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ABSTRACT
Mechanical timber connections can fail both in a brittle and ductile manner depending 
on the joint layout. Plug shear failure in nailed timber connections is a brittle failure 
mode, which shall be avoided in timber structures. This failure mode occurs in nailed 
connections loaded in tension parallel to the grain, for instance in the lower chord of a 
timber truss. The failure mode is not described in the Swedish building code of today, 
but there is an informative annex in the upcoming Eurocode 5 concerning the subject.  
In the thesis, plug shear failure is studied and a new prediction model developed based 
on experimental work on nailed steel-to-timber connections. The experiments were 
short-term experiments and the effect of long-term conditions is not considered. The 
total amount of joints tested was 86, which together with results from other researchers 
formed the base for the prediction model. The stress state and the effect of fastener 
placement were analysed and showed that plug shear failure is initiated at the nail 
farthest from the free end of timber. Increased spacing between fasteners lessens the risk 
for plug shear failure to occur, especially the spacing perpendicular to the grain is 
important. The prediction model is based on structural mechanics and suggests that the 
plug shear resistance R = blfv, where b is the joint width, l the joint length and fv the 
shear strength of wood. The shear strength is determined through fv = KAs

-0.25, where 
As = bl and K is a constant. For very short joints, a tensile failure mode occurs, in 
which case the resistance can be taken as R = bpefft, where pef is the effective penetration 
depth and ft the tensile strength. Furthermore, an analysis based on fracture mechanics 
was performed showing the importance of the softening behaviour of the joint failure.  
The overall goal with the development of a prediction model is to avoid brittle failures 
and promote ductile failures. As a tool to promote ductile failures, a measure was 
developed to aid the designer in designing ductile and strong joints. Recommendations 
on nail spacing and overall design of the joint are finally given with the aim to avoid 
plug shear failure. 
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SAMMANFATTNING
Mekaniska träförband kan fallera både i sprödbrott och i duktila brott beroende på 
förbandets utformning. Klossbrott i spikade träförband är en spröd brottyp, som bör 
undvikas i träkonstruktioner. Denna brottyp förekommer i spikade förband som 
belastas i dragning parallellt fibrerna, t.ex. förband i underramen på ett träfackverk. 
Brottypen är inte beskriven i den gällande svenska byggnormen, men det finns en 
informativ bilaga till den kommande Europanormen Eurocode 5 som beskriver 
klossbrott. 
I denna avhandling studeras klossbrott och en ny prediktionsformel utvecklas baserat på 
resultat från laboratorieexperiment på spikade träförband, stålplåt mot trä. Studien tar 
inte hänsyn till effekter av långtidsbelastning. Det totala antalet förband som testats är 
86 st., vilket utgör basen för prediktionsformeln kompletterat med försök som utförts 
av andra forskare. Spänningstillståndet och förbindarnas placering analyserades och 
visade att klossbrott initieras vid de spikar som placerats längst bort från ändträet i 
förbandet. Risken för klossbrott minskar om avstånden mellan spikarna ökas, särskilt 
avstånden vinkelrätt fiberriktningen påverkar bildandet av en hel kloss. Bärförmågan för 
klossbrott föreslås som R = blfv, där b är klossens bredd, l förbandets längd och fv 
skjuvhållfastheten för trä. Skjuvhållfastheten beräknas som fv = KAs

-0.25, där As = bl och 
K är en konstant. För korta förband kan dragbrott inträffa och bärförmågan för dessa 
kan beräknas som R = bpefft, där pef är effektivt spikinträngningsdjup och ft 
draghållfastheten för trä. Vidare genomfördes en brottmekanisk analys vilken visade 
påverkan av förbandets mjuknande efter att maximal last passerats. 
Det övergripande målet med att utveckla en prediktionsmodell är att undvika spröda 
brott och premiera duktila. Ett mått på duktilitet utvecklades som ett verktyg för att 
hjälpa konstruktörer att utforma starka och duktila träförband. Avslutningsvis ges 
rekommendationer för spikavstånd och spikplacering i syfte att undvika klossbrott. 
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1. INTRODUCTION

