677.14

Pure bending Pure compression Max capacity
Case

 
 
In Table 4 and in Fig. 7 - right, results of theoretical analysis are presented for cases: 1b, that 
seems to be the more accurate representation of the experimental situation, cases 2 and 3 (as 
illustrated in Fig. 6) with respect to the capacity expressed as axial force – bending moment 
characteristics. During analysis, when the pull-out strength of the rod was decisive for the 
failure, method proposed by Aicher et al. (as described in section 5.2) was used to determine 
its value. Results presented in Table 4 and right diagram in Fig. 7 show that contribution of 
the middle framing member can increase primarily the compression capacity of the wall with 
approximately 26% in comparison with the basic design case (1b). Taking into account the 
sheathing increases significantly the total racking capacity of the stabilising wall and the 
maximum design capacity that can be achieved  is (Mmax,d=1774.6 kNm, Nmax,d=1677.1kN).  It 
can be thus recommended to assure the contribution of all components of the wall in the load-
carrying capacity by careful manufacturing process. 
 

6 Conclusions and discussion 
Stabilising wall 

Results of monotonic static racking tests on a special stabilising timber wall panel with glued-
in rods have been presented. The average experimental racking capacity was 156.5 kN 
(moment capacity Mh,exp=939 kNm), which exceeded significantly the design value of 65.8 
kN (moment capacity Mh,d=395 kNm). The moment capacity of the wall can be significantly 
increased if the positive effect of the vertical loads acting on the system (permanent and 
imposed loads of the floors) is taken into account. The highest design value that can be 
achieved is Md=1297 kNm, which leaves a margin for increasing the height of the buildings, 
built using the post and beam system.  
The average stiffness obtained in the test was 6.49 kN/mm. Horizontal top displacements 
measured at SLS load level were in range between 4.2 mm and 19.8 mm, which is less than 
currently recommended design limits of L/500-L/300 (24 – 40 mm). These results indicate 
that the stabilising wall panel have the potential to be successfully used in multi-storey timber 
buildings built with this specific post and beam system.  

Anchorage device 

In this paper a method for predicting the strength capacity and lateral stiffness of stabilising 
elements anchored with glued-in rods was proposed, which is based on the use of the 
transformed section method to calculate the stress distribution at the wall-foundation interface. 
Formulas for the pull-out strength of the anchoring devices made of a group of glued-in rods 
were also used. The analytical value of the average racking strength (155.23 kN) was found to 
match fairly well with the average experimental results (156.53 kN), whilst a more significant 
difference was found on the lateral stiffness, with the analytical value (4.17 kN/mm) being 
conservative compared with the experimental value (6.49 kN/mm).  
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In order to use the proposed stabilising walls for the beam and post system trä8, a detailed 
study should be conducted to develop a design of the anchoring device that exhibits more 
ductile behaviour. One of the possible design improvements could be to detail the anchoring 
device such that the steel rod is the weakest link in the connection and, therefore, the failure 
occurs with a yielded rod. This can be achieved by using a softer/milder steel (e.g. Gattesco 
and Gubana, 2006), by using more rods with smaller diameter instead of fewer larger 
diameter rods (e.g. Baroth et al. 2004), or by reducing the cross-section (tapering) of the rods 
within a certain length in the area of the concentrated shear stresses, at the beginning of the 
anchorage zone (e.g. Steiger et al. 2007). Strengthening of the steel hub should also be 
considered to prevent additional flexibility due to local buckling and plasticization.  
It is also important to improve the quality of the gluing process to ensure a fully glued length 
of the bars which is crucial to increase the reliability of the connections and reduce the scatter 
of experimental results to a minimum. 
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Abstract
Brittle failures in mechanical timber joints should be avoided, because this often results in low resistance and 
unexpected failure of the structure. Nailed joints can experience ductile failure defined by Johansen [1] and 
adapted in Eurocode 5 [2] or they can fail in a brittle manner by plug (or block) shear failure. Brittle failure 
modes should be prevented and currently this is achieved through respecting the minimum recommended 
distances in the joint’s geometry and by verifying that the shear capacity of the possible plug is sufficient.  This 
paper focuses on the plug shear failure, which is limiting for large nailed connections loaded in tension parallel 
to the grain. To avoid plug shear failure, short and wide joints are preferred, minimising the number of fasteners 
in line with the load and grain direction. The aim of this study is to evaluate existing prediction formulas with 
regard to nailed connections. Test results from four different experimental studies are presented. Using 
hypothesis testing, a suitable prediction formula is derived based on 92 experiments. The research shows that the 
prediction formulas in [2] - Annex A is on the unsafe side for large joints. The resistance in the tensile failure 
mode of plug shear failure is best modelled by the tensile resistance of the end face of the plug. The resistance in 
the shear failure mode of plug shear failure is best modelled by the shear resistance of the bottom area of the 
plug taking into account the volume effect of shear strength.  

Keywords: shear-plug failure, plug shear failure, block shear failure, timber connections, 
timber joints, nailed joints 

1 Introduction 

When timber is stressed by a group of fasteners loaded in tension parallel to the grain it results 
in both tension and shear stresses parallel to the grain, Fig. 1, while the bottom and side areas 
are in shear. The resistance of the joint is the lowest value of the ductile failure resistances 
and the plug shear resistance, [2]. In [3] a model is proposed for predicting the plug shear 
resistance, Eq. 1. In Eq. 1 tef is the distance between the two plastic hinges dfMt hyef /2 ,
[3], and it is calculated assuming failure mode III according to [1, 2].  
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Fig. 1 Schematic plug shear failure 
 
My denotes the yield moment of the nail, fh the embedding strength of wood and d the 
diameter of the nail. The effective width bef, ( lt.i, according to notation in [2]) is the sum of 
the distances between fasteners, which is the width b reduced by the edge distances a4 and the 
nail diameters in one column, nc (in perpendicular to grain and loading direction). All other 
parameters are defined in Fig. 2.

)( vtefefplug lfftbR      (1) 

hss

v

httt

yt

plug

K
tlf

K
dbtf

R 2

2

min      (2) 

vefef

tefef
plug flt2lb7.0

ftb5.1
maxR     (3) 

3
2

3
2 tbfantfKAfRSR nett

crfivls
crt

plug   (4) 

Fig. 2 Definition of parameters 

Timber is described through its tensile strength parallel to grain, ft, and its shear strength, fv,
which also appear in Eq. 2 proposed by Foschi and Longworth [4]. The numerically derived 
factors K, ,  and   are factors accounting for the number of nail rows (nr) and columns (nc), 
nail spacing (a1 - in the longitudinal direction; a2 - perpendicular to grain and loading 
direction), timber thickness (h) and penetration depth, (t), respectively. Eq. 3 is currently 
included in [2a] (where also an equation for row shear in nailed joints is presented). Finally, a 
slightly different approach was proposed by Quenneville in a number of publications [e.g. 5-
7]. In Eq. 4, RS denotes the joint side shear capacity, t is the member thickness (or the 
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penetration depth), Kls is the factor for member loaded surfaces (=0.65 for the side member; 
=1.0 for internal member), and acr is referred to as the triggering length defined as 

);min( tcr aaa 31 .

In all equations above dimensions are given in [mm] and strength values/properties in 
[N/mm2].