1.1 Timber joints
Timber structures are jointed mainly in two different ways; with glue or with 
mechanical fasteners. Glued joints are seldom used as large structural joints, since they 
are brittle in behaviour and have the property of decreasing apparent strength with 
increasing size, Aicher (2003). Mechanical timber joints are made of nails, screws, bolts 
or dowels. Special fasteners such as ring shear connectors and toothed-plate connectors 
are also used. Advantages with mechanical timber fasteners are e.g. ductile joints and 
ease of handling in production. The ductility in mechanical timber joints is, apart from 
material properties, dependent on proper fastener placement with regard to the grain 
and load direction. Therefore, in most building codes there are recommendations 
regarding minimum spacing between fasteners, see e.g. Eurocode 5 (1998). Even 
though the recommendations are followed, brittle failures such as splitting can result, 
where it is not the fastener in itself that limits the resistance, but rather the surrounding 
timber.  
When joining timber members, the load direction in relation to the grain direction is 
of importance. Particularly, loading in tension perpendicular to the grain should be 
avoided since the failure is brittle and has low resistance, Ehlbeck and Görlacher 
(1995). During the recent years, loading in tension perpendicular to the grain at joints 
have attracted much attention from the research society and several models to predict 
the resistance for such load cases have emerged, see e.g. Leijten and van der Put (2000), 
Ballerini and Bezzi (2001) and Jensen et al. (2003). Bolted joints loaded in tension 
parallel to the grain have been extensively studied since bolts are one of the more 
common fasteners used in timber connections, see e.g. Cramer (1968), Smith and 
Whale (1987), and Jorissen (1998).  
For loading in tension parallel to the grain, mechanical timber joints can fail in four 
different failure modes: row shear, block or plug shear failure, embedding, and splitting 
failure, Fig. 1.1. Block shear (group tear-out) and plug shear failure (occurs for nailed 
joints only) are related failure modes, the only difference being the occurrence of a 
bottom shear face in the case of plug shear failure. The only ductile failure mode of the 
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four is the embedding failure, where the dowel compresses the wood during loading. 
The embedding resistance for dowel-type fasteners is derived using beam theory 
assuming the formation of plastic hinges in the nail. Johansen (1949) first presented the 
approach that now is the foundation for the design rules in Eurocode 5 (1998) and 
other building codes. 
 

 

Figure 1.1 Failure modes in timber connections, a) Row shear b) Plug or block shear
c) Embedding d) Splitting, after Mohammad and Quenneville (1999)

The failure modes in Fig. 1.1 can all occur for bolted or dowelled joints, were the 
diameter of the dowel is larger than 8 mm, Eurocode 5 (1998). For nailed joints, failure 
mode (a) row shear will never occur since the diameter of the nail is too small to 
initiate two shear planes. Failure mode (d) splitting is possible for nailed joints, but 
occurs most often for small joints with large spacing. The brittle failure mode of 
importance for nailed joints is thus failure mode (b) plug shear. 

1.1.1 Plug shear failure

Plug shear failure is a failure mode that involves both tension and shear capacities of the 
wood. Tensile and shear stresses occur on three different faces of the plug, see Fig. 1.2.  
 

 

Figure 1.2 Definition of plug faces and belonging stresses
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Two research groups have previously studied the plug shear failure in nailed joints. 
Kangas et al. (1997) modelled the plug shear resistance as the sum of tensile and shear 
capacity as sketched in Fig. 1.3f and Foschi and Longworth (1975) assumed the plug 
shear resistance as being either the tensile capacity of the end face or the shear capacity 
of the side faces, Fig. 1.3b and a respectively. In the final draft of Eurocode 5 (2003), an 
approach based on the tensile capacity in Fig. 1.3b and the shear capacity in Fig. 1.3d is 
proposed. In Fig. 1.3, all possible combinations of faces contributing to the plug shear 
resistance are shown, apart from the one where all faces contribute. 
 

(a) (b) (c)

(d) (e) (f)

Figure 1.3 Identification of stressed surfaces for plug shear failure

Plug shear failure can, in the sense of fracture mechanics, be identified as a mixed mode 
failure, where both tension perpendicular to grain (mode I) and shear parallel to grain 
(mode II) occur. Since plug shear failure is a nearly perfectly brittle failure it should be 
possible to model it within the framework of fracture mechanics. 