 In Eq. 1, [3], and Eq. 4, [6], the tensile and shear capacities are assumed to be additive, while 
Eqs. 2 and 3 separate them and it is natural to speak about a shear failure mode and a tensile 
failure mode. In Eq. 1 the shear area along the bottom of the joint is assumed to carry the 
shear load, while in Eq. 2, [4] it is the side areas of the joint. Eq. 3, [2] assumes both the side 
shear area and the bottom shear area to be effective. In Eq. 4 the plug shear failure is defined 
as the sum of the shear capacities of the two side shear areas between two fasteners in a row 
and the tensile strength of 1/3 of the tensile (back) area of the joint. The phenomenological 
difference between the models in describing the plug shear failure is apparent. The aim of this 
paper is to compare the different approaches represented by Eqs. 1, 2, 3 and 4, using statistical 
approach and to propose a suitable prediction model. 

2 Experimental data 

The empirical base is obtained from the experimental studies reported mainly in [8], but also 
in [9 -11]. In the first three studies direct tensile tests (tension parallel to grain) were 
performed, while in the last study the connections were studied in racking tests of stabilising 
walls [11], where nailed connections were placed in the bottom corners of the walls to 
connect them with the foundation.
In [8], full size joints in glulam (Picea Abies) were tested in tension parallel to the grain. The 
timber member cross sections were 90  225-360 mm2 from glulam of strength class GL28c, 
[2]. The timber member length varied between 650 and 1100 mm. The investigations 
comprised 14 series with a grand total of 74 specimens. The nail patterns varied between the 
different series, Table 1. In the RECTX series the thickness of the specimen varied between 
66, 78, 90 and 140 mm. The joint consisted of one steel plate 5 or 10 mm thick with the yield 
strength, fy = 355 MPa, and annular ringed shank nails with diameter, d = 4.0 mm, and nail 
penetration depth, t = 40 mm. Nail holes were pre-drilled in series RECT-, GRP-, SPREAD 
and NORM. The GRP- series had nails placed in groups with a distance e between them. The 
basic nail pattern was designed with distances between nails parallel to grain of 10d and 
perpendicular to grain of 5d (10d/5d). A reduction of the distances with a factor 0.7 was also 
tested (7d/3.5d). The P2, L6, T3 and T5 series presented in Table 1 were conducted by Bark 
and Martinsson [10] and the ASP series by Burstrand and Salmonsson [9]. In both 
experimental programs a similar test set-up was used as presented in Fig. 3a. In the ASP 
series one joint consisted of two 5 mm thick nail plates with annular ringed shank nails 
pressed into them welded back-to-back to form a Multiple Nail Connector. The specimens 
were conditioned to a temperature of 20°C and a relative humidity of 65 % according to ISO 
6891 [12]. The tests were conducted with a time to failure between 8 and 15 minutes using a 
servo hydraulic testing machine with a maximum load of 600 kN and a maximum error of 
1 % over the entire measuring range.  
Test series SE- origins from a study of prefabricated stabilising walls in timber where nail 
plates were used for the wall-foundation connection [11]. Full-size stabilising walls were built 
from glulam (GL28c) framing and Kerto-Q LVL sheathing glued and screwed on its both 
sides.  The stabilising walls were intended for installation as 4-storey high stabilising 
elements in timber frame buildings, thus causing large lift-up loads on connection to the 
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foundation. The nailed joints were realised through nailing a 5 mm thick steel plate to the 
stabilising element through the 22 mm thick LVL sheet and into the glulam member using 
annually ringed shank nails, d = 4 mm, t = 60 mm. The test was performed in a horizontal 
position, where the tested wall element was anchored in a steel frame and loaded with a lateral 
load applied at the top right corner. Each specimen was subjected to a racking test in two 
directions up to failure of the wall-foundation connection loaded in tension. Details of the 
experimental set-up and outcome can be found in [11]. Including this study in the analysis 
contributes to checking the model in the situation where two different wood-based materials 
are used in the connection. The resulting plug shear failure in these connections was not 
intentional. The specimens were manufactured incorrectly with respect to the distances 
between nails: a1 = 5d instead of 10d, and the edge distance from the loaded end: a3t d
instead of 15d.

Fig. 3 Experimental set-up in a) [8] and b) [11] 

During all the tests, displacements were measured by linear voltage displacement transducers 
(LVDT) with measurement lengths between 10 and 50 mm, placed along the centroid of the 
joint. Data was sampled with a frequency of 2-5 Hz. The density and moisture content of the 
wood were determined according to ISO 3131 [13] and ISO 3130 [14] respectively. 
Measurements were made on two or three samples taken in the inner lamellas of the joints. 
The size of the samples was 40  40  40 mm3 for glulam and 40 x 40 x 27 mm3 for Kerto-Q. 

Table 1 Specimen characteristics (b/bnet and l/lnet include/exclude the nail diameters; t is the penetration depth 
and tef the distance between the plastic hinges) 
Series No. of 

specimen
nc nr No. of 

nails 
b/bnet      
[mm]

l/lnet
[mm]

t/tef        
[mm]

Nail 
pattern

P2 2 3 7 12 60/48 80/70 55/20 5d/2.5d 
L6 6 10 14 70 130/102 240/202 55/20 10d/5d 
T3 1 10 5 25 40/32 240/202 55/20 10d/5d 
T5 5 10 7 35 60/48 240/202 55/20 10d/5d 
ASP80 3 24 7 84/side 60/48 540/446 35/19 10d/5d 
ASP120 4 15 11 82/side 100/80 360/302 35/19 10d/5d 
RECTS 5 14 9 59 56/40 262/210 40/17 7d/3.5d 

8 bolts
M16

Trans-
ducer

Nails,
4.0 x 50

Steel plate,
10 mm thick

80 mm

Support
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RECTL 5 15 19 143 126/90 276/220 40/17 7d/3.5d 
RECTX 20 29 19 276 126/90 472/414 40/17 7d/3.5d 
GRPS 5 15 19 143 126/90 351/323 40/17 7d/3.5d 
GRPL 5 15 19 143 126/90 426/398 40/17 7d/3.5d 
GRPX 5 15 19 143 126/90 492/464 40/17 7d/3.5d 
NORMS 3 10 7 35 64/48 240/222 40/17 10d/5d 
NORML 3 11 13 72 124/96 260/237 40/17 10d/5d 
NORMX 3 21 15 157 136/108 460/418 40/17 10d/5d 
SPREAD 5 15 19 143 126/90 360/330 40/17 10d/3.5d 
TENSS 3 3 13 21 88/60 88/80 40/17 7d/3.5d 
TENSL 3 4 33 66 228/164 102/94 40/17 7d/3.5d 
SE1 4 18 6 108/side 100/80 360/290 55/16 5d/5d 
SE2 2 18 5 90/side 80/64 360/290 55/16 5d/5d 

3  Results 
The ultimate load from all test series are presented in Table 2 together with results from the 
determination of density and moisture content. 
Table 2 Test results (values are placed in corresponding order within cells) 

Series Ultimate load 
R [kN] 

Ult. Displacement
uu [mm] 

Density 
 [kg/m3]

Moisture content 
w [%] 

P2 33.1, 34.5 8.2, 12 480 13.6 
L6 170, 181, 191, 195, 197, 200 9, 9.5, 12.4, 12, 11.8, 

17
480 13.6 

T3 60.5 8 480 13.6 
T5 75.5, 78.6, 88.6, 90.0, 94.6 9.2, 11.5, 9.2, 7.5, 12.7 480 13.6 
ASP80 158, 163, 166 3.2, 7.0, 5.0 458 8.6 
ASP120 154, 155, 167, 172 4.5, 4.0, 2.0, 4.0 533, -, -, 437 9.3, -, -, 8.9 
RECTS 76.2, 84.5, 92.1, 94.1, 94.9 1.7, 1.4, 1.5, 1.8, 1.5 473,  392, 425, -, 413 11.2, 11.0, 10.3, -, 10.6 
RECTL 150, 158, 162,  167, 171 1.2, 1.2, 1.8, 1.7, 1.3 467, 450, 415, 488, 431 11.1, 10.7, 10.5, 10.7, 

11.3 
RECTX0 224, 233, 252,  262, 281 2.9, 2.2, 1.8, 2.3, 2.4 441, 431, 456, 420, 455 10.0, 9.30, 10.0, 9.44, 

10.1 
RECTX1 169, 184, 203, 222, 224 2.2, 2.6, 2.0, 3.0, 2.1 418, 382, 448, 454, 366 10.3, 10.2, 10.8, 10.7, 

10.1 
RECTX2 214, 231, 248, 285, 306 1.9, 1.5, 1.8, 2.2, 1.9 436, 476, 457, 471, 432 10.2, 10.5, 10.4, 10.6, 

10.3 
RECTX4 238, 244, 247, 252, 295 2.9, 1.3, 2.0, 1.8, 2.0 412, 396, 436, 426, 415 9.61, 11.8, 11.0, 9.82, 

9.75 
GRPS 160, 178, 186, 187, 195 1.9, 2.2, 2.7, 1.6, 1.0 475, 472, 434, 458, 455 11.3, 11.2, 10.8, 11.1, 

11.4 
GRPL 202, 209, 221, 225, 230 2.0, 2.5, 2.6, 2.9, 2.1 422, 485, 446, 480, 465 10.7, 11.9, 11.7, 11.6, 

11.4 
GRPX 205, 218, 229, 243, 250 4.5, 2.3, 4.0, 2.7, 4.0 409, -, 365, 426, 443 9.19, -, 8.6, 9.33, 9.98 
SPREAD 245, 246, 250, 261, 264 2.7, 3.0, 2.2, 2.6, 2.2 490, 455, 489, 446, 473 10.2, 9.86, 11.1, 9.69, 

9.33 
NORMS 92.6, 102, 95.5  6.2, 8.8, 7.8 400, 472, 479 10.3, 10.0. 9.90 
NORML 175, 190, 168 5.3, 3.8, 3.0 462, 445, 479 10.3, 11.2, 9.58 
NORMX 276, 297, 305 2.8, 3.5, 3.9 414, 444, 487 9.10, 9.53, 10.56 
TENSS 61.4, 57.5, 58.1 7.6, 7.4, 8.3 484, 418, 399 10.5, 9.47, 10.1 
TENSL 153, 130, 126 4.0, 5.0, 2.4 446, 460, 457 10.2, 10.6, 10.7 
SE1 203, 218, 224, 231 5.0, 6.1, 10.4, 11.2 Gl: 475, 464, 447, 460 

LVL: 492, 493, 477, 521 
Gl: 12.6, 12.4, 12.8, 12.8 
LVL: 10.5,10.4, 10.6, 
10.9 

SE2 197, 198 18, 9.8 Gl: 464, 498 
LVL: 498, 509 

Gl: 13.7, 12.5 
LVL: 10.6, 10.9 
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All tests experienced the shear failure mode, apart from the RECTX1, RECTX2, TENSS and 
TENSL series where the tensile failure mode was governing, and in the NORM series smaller 
plugs were formed and parts of the joint failed in a ductile manner. From experimental 
observations (RECT-, SPREAD- and GRP- series; [8]) the general behaviour in the shear 
failure mode can be described: 
1. A crack develops internally along one of the sides of the joint, Fig. 1. Most likely the failure starts at the nail 

farthest from the free end (due to stress concentrations along a row of fasteners). This occurs in most cases 
before ultimate load is reached. 

2. The crack reaches the free end and is visible on the end face. The same development goes for the other side 
of the joint. 

3. The final failure starts when a shear crack along the bottom face joins the two side cracks. 

4. When the bottom side of the joint fails in shear, the tensile area of the joint cannot resist the load any longer 
and the joint fails. 

Steps 3 and 4 in the list of events occur almost simultaneously. It is possible that the tensile 
area fails before the bottom shear area, however this is difficult to determine during the 
experiment. In case of a thin member, such as series RECTX1 and RECTX2 where c = 63 and 
78 mm, the bottom face crack never develops. Instead the side cracks protrude through the 
member to the back face and final failure is reached when the tensile area fails.  
From the experimental observations on the tensile failure mode (TENS- series) the tensile 
failure mode can be described: 

1. A small plug forms centrally in the joint. The depth of the plug is about 15 mm. 
2. A multitude of smaller plugs form, indicating that the end face of the plug gradually fails in tension. 
3. No integrate plug results. The total thickness of the failed area is about 40 mm. 

In [10] the plastic moment of the annular ringed shank nails was measured, My = 9.16 Nm, 
which is used to obtain tef in Table 1. The same type of nails with the same diameter but 
different lengths was used for all experiments presented in Table 1.  

Fig. 4 Fractured specimens a) GRPX-series, shear failure mode and b) TENSL-series, tensile failure mode 

4 Analysis 
4.1  Strength values for wood 

Test results should be compared to predictions made on the average strength level. Gathering 
of appropriate strength data for glulam of Nordic origin (Picea Abies) is therefore necessary. 
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4.1.1 Shear strength 

In [15],  the shear strength of glulam was tested with an average value of fv = 9.6 MPa. The 
area loaded in shear during the test was 45  45 mm2. The shear strength of wood is affected 
by a volume effect and in [16] empirical relation between shear area and shear strength is 
presented based on an experimental study of ring-shear connectors, which also fail in plug 
shear failure, Eq. 5. 
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Eq. 5 can be verified using linear elastic fracture mechanics describing a lap joint [17], Eq. 6. 
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11
1II1f Et

EttGE12bP    (6) 

where b is the width of the crack and the plug, E is the elastic modulus for the adherends, 
where the thinner adherend is given index 1. GIIc is the critical energy release rate for mode II 
(shear) and t is the thickness of the adherends. For the current case E1 = E2 = E giving  = 
t1/t2. Define fv,joint = Pf/As where As = bl and l is the length of the joint. The “shear strength” 
fv,joint is the average shear stress at failure of the joint and accordingly an apparent shear 
strength of the joint and not the local shear strength of the interface between the adherends. 
The measure fv,joint can be determined from experiments, as has been done by Kuipers and 
Vermeyden [16]. Dividing Eq. 6 by (bl): 

l
t

GE12f 1
II1intjo,v   (7) 

Joints of different sizes often have about the same geometrical shaping. Assuming that all 
dimensions of the joints are proportional i.e. t1 t2 l b then  = t1/ t2 is constant and 
(As)0.5 = (bl)0.5  (l2)0.5 l. Accordingly, by Eq. 7:

25.0
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l
t

f   (8) 

Eqs. 5 and 8 express the same result. Using the test result fv = 9.6 MPa and As = 45 45 = 2025 
mm2, K = 64.5 is calculated in Eq. 5. Eqn. 4 is used with K = 64.5 in the evaluation of the 
shear strength for the testing of hypotheses.

The application of the volume effect to the shear strength in joints has been proposed earlier 
in other research studies: in [4] it is incorporated in the simulations to determine the reduction 
factors in their model, in [18] a more straightforward approach is used multiplying the shear 
strength with a reduction factor of 0.75 and finally [19] reports the use of an expression for 
the area effect calibrated for use in the Canadian Timber Code. A comparison between the 
different approaches including Eq. 5 is given in Fig. 5. 
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Fig. 5 The volume effect for the shear strength in timber joints. 