1.1.2 Applications

The occurrence of plug shear failure is relatively limited, since it is only possible for 
joints loaded in tension parallel to the grain. But, the plug shear failure represents the 
upper limit for the use of nailed connections making knowledge of the failure mode 
important. However, there exist practical cases where this load case might occur, Fig. 
1.4, and where special attention must be paid.  
Fig. 1.4a shows a timber truss. For large timber trusses both the lower and upper chord 
need splicing due to transportation requirements. The upper chord is conveniently 
spliced at the apex, while the lower chord must be spliced in a section with high tensile 
loading. Nails have been shown to be space efficient connectors, Johansson (2001), and 
the occurrence of plug shear failure in such a joint is a risk. 
Fig. 1.4b shows parts of the stabilising system for a roof in e.g. a warehouse. Buildings 
of this type are often stabilised with a truss system of bracing-wires connected to the 

Side of
joint

Side of
joint
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primary and secondary structural members. As part of the stabilising system in the roof, 
the apex purlin may be utilised. The purlin fills the role of a tension chord in a truss 
when lateral wind load acts on the building. A purlin in such a building might consist 
of several timber members that need to be joined together. Therefore, there is a risk for 
plug shear failure in these joints. 
 
  

Apex purlin

 
 

(a) (b) 

Figure 1.4 (a) Timber truss with lower chord splice (b) Apex purlin utilised as part of
the stabilising system

1.2 Purpose
In this thesis, an upper limit for the resistance in nailed timber joints – the plug shear 
failure - is studied, as well as the possibility to promote ductile joint failures. The first 
purpose with the thesis is to establish a prediction model for plug shear failure in nailed 
joints. Secondly, an increased understanding of the phenomenon plug shear failure is 
sought. Thirdly, knowledge is sought on the ductile behaviour of nailed connections. 
The aim is to increase the knowledge on plug shear failure and put focus on a brittle 
failure, which limits the resistance for nailed timber joints and finally provide 
knowledge that can lead to an increase in the competitiveness of nailed joints in timber 
structures. 
The thesis focuses on the following questions: 
 

 What parameters affect the occurrence of plug shear failure and how? 
 How can plug shear failure be predicted? 
 How can ductile failures be promoted and plug shear failure avoided? 

1.3 Limitations
The present study incorporates only the failure of nailed joints in glulam of spruce of 
Swedish origin. Joints were tested in tension parallel to the grain in short-term 
experiments and no predictions for the long-term strength are made. The load was 
applied statically and the effect of mechano-sorptive mechanisms was not included. All 
joints were tested in the same laboratory. 
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1.4 Disposition
This thesis is divided in two parts: part I describes the research and advances the analysis 
presented in the five published or submitted papers in part II.  

Part I Introduction, overview and augmentations
In part I the main results from the papers are described. Chapter 2 gives a brief 
theoretical background to ductile and brittle failure modes in mechanical timber joints. 
The following chapter describes the experimental set-up and motivates the selection of 
different joint geometries. The experimental results from all papers are gathered in 
chapter 4, readily available for other researchers. Chapter 5 discusses the findings in 
papers I-V and deepens the analysis. The results from paper III are augmented with 
experiments verifying the uneven load distribution simulated in Paper II and III. 
Furthermore, the results from additional experiments with nails placed in groups far 
apart are presented in conjunction with the derivation of a condition for the distance 
between groups made in Paper III. The analysis in Paper IV is supported by additional 
experiments and analysis on short joints, failing in the tensile failure mode with the 
purpose to validate the proposed prediction model. Also, the analysis presented in 
Paper IV is augmented with a theoretical derivation of the shear strength dependency 
on the loaded area.  

Part II Appended papers
Paper I “Ductility Aspects in Nailed Glulam Connection Design” by Lars Stehn 
and Helena Johansson was published in ASCE’s Journal of Structural Engineering in March 
2002, vol. 128, no. 3, pp. 382-389. Helena Johnsson’s contribution to the paper was 
planning, participating and performing the tests on nailed connections, evaluating the 
data and writing the experimental part of the paper including drawing the figures. In 
this paper the concept of local ductility in nailed joints is studied in the light of 
Johansen theory. Recommendations are made concerning the geometry of the joint to 
obtain high ductility in conjunction with high strength. 
 
Paper II “Shear-plug Failure in Nailed Timber Connections: Effect of Joint 
Geometry” by Helena Johnsson and Lars Stehn was published in the proceedings from 
the World Conference of Timber Engineering in Shah Alam, Malysia, 2002. Helena 
Johnsson’s contribution to the paper was planning and participating in the experiments, 
evaluating the data, performing the FE analysis and writing the manuscript for the 
paper including drawing the figures. In this paper, current prediction models are 
compared and possible causes for failure initiation studied. Furthermore, the effect of 
different joint geometries on plug shear failure mode is studied. 
 
Paper III “Plug Shear Failure in Nailed Timber Connections: Load 
Distribution and Failure Initiation” by Helena Johnsson and Lars Stehn was 
accepted without revisions for publication in Holz als Roh- und Werkstoff (Springer-
Verlag) during 2004. Helena Johnsson’s contribution to the paper was planning, 
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participating and performing the experiments, evaluating the data, deriving the 
proposed models, performing the FE analysis and writing the manuscript for the paper 
including drawing the figures. In this paper the nature of plug shear failure is described 
focused on the initiation of the failure mode. A possible explanation is found in the 
load distribution of nailed steel-to-timber joints.  
 
Paper IV “Plug Shear Failure in Nailed Timber Connections: Experimental 
Studies” by Helena Johnsson was published in the proceedings of the International 
Council for Research and Innovation in Building and Construction, Working Commission CIB-
W18, meeting 36, paper 36-7-2, 2003. CIB-W18 is a working commission focused on 
timber structures, where the content of the papers is instantly reviewed at the annual 
meetings by some of the world-leading researchers in the field of timber engineering. 
Being the sole writer of this paper, Helena Johnsson’s contribution equals the making 
of the entire paper. The purpose of this paper was to establish a prediction model based 
on experimental results through the use of statistical analyses. Comparison with existing 
models of the same kind is made. Joints of common structural sizes were included in 
the analysis, meaning that unusual geometries were left out. 
 
Paper V “Plug Shear Failure in Nailed Timber Connections: Linear Elastic 
Fracture Mechanics Modelling” by Helena Johnsson and Lars Stehn was submitted 
for publication in Engineering Fracture Mechanics (Elsevier) in January 2004. Helena 
Johnsson’s contribution to the paper is planning, performing and participating in all the 
experiments, deriving the fracture mechanics model, performing the FE study, 
comparing the model with the experiments and writing the manuscript for the paper 
including drawing the figures. This paper aims at explaining plug shear failure and its 
nature through the concepts of linear elastic fracture mechanics. A theoretical 
prediction model was derived, but a compliance calibration based on finite elements 
showed that the softening behaviour of the joint affects the resistance substantially. 

1.5 Nomenclature
A area [m2] a initial crack length [m] 
Aw area of wood [m2] 
As steel or shear area [m2] 
B cross-sectional width [m ] b plug width including nail di- 
   ameters or crack width[m] 
  bef plug width excluding nail di- 
   ameters [m] 
C compliance [m/N]  
De engineering ductility d nail diameter [m] 
Df ductility 
E  elastic modulus [N/m2] e distance between groups  
Ew elastic modulus in wood [N/m2]   or eccentricity [m] 
Es elastic modulus in steel [N/m2] 
E// elastic modulus in wood parallel to grain [N/m2] 



7  

E⊥ elastic modulus in wood perpendicular to grain [N/m2] 
F force [N] fh embedding strength [N/m2] 
Fa crack load [N] ft tensile strength [N/m2] 
  ft90 tensile strength perp. to grain 
Fu ultimate load [N] fu ultimate strength [N/m2] 
  fv shear strength [N/m2] 
  fy yield strength [N/m2] 
G shear modulus [N/m2] 
Gc critical energy release rate [Nm/m2] 
H cross-sectional height [m]  
I second moment of inertia [N/m4] 
K  constant [N/m1.5] 
Kt reduction factor, tension k stiffness [N/m] 
Ks reduction factor, shear knail nail stiffness [N/m] 
  ks stiffness of steel plate [N/m] 
  kw stiffness of wood [N/m] 
  l length of joint [m] 
M moment [Nm] 
My yield moment [Nm] 
  nc number of nail columns 
  nr number of nail rows 
P load [N] p penetration depth [m] 
Pf failure load [N] pef effective penetration depth 
Pc critical load [N] pp contributing pen. depth 
  q distributed load [N/m] 
  qb load on back [N/m] 
  qs side or steel load [N/m] 
R resistance [N] 
Rductile resistance in ductile failure mode [N] 
Rt resistance in tension [N] 
  s// spacing parallel to grain [m] 
  s⊥ spacing perp. to grain [m] 
  sedge edge distance [m] 
  send end distance [m] 
T kinetic energy [Nm] t timber thickness [m] 
  ty elastic timber thickness [m] 
  u displacement [m] 
  uf final displacement [m] 
  uu ultimate displacement [m] 
  uy elastic displacement [m] 
V shear force [N] 
W external work [Nm] w moisture content [%] 
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αt reduction factor, tension 
βt, βs reduction factors 
γ shear angle 
γh reduction factor, penetration depth 
γm reduction factor, material properties 
η constant 
λ slenderness ratio 
Φ elastic energy [Nm] 
θ angle to the grain 
ρ density [kg/m3] 
σ90 normal stress perp. to grain [N/m2] 
τ shear stress [N/m2] 
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2. THEORETICAL BACKGROUND