Most joints have a joint area larger than 20.000 mm2 i.e. more than 200×100 mm2, which 
means that a linear approximation in Fig. 5 should be possible. The approach in [2a] is 
currently to apply a reduction of 0.7 to the shear strength. Fig. 5 shows that this is in line with 
the proposal from [18], but also that this assumption might be on the unsafe side for larger 
joints.

4.1.2 Tensile strength 

Johansson et al. [20] tested the tensile strength of glulam laminations of Nordic origin (Picea 
Abies). The results showed ft = 37.7 MPa in the outer laminations and ft = 28.4 MPa in the 
inner. Tensile tests of entire glulam beams are scarce due to difficulties in anchoring such 
large tensile forces in wood (the failure often takes place in the joint instead of in the tested 
member). All joints reported in Table 2 are mounted in the inner laminations. When the 
laminations are assembled into a glulam beam, the apparent tensile strength increases 
according to [21]. In this study the different constituents of the lamination effect, , are 
separated into; i) the effect of test procedure, ii) the reinforcements of defects and iii) the 
dispersion of low-strength lumber, Eq. 9.  

MPa9.402.12.14.28kkff

kkk
f

f

infretestlam,tt

dispinfretest
lam,t

beam,m

 (9) 

44.12.12.1kk testinfre     (9a)

Tensile failure in the outermost lamination is most often governing in bending and 
therefore tlamt ff ,  is tentatively valid. Most of the joints tested in this study have only 3-4 
laminations loaded in tension; therefore the dispersion effect does not apply. A volume effect 
is valid for tension, decreasing the strength with increasing size [2]. The dispersion effect and 
the volume effect will counteract each other and are of the same magnitude. Therefore, both 
of them are ignored. Guidelines for selecting the factors ktest and kreinf are presented in [21] 
and leads to the determination of ft = 40.9 MPa, Eq. 6, which is used in the hypothesis testing 
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procedure. The approach in [2a] is currently to multiply the tensile strength with a factor 1.5, 
which is in line with the proposal in Eq. 9. 

4.2  Influence from variation in density and moisture content 

To make the different test series in Table 2 comparable regarding moisture content and 
density variations, a procedure for estimating the impact of these parameters is applied. The 
specific gravity is obtained as waterdrywoodG /  , and the elastic modulus is calculated for 

softwoods as 9454015625 .. GE  , [22]. The tensile strength ft of wood is related to the elastic 
modulus through 091300380 .. Eft  , [20]. The relations are used to linearly promote or 
punish stronger or weaker wooden material in relation to series P2, which is chosen as a 
reference since the compressive strength measured in [10] corresponded closely to the 
strength values in [2]. The variation in fv with density is ignored since [23] 
reports 8020 .. mv ff , which for the present range produces a variation of 6 %, whereas the 
variation in ft is 25 %. 

4.3 The shear failure mode 

The aim of this analysis is to determine a prediction model for plug shear failure in the shear 
failure mode, Rv, through hypothesis testing using the experimental data in Table 2. The 
hypotheses are based on different assumptions of active load-carrying areas, Table 3. 
 
The data set presented in Table 2 consists of many different test series with varying 
geometrical parameters entering hypothesis H1 – H7. The unit of analysis is changed from the 
direct hypothesis to a normalised difference as in Table 3. In the analysis, series RECTX1 and 
RECTX2 were ignored since these series failed purely in the tensile failure mode and are 
further addressed below. 

 
Table 3 Hypotheses used in the analysis 
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The capacities predicted according to the defined hypotheses were plotted versus the 
experimental results, Fig. 6. Some conclusions are presented together with reflections from 
the experimental behaviour: 

- Hypothesis H1 underestimates the capacity. This is in line with the observed course of the shear failure 
mode where the side shear areas failed before ultimate load is reached. 

- Hypothesis H2 underestimates the capacity. That the tensile area fails before final failure is not 
confirmed through experimental observation, but could be true anyway. Hypothesis H2 is further 
analysed for the RECTX1 and RECTX2 series, where the tensile failure mode occurred. 

- Hypothesis H3 predicts the capacity well. The bottom shear area always remains active in the load 
uptake until maximum load is reached. 

- Hypothesis H4 predicts the capacity well. The sum of the shear areas is probably not useful as a 
prediction model since the side shear areas are observed to fail before maximum load is reached. 

- Hypothesis H5 underestimates the capacity.  
- Hypothesis H6 and H7 overestimates the capacity heavily.

- Hypothesis H8 is analogous to H5 and underestimates the capacity, especially in cases where the 
triggering length acr is the edge distance and is smaller than the distance between connectors in one row, 
as it was in test series SE-. 
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Fig. 6 Hypotheses predictions vs. experimental results 
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To examine the validity of the strength data, fv and ft were changed to characteristic values, 
which lead to the conclusion that H6 or H7 are the best prediction models. This is not in 
accordance with experimental observations.  

After the hypothesis testing, two models for the shear failure mode of the plug shear capacity 
remain and a plot of predicted resistances versus experimental values is constructed, leading 
to clarification on separating H3: R = blfv and H4: R = 2teflfv + blfv. H4 is the approach in [2a]. 
In Fig. 7a one can see that both H3 and H4 seem to be good predictors, but the prediction by 
H4 falls mainly on the unsafe side. 

Fig. 7 a) comparison of hypotheses H3 and H4; b) comparison of hypotheses H3 and H3n

Therefore, H3: Rv = blfv is suggested as a suitable prediction model for the shear failure mode 
of plug shear failure in nailed connections based on experimental observations and hypothesis 
testing. Using the net shear length lnet (l reduced with the nail diameters; H3n: Rv = blnetfv)
results in a safer prediction, Fig. 7b. 

4.4 The tensile failure mode 

As for the tensile failure mode, the possible hypotheses for the tensile resistance Rt relate to 
geometrical measures used to measure the tensile area of the end face of the plug: 

t
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In Fig. 8, the five hypotheses for the tensile failure mode are tested against the test results.  

The TENS- series, which failed purely in the tensile failure mode, are best predicted by either 
H11 or H12. Referring back to the experimental behaviour, it is therefore viable to use the 
effective penetration depth tef as a measure of the depth of the plug, since the first plug that 
occurred had a depth of 15 mm, close to tef = 17 mm. A model on the safe side would be to 
propose H12, Rt = bnettefft as a prediction model for the tensile failure mode of plug shear 
failure in nailed connections [24]. 
The tensile resistance of the RECTX series is much higher than predicted by H12. The many 
small plugs in Fig. 4b did not form, instead an integrate plug was pulled away from the 
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specimen, with almost the entire cross-sectional depth contributing to the tensile area of the 
end face. 
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Fig. 8 Hypothesis testing for the tensile failure mode 

The test results from the RECTX1 and RECTX2 series should logically fall in the region 
between hypotheses H9 and H13, which they do according to Fig. 8. An assumption on the safe 
side is still to use Rt = bnettefft.

4.5 Limits for plug shear failure 

The tensile failure mode in plug shear failure seldom governs the design, since it occurs only 
for very short and densely nailed joints. The limit between the shear failure mode and a 
ductile failure in the nails is described for different dimensions and nail patterns in a nailed 
joint in Fig. 9 

Fig. 9 Limit areas for ductile failure in nailed joints 
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Fig. 9 shows that as soon as the length of the joint exceeds around 0.15 m, plug shear failure 
is a risk. Keeping joints in tension wide and short is therefore advisable. 
 

5 Conclusions 
92 experiments on plug shear failure in nailed steel-to-wood connections were conducted. 
Based on experimental observations and the assumptions presented regarding material 
parameters, the model for predicting the characteristic plug shear resistance in the shear 
failure mode is suggested as Eq. 11. 

tefnett

vnetv
plug ftbR

flbR
R max    (11) 

In Eq. 11 fv should be taken as fv = KAs
-0.25 with K determined according to wood species. For 

Picea Abies, K = 64.5 on the average load level and tentatively K = 20 on the characteristic 
load level. The apparent shear strength in Eq. 11 is lower than the shear strength currently 
suggested in [2a], leading to unsafe design if using the Eurocode-approach. The tensile 
strength in Eq. 11 can be increased from its tabulated value to a local tensile strength by 
multiplying with a factor 1.44. This is in line with the recommendations in [2a]. The proposed 
herein model differs from the prediction presented in [2a], as this approach (H4) was shown in 
the hypotheses testing procedure to be on the unsafe side. 
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Provisions for ductile behavior of timber-steel connections with multiple glued-in rods  

 

Gabriela Tlustochowicz1, Helena Johnsson2, Massimo Fragiacomo3 

Abstract 
A new beam and post system for multi-storey timber buildings with integrated prefabricated 
stabilizing walls is being developed in Sweden. In an introductory study, strong and stiff 
stabilizing walls anchored with glued-in rods connections were investigated in a large scale 
experimental racking test.  The experiment resulted in large stiffness of the connections, high 
ultimate loads, but also brittle failure. Therefore, monotonic static tensile tests were 
performed on two proposed configurations of multiple glued-in rods timber-to-steel 
connection designed to obtain more ductile behavior. The specimens with few large-diameter 
glued-in rods made from mild steel achieved a fairly ductile behavior with a ductility ratio Df 
= 4.7. Specimens with many small diameter high grade glued-in rods failed rather brittle due 
to an unanticipated shear failure of the rods within the nut in the steel side of the connection. 
Even though the average ductility ratio Df was equal 4.3, the displacements in the connections 
due to the large stiffness were not noticeable. Some provisions for design of ductile timber-to-
steel connections are given and critically discussed. 
 
Keywords: timber construction, laminated materials, anchorages, rods, adhesives, ductility, 
beam column 
 
 
1. Introduction 
A beam-and-post system for multi-storey timber buildings is under development in Sweden. 
A modular structure of beams and posts is integrated with a stabilizing system made of 
continuous walls fixed to the foundation, Fig. 1. The stabilizing elements are constructed from 
two Kerto-Q LVL boards glued and screwed onto a glulam frame. The plane stabilizing 
elements are connected into different configurations (T- and L-shaped) construction of the 
building. These configurations will provide stabilization through shear action both during and 
after erection. For a satisfactory performance of the whole system, a reliable anchorage to the 
foundation and suitable connections between the structural elements need to be developed.  
 
The stabilizing walls of a building subjected to wind action have to resist racking load, which 
induces bending and shear in the wall-foundation connection. Under lateral loading on the 
building, one of the anchoring devices is loaded in tension and the other one in compression 
(Fig. 1a). On the compression/tension side, the compressive strength of the timber element 
and tensile strength of glued-in rods connection govern the design, respectively. A possible 
connection detail between the stabilizing wall and the foundation is displayed in Fig. 1b. It 
consists of several rods glued-in in the panel and connected to a steel hub through nuts. The 
steel hub is then connected to the foundation by means of other rods. 
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(a)  (b)

 

 
Fig. 1 3D view of the of the proposed system with wind load uptake on the stabilizing element (a), and 
anchorage detail (b) 
 
Several investigations have been conducted on single-rod connections in an attempt to 
provide an accurate description of their performance. Discrepancies still exist and provisions 
for designing glued-in rods are not included in EC5 (CEN 2004). Most often, the failure mode 
in tensile tests of connections with glued-in rods is a brittle pull-out of the rod caused by shear 
failure in the wood. This was also the case in the introductory study carried out on the system 
which included full-scale racking tests of stabilizing walls with glued-in rods connections 
(Tlustochowicz 2010; Tlustochowicz and Fragiacomo 2011). However, when designing a 
moment connection, the pull-out failure has to be treated as one of several possible failure 
modes. Although in Northern Europe seismic hazard is generally not an issue, a certain level 
of static ductility is still recommended in design to provide some warning to the occupants in 
case of an exceptional load and to increase the robustness of the structure (Jorissen and 
Fragiacomo 2011). Several definitions of ductility can be found in literature (Jorissen and 
Fragiacomo 2011). The ductility ratio (Df) is generally defined as the ratio between the 
ultimate deformation (uu) and the yield deformation (uy) (EN 12512). Due to the brittle nature 
of the wood, ductile behavior in timber structures can only be achieved through plasticization 
of steel fasteners, which can be challenging in heavy timber structures where usually the 
number of connections is low.  Therefore it is important to thoroughly design each connector 
of the system to ensure plasticization (Andreolli et al. 2011). In order to investigate the 
possibility to achieve ductile failure, two configurations of multiple steel glued-in rods 
connections were designed and subjected to short-term monotonic pull-pull tests. The 
experimental results were compared with the existing theoretical models and some provisions 
for ductile design are proposed. 
 
2. Theory for glued-in rods connections 
 
The overall behavior of glued-in rods connections loaded in tension is rather complex as there 
are three different engineering materials involved (timber, steel and adhesive). An overview 
of the theoretical and practical approaches can be found in Tlustochowicz et al. (2011). Most 
of the published studies reports results from pull-out tests of single rod connections 
investigating the influence of different material, geometrical and configuration parameters. 
Different failure modes were identified for glued-in rods (e.g. Bainbridge et al. 2002; Gardelle 
and Morlier 2007). The number of possible failure mechanisms of steel-to-timber multiple 
glued-in rods connection is even larger: (i) pull-out of the rod caused by wood failure in 
shear; (ii) tensile failure of the steel in the rod; (iii) shear failure in the glue line; (iv) group 
tear-out caused again by shear failure in the wood; (v) splitting of wood; (vi) tensile failure of 
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the timber member at the end of rods; (vii) bending failure in the flanges of the anchorage 
steel hub; (viii) nut stripping; and (ix) pull-through failure of the nut through the flange of the 
anchorage steel hub. The failure of the steel parts connected to the glued-in rods (as for 
instance described at length in Andreoli et al. 2011) is out of the scope of this paper. Shear 
failure in the steel-adhesive interface is rarely observed due to the mechanical interlocking 
provided by the rod's threading. Tensile failure of timber at the end of the rods is observed 
only in connections with single rods where the size of timber specimen is relatively small 
(Gardelle and Morlier 2007; Gattesco and Gubana 2006), which is usually not the case for 
multiple glued-in rods connections if the timber cross-section is large enough with respect to 
the cross-sectional area of steel rods. In order to achieve ductile behavior of the connection, 
yielding of steel rods must be attained before the failure of wood. In Switzerland, a patented 
connection system GSA® was developed, where steel failure is assured by necking the rods 
(tapering) in high stress areas (Steiger et al. 2007; Gehri  2010). This would require specially 
designed rods manufactured, as these are not commercially available. 
In New Zealand, epoxy grouted steel rods have been successfully used in timber moment 
resisting connections and the analogy to reinforced concrete has been employed in design. 
The transformed section method was adopted to design “under-reinforced” glued-in rod 
connections to ensure that the steel rods yield in tension prior to compressive failure of the 
wooden member (Batchelar and McIntosh 1998; Batchelar 2006; Fragiacomo and Batchelar 
2011). The other ways proposed to achieve ductility are: using rods made of mild steel (e.g. 
Gattesco and Gubana 2006), or using larger number of rods with smaller diameter instead of 
fewer larger diameter rods (e.g. Baroth et al. 2004). 
 
3. Experimental program 
 
3.1 Specimen design 
 
The test program was designed in order to test two potentially ductile solutions for anchoring 
the prefabricated stabilizing walls. In the introductory large scale tests (Tlustochowicz 2010; 
Tlustochowicz et al. 2011), six glued-in steel threaded rods (with diameter d = 24 mm, grade 
8.8 and glued-in length lg = 300 mm) experienced a brittle pull-out failure, see Fig. 3a. Two of 
the available theoretical models were then employed to evaluate the pull-out capacity of 
glued-in rods (Tlustochowicz and Fragiacomo, 2011). The model presented by Aicher et al. 
1999 (Eq. 1) showed the best agreement with the experimental results; therefore it has been 
used to predict the pull-out capacity for the two test series GB and GS presented in this paper. 

meanvghAop fldR ,, [N]    (1) 

where dh is the diameter of the hole [mm], lg is the glued-in length [mm], and the shear 
strength fv, mean for brittle PUR (polyurethane) and EPX (epoxy) adhesives is given by: 
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To ensure ductile behavior, yielding of the rod should precede pull-out failure: 
Aopytensryr RfAR ,,,  (as defined in Eq. 1)   (3) 

,where Rr,y, fy and Ar,tens signify the yield load, yield strength, and tensile area of the rod 
respectively with the latter quantity estimated as 75-80% of the nominal area of the rod's 
cross-section (EN ISO 898), and for the design purposed was assumed according to the 
manufacturer's data (online source, Arvid Nilsson AB). 
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To decrease the risk of wood splitting and group tear-out, the minimum edge distances and 
rod spacing (according to different sources, Tlustochowicz et al. 2011) have been considered. 
The strictest recommendations are given by the German regulation (DIN 1052:2004-08): edge 
distance (a2) of at least 2.5 times the rod diameter (2.5d), and distance between rods (a1) of at 
least 5 times the rod diameter (5d). These distances are defined in the direction perpendicular 
to the grain, irrespective of the direction of the lamination. In the tested series GB and GS 
(Fig. 2) the minimum edge distances were 2.8d and 5.5d respectively, and the minimum 
distance between rods was 5d.  
On the basis of lesson learned during the pilot study (Tlustochowicz 2008), it was ensured 
during the design of the specimens that the failure will not occur in the flange of steel hub 
neither by bending nor by pull-through of the nut through the flange. 
Also the risk of timber members failing in tension was excluded, as their mean tensile 
capacity of 1660 kN was about 4 times higher than the predicted failure load of the glued-in 
rods connection.   
 
3.2 Experimental set-up 
 
Two series of 10 specimens each with full size connection made of multiple glued-in steel 
threaded rods were tested to failure under monotonic static load. The timber members with 
cross-sectional dimensions 360x215 mm2 were made of Swedish glulam (Norway spruce) 
with European strength class GL28c (bending strength fm,k = 28 N/mm2; modulus of elasticity 
E0,mean = 12600 N/mm2) (SS-EN 1194). The length of the specimens was 620 mm. The 
adhesive used for gluing the rods into the glulam was a two-component polyurethane (PUR), 
Purbond CR 421.  
 

21
5

360

4 rods 
d = 20 mm
Grade 5.6
lg = 300 mm
=lg/d=15

GL28c

Test series GS

Number of specimens n=10

360

12 rods 
d = 10 mm
Grade 8.8
lg = 300 mm
=lg/d=30

GL28c

Test series GB

Number of specimens n=10

Test set-up

Pull-pull configuration

LVDT

BOLTS
5xM20

Glued-in rods
4xM20 5.6 or
12xM10 8.821

5

Min edge distance
a2 = 5.5d = 55 mm 

Min distance between rods
a1 = 5d = 50 mm 

Min edge distance
a2 =  2.8d = 57.5 mm 

Min distance between rods
a1 = 5d = 100 mm 

a2 a1a1 a2

 
Fig. 2 Geometry of specimens tested and experimental set-up (dimensions in mm) 
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The adhesive is manufactured without solvents and formaldehyde, exhibits good flow 
properties and is one of the most commonly used for this purpose in Europe (including also 
EPX and phenol-resorcinol (PR) type adhesives). Two specimen configurations were tested, 
where the varying parameters were the number and diameter of the rods, as well as the steel 
grade. Both test series had multiple steel rods with metric ISO thread with coarse pitch. Steel 
rods with metric threading are preferred in glued-in rod connections since the adhesive bond 
in these connections is supported by mechanical interlocking (Broughton and Hutchinson, 
2001; Aicher 2003) and they also provide possibility for easy assembly to the steel hub. Test 
series GB and GS had 4 x M20 (d = 20 mm) and 12 x M10 (d =10 mm) glued-in rods with 
strength grades 5.6 (fy = 300 N/mm2, fu = 500 N/mm2) and 8.8 (fy = 640 N/mm2, fu = 
800N/mm2) respectively (EN 1993).  
 
 
3.3 Specimen production 
 
Due to the lack of adhesive observed at the rod-timber interface in the post-experimental 
investigations of the full-scale wall specimens tested previously (Tlustochowicz, 2010), 
extensive care was taken during preparation of the specimens. According to Bengtsson et al. 
(2000), some typical errors can be made during production. For the two-component 
polyurethane (PUR) glued-in rods it is particularly important to clean the rod’s surface, avoid 
air bubbles, correctly mix proportions of components, remove dust from drilling, avoid 
burned surfaces on wood, and use the correct amount of adhesive. The holes were drilled 
slowly to avoid burning with a diameter 2 mm larger than the diameter of the rods. This 
increased the glue line thickness compared to the introductory study on the wall panels from 
0.5 mm to 1 mm. The very small difference between the hole and rod diameters was thought 
to be one of the reasons of the incomplete adhesive layers.  According to Bengtsson et al. 
(2002), increasing the glue-line thickness for PUR adhesive should also increase the strength 
of the bond. The rods were properly cleaned from any oily substances before insertion into the 
holes and the saw dust was removed from the holes using compressed air. During the gluing 
process, the timber specimens were placed with openings of the holes upwards. A calculated 
amount of adhesive with a certain surplus was applied at the bottom of the hole with a special 
pneumatic device (assuring correct mixing proportions and allowing controlling the amount 
of injected adhesive). The rods were then inserted into the holes and simultaneously rotated. 
During insertion of the rods, the adhesive came out from the top of the hole, pushed out by the 
release of air bubbles. The surplus of adhesive was then removed from the surface of timber 
member so as not to hinder the connection to the end plate. Specimens were left to cure for at 
least 10 days to reach full capacity of the adhesive.  
 
3.4 Equipment and loading protocol 
 
Tests were performed at Complab Laboratory of the Department of Civil, Environmental and 
Natural Resources Engineering at Luleå University of Technology. The connections were 
tested to failure in the pull-pull configuration (Gustafsson and Serrrano 2001; Tlustochowicz 
et al. 2011) under monotonic loading, as illustrated in Fig. 2. Tests were conducted using a 
servo hydraulic testing machine with a maximum load of 600 kN ± 1% over the entire loading 
range. The loading protocol followed the recommendation given by ISO 6891, with a time to 
failure between 8 and 15 minutes.  
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4. Experimental results 
 
4.1 Failure modes 
 
Most of the rods in the series GB connections failed ultimately by pull-out of the rods from 
the timber member after yielding of rods.  Additionally, splitting of specimens was observed, 
which will be discussed further on (Fig. 3b).  
In test series GS, 50 rods (out of 120) failed by shear in wood (pull-out), 1 rod failed in 
tension, 48 rods failed by shear of threading, referred to as nut stripping  (Fig. 3c), and the 
remaining 19 rods showed no signs of failure.  Hardly any plasticization in tension was 
observed in rods (GS). 
 

(a) (b)                                                          (c)  
Fig. 3 Typical failure in connections: failure of the connection in the introductory test (a), failure of specimen 

with large diameter rods - series GB (b), threading shear failure of rods - series GS (c) 
 
4.2 Test results 
 
In general, the experimental results for series GB showed good agreement with the theoretical 
predictions. The yielding of steel rods should occur at a load of 339.1 kN (mean value), then 
pull-out of the rods should follow at 407.3 kN according to Aicher et al. (1999).  
 
The average failure load obtained in the experiments was 424.8 kN, which is in good 
agreement with the value of 407.3 kN calculated as a sum of the resistances of single rods. 
Connections in test series GS failed at a lower load than that of 603 kN predicted according to 
Aicher et al. (1999). On average the experimental load reached 421.7 kN. The load-
displacement curves for both test series are presented in Fig. 4 together with the theoretical 
values for the yielding of rods, tensile failure of rods, and average experimental capacity. 
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Fig. 4 Load-deformation curves for test series GB (a) and GS (b) 
 
 

Values calculated according to the methods proposed by Aicher et al. 1999 and Steiger et al. 
2007 are included for comparison purposes. Results obtained in test series GB are well 
predicted by Aicher’s model (-3.6% on average), whilst Steiger’s model overestimates the 
capacity by 28.2% on average. In both theoretical models, the density measured after 
conducting the experiment was used. The connections developed initially a linear behavior, 
experiencing negligible relative slip between wood, adhesive and steel until either plastic 
deformation of the steel rods begun or failure occurred. The ultimate displacements for series 
GB were within the range 1.2 to 6.9 mm (2.9 mm on average), and for series GS between 0.7 
to 1.8 mm (1.1 mm on average).  The average results from both series are summarized in 
Table 1.  
 
Table 1: Summary of average experimental results  

u u u y

GB 10 376.8 464 424.8 32.12 0.076 2.84 0.54 4.7 447.7
GS 10 367.0 476.9 421.7 34.82 0.083 0.85 0.21 4.3 418.0

Av displ [mm]F av

[kN]
Test

series [kg/m3]
n CoVStand

dev D f
F min

[kN]
F max

[kN]

 
 
5 Analysis and discussion 
 
5.1 Failure of rods 
 
To achieve a ductile failure in glued-in rods connections, yielding of steel rods should be 
promoted. In test series GB, three connections failed in a close to brittle manner, but in the 
remaining seven specimens some degree of ductility was observed. Rods experienced an 
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average elongation of 2.9 mm and the plasticization zone was located between the timber 
member head surface and the nut. Using the ratio Df = uf/uy = displacement at failure 
load/yield displacement as a ductility measure (Stehn and Johnsson 2002; Piazza et al. 2011; 
Blass et al. 1994), the ductility ratio was found to range between 1.6 and 8.1 (4.7 on average) 
in test series GB. There are no recommendations is the current code (EC5) regarding the 
minimum required ductility of structures designed the non-seismic regions. The value of 4.7 
achieved for test series seems to be appropriate for the case under study. Conversely in test 
series GS a ductile behavior was not observed. The theoretical ductility calculated according 
to EN 12512 is equal Df = 4.3, however this is a result of very high stiffness and very low 
level of both yield and ultimate displacements. In this case the definition ductility ratio seems 
questionable. In a timber-to-steel connection with multiple glued-in rods characterized by 
brittle behavior, the strength of the connection is determined by the 'weakest link' (normally 
the weakest adhesive rod-to-timber connection), since there is no possibility of plastic 
redistribution of stresses. In such a case, it is likely that the actual failure load will be lower 
than the predicted one, as it happened in test series GS. In test series GB, where the 
plasticization of rods could take place, the predicted strength of the whole joint was in good 
agreement with the actual one. Unfortunately, nut stripping occurred frequently during the 
testing specimens in series GS. This type of failure was possible for rods made of steel grade 
8.8 with d  16mm according to the technical information provided by the manufacturer 
(Arvid Nilsson AB). 
To illustrate the occurrence of different failures modes for rods made of different steel grades, 
Fig. 5 was produced based on the analytical predictions. Curves in the diagrams in Fig. 5 
represent yielding and tensile limit for rods made of steel grades 5.6 and 8.8 which were used 
in the experiment, and for rods made of grades 4.6 (fy = 240 N/mm2, fu = 400N/mm2) and 6.8 
(fy = 480 N/mm2, fu = 600N/mm2) to broaden the scope. Values of pull-out strengths (marked 
with diamonds) calculated according to model proposed by Aicher et al. 1999 were plotted for 
different rod diameters (range d = 10-24 mm) and different slenderness ratios (  = lg/d = 
glued-in length/rod diameter = 10-30). 
Depending on in which zone the diamond is located, three different scenarios occur. A glued-
in rod connection with pull-out strength representation is located in zone I fails by pull-out, 
which means that the pull-out capacity (Rp-o) is reached before any plasticization of rods 
occurs and the failure is brittle. To achieve plasticization, the yield strength of rods should be 
lower than their pull-out strength (Rr,y < Rp-o). In this case, the value representing the pull-out 
strength will be located in zone II which indicates that rods will plasticize, but the ultimate 
failure will be brittle by pull-out (shear in wood). Lastly, location of a diamond representing 
the pull-out strength in Zone III indicates that the rod will fail in a ductile manner in tension 
with plasticization and without pull-out of the rod. 
 
The experimental results can be interpreted with help of the diagrams in Fig. 5. The average 
test result for series GB is located in zone II, which indicates that the rods yielded and 
eventually failed by pull-out. In the case of test series GS, the limits of yielding, ultimate 
tensile failure, and the pull-out strength are located very close to each other, which indicates 
that all three phenomena are possible. Both scenarios represent accurately the course of the 
experiment.   
 
From Fig. 5 it can be noticed that rods made of milder steel grades can easily achieve ductile 
behavior. In particular, for grade 4.6 steel all rods within the considered ranges of diameters 
and slenderness ratios behave ductile. For rods made of steel grade 6.8 only rods with d  20 
mm can attain ductile behavior in tension. Rods produced from high strength steel (8.8) have 
hardly any possibility to attain ductile failure. In most of the cases the rods will fail in a brittle 
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manner by pull-out from timber member. Additionally, as it also occurred during testing of 
series GS, rods made of steel grade 8.8 and with diameter d  16 mm are more prone to nut 
stripping, especially if there is an uneven load distribution in the connection caused by 
deviations of rods from the axial direction (Arvid Nilsson AB 2007).  Therefore it can be 
recommended to avoid high strength steel rods in glued-in rods connections.  
 

 
 
Fig. 5 Analytical comparison between average pull-out, yielding and tensile limits for rods made of steel grades: 
5.6 (a), 8.8 (b), 4.6 (c), 6.8 (d) ( Swedish glulam GL28c, mean density 440kg/m3, valid for brittle PUR and EPX) 
 
The diagrams in Fig. 5 were plotted for glulam with mean density of 440 kg/m3. In this study 
the influence of density was not considered as a variable. In a number of studies it was stated 
that if a correlation between density and pull-out strength exists, it is difficult to quantify it 
(Serrano 2001; Otero Chans et al 2008; Bernasconi 2001). The models used in this paper 
include the dependency of shear strength on density (Aicher et. al 1999; Steiger et al. 2007). 
Usually the Swedish glulam has density in the range between 350 to 480 kg/m3. Using timber 
with lower or higher density within the aforementioned range, would increase or decrease the 
pull-out strength (shear strength) by approximately +14% and -6% respectively, for 
connections with PUR and EPX adhesives, with respect to the mean density of 440kg/m3 (Fig. 
6a). However, if a PR adhesive was used, increasing density of timber from 440 to 480 kg/m3 
would result in 4% higher pull-out strength, and decrease of density to 350 kg/m3 would result 
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in almost 10% lower pull-out capacity (Fig. 6b). Such a modification slightly increases the 
possibility to achieve ductile behavior of glued-in rods in timber-steel connections.   
 

 
 

Fig. 6 Influence of density on the pull-out strength for:  PUR and EPX adhesives (a), PR (phenol-resorcinol) 
adhesives (b), according to Aicher et. al 1999 (constant =15, steel grade 5.6) 

 
 5.2 Load distribution among rods and splitting failure 
 
Normally, according to different recommendations (e.g. Serrano 2001; Blass and Laskewitz 
1999) the splitting failure in connections with glued-in rods can be prevented by complying 
with minimum edge distances and minimum spacing between rods. This is true when the load 
is applied exactly parallel to the rod and to the grain direction. Any deviations from the 
longitudinal direction may cause uneven distribution of the load (in the elastic range) and thus 
premature failure of some rods causing a lever arm leading to possible splitting of the timber 
member (Gehri RILEM 2001; Gardelle and Morlier 2008). A recommendation to prevent this 
problem is to use several smaller diameter rods equally distributed in the cross-section to 
optimize the load transfer instead of few large diameter rods (Tlustochowicz et al. 2011). In 
series GS, where this recommendation was followed, splitting still occurred but to a much 
lower degree. In the introductory full-scale experimental study, where the stabilizing walls 
anchored with glued-in rods connections were tested under racking loading, no such 
phenomenon was observed. This could have been caused by the strengthening effect achieved 
by the Kerto-Q LVL sheathing glued and screwed to both sides of the specimen, acting as 
reinforcement for the timber and resulting in stepwise load redistribution between pairs of 
rods (Tlustochowicz et al. 2010; Tlustochowicz and Fragiacomo 2011).  
Connections in test series GS showed much lower load-carrying capacities then the predicted 
values. This might have been caused by the uneven load distribution between rods and 
deviations in rods' orientations. When, like in the case with high strength steel rods, no plastic 
redistribution is possible, the connection is likely to fail below the load-carrying capacity 
defined as the sum of the load-carrying capacities of the single rods (Gehri 2001).  
 
5.3 Rods slenderness 
 
Usually the largest recommended slenderness of the rods is =20-25 (Tlustochowicz et al. 
2010). This would imply that the configuration of series GS does not fit with the limitations 
of the theoretical models.  In the European GIROD project (Aicher, 2001) it was found that 
rods with large slenderness (  > 20) have decreased shear capacity. On the contrary, Gattesco 
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et al. 2011 conducted a study on rods with slenderness  = 22 and  = 30, and assuming lg = 
15d obtained good agreement with the model proposed by Steiger et al. 2007 using the 
formulas for the maximum recommended slenderness. It is difficult to state whether the 
reason for the decreased resistance of specimens from test series GS is the large rod 
slenderness or uneven load distribution between the rods described in the previous section.   
 
6. Conclusions 
 
An experimental study was carried out to investigate two types of timber-steel connections 
with multiple glued-in rods with the potential of developing ductile behavior under tensile 
(pull-out) loading. The tested configurations included 4 rods M20 made of mild steel (grade 
5.6) – series GB and 12 rods M10 made of high strength steel (grade 8.8) – series GS.    
Connections with numerous high strength small diameter rods (GS) showed an average load-
carrying capacity (421.6 kN) lower than the predicted one (675.5 kN), according to the model 
by Aicher et al. (1999). The most probable causes include an uneven load distribution 
between rods in the connections, large slenderness of the rods (  = 30), and the brittle failure 
mechanism which caused failure of the entire connection once the weakest rod failed first. 
Multiple small diameter rods and minimum deviations between the rod longitudinal axis, the 
direction of the load, and the grain direction are sometimes recommended to optimize the load 
transfer and eliminate the risk for splitting failure and other brittle failure modes. However, it 
might be difficult to comply with these recommendations during production due to a large 
number of rods to handle in a short gel time of the adhesive. The amount of work during 
manufacturing for the smaller diameter rods is larger and the risk for incomplete removal of 
saw dust is higher due to the smaller diameter of the holes. If small diameter rods are used, a 
care should be taken to ensure that they are placed exactly in the center of the hole and the 
high strength grades of steel should be avoided. For high strength rods achieving ductile 
behavior is nearly impossible and the most likely failure mechanism is rod pull-out (shear 
failure in the timber member). 
 
Connections in test series GB showed good agreement with the theoretical predictions 
(experimental average 424.8 kN, theoretical prediction 407.4 kN), however most of the 
specimens experienced splitting simultaneously to pull-out failure of some rods. This 
confirms the conclusion that larger number of rods in the connection allows for better 
distribution of forces.  
 
For lower grade steel rods there is a higher chance of achieving ductile behavior, especially 
for commonly available in Sweden rods made of steel grade 5.6. To a certain extent, the pull-
out resistance can be increased/decreased by using higher/lower density timber members (Fig. 
6). High strength steel rods are not recommended for steel-to-timber connections with 
multiple glued-in rods as their high strength and stiffness limit the distribution of load 
between rods and any imperfections in production of the connection may result in much lower 
capacity than the predicted one.  Despite the ductility ratio comparable to the one obtained for 
test series GB, in this case the behavior was not considered as ductile due to unnoticeable 
displacements. For high strength steel connectors the measure of the ductility proposed by 
norm EN 12512 seems doubtful.   
 
As an aid to design, some diagrams comparing the pull-out capacity with the yield and 
ultimate tensile loads were produced for four different steel grades (4.6; 5.6; 6.8 and 8.8) and 
rod with diameters in the range 10 - 24 mm. Three regions corresponding to different failure 
mechanisms have been identified: 
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Zone I: brittle failure by pull-out 
Zone II: brittle failure after certain degree of plasticization 
Zone III: ductile failure in tension 

 
Despite the lack of normative requirement regarding the static ductility, it is recommended to 
design anchorages with glued-in rods in a ductile manner and the sufficient level of ductility 
for the non-seismic area could be failure in zone II. This will improve the performance of the 
connections by allowing for plastic stress redistribution among the rods and at the same time 
will increase the robustness of the structure.   
 
The glue line thickness of 1 mm resulted in good adhesion to timber and high strength of the 
bond itself, since no failure was observed in the adhesive-wood interface. The performance of 
the two component polyurethane adhesive was found to be satisfactory and the high viscosity 
is suitable for this application. However, a device should be developed to ensure: (i) the 
possibility of gluing rods in a horizontal position without the risk for decreased amount of 
adhesive inside the hole, and (ii) to center the rods within the holes.  
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