2.1 Johansen theory
Mechanical timber fasteners as nails, bolts, screws and dowels are often referred to as 
dowelled joints. The dowel interacts with the timber when the joint is loaded. This 
interaction was first described by Johansen (1949) modelling the nail as a beam where 
plastic hinges form under the loading of the embedding pressure from the surrounding 
timber. The analysis starts with the assumption of a failure mode i.e. how many plastic 
hinges will form? The fastener resistance is then determined by taking the lowest value 
of the different failure modes. Johansen (1949) provided the foundation for the 
prediction formulas in Eurocode 5 (1998) that also is the background for the 
recommendations in the Swedish building code, BKR (1999). In Fig. 2.1 the failure 
modes for nailed steel-to-timber connections are described. 
 

 
 
Figure 2.1 Failure modes for steel to wood nailed connections, Blass (2003)
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The failure modes are designated failure mode I, II and III where the number of plastic 
hinges is one less than the mode number. It is important to note that these failure 
modes should not be confused with the failure modes in fracture mechanics, section 
2.3. The equations in Fig. 2.1 describe the resistance of one fastener. The important 
parameters are the embedding strength, fh, the plastic moment of the nail My, the 
thickness of the timber and of the steel plate. The thickness of the steel plate should be 
larger than the diameter of the nail, d, for a plastic hinge to form at the steel-timber 
interface. If the thickness of the steel plate is less than 0.5d, no plastic hinge will form 
and the resistance is lower. For intermediate thicknesses, interpolation is allowed, 
Eurocode 5 (1998). Generally, failures in mode III are regarded as the most ductile and 
are thus more favourable for the safety of timber structures. This observation is further 
analysed in Paper I where a ductility measure for nailed joints with slotted-in steel 
plates is established using Johansen theory.  
In the case of slotted-in steel plates the thickness of the steel plate does not affect the 
resistance since the steel plate acts as a plane of symmetry. Furthermore, a slotted-in 
steel plate provides one shear plane on each side, which increases the resistance of the 
connection. In joints with slotted-in steel plates, the application of Johansen theory is 
not as straightforward as in Fig. 2.1. First of all, the number of shear planes increase 
when the steel plates are slotted-in e.g. the joint in Fig. 2.2a has four shear planes.  
 

 
 

(a) (b) 

Figure 2.2 (a) Slotted-in nailed joint (b) Possible failure modes for slotted-in joints

The resistance for the outer lamellas (two of the four shear planes) can be taken from 
Fig. 2.1, since according to Fig. 2.2b all failure modes I-III are possible. In the inner 
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lamella, failure mode II is prevented from occurring since the joint is symmetrical and 
the resistance per shear plane can be taken as the lowest value in Eqn. 2.1, Eurocode 5 
(1998). 
 

 
⋅ ⋅ ⋅

 ⋅ ⋅ ⋅

h

y h

0.5 f t d
R = min

2 M f d
 (2.1) 

 
The total resistance for one dowel is finally taken as the sum of the lowest values of the 
equations in Fig. 2.1 and Eqn. 2.1, which at the same time will predict the failure 
modes that occurs in the inner and outer lamellas. For joints with more than two 
slotted-in steel plates, the procedure is repeated and all compatible combinations tested. 
The approach is described in Hartl (1995). 

2.2 Fastener placement
Johansen theory merely describes the resistance and behaviour of the fastener at a local 
level. To obtain conditions where this theory is applicable, minimum fastener spacing is 
prescribed in e.g. Eurocode 5 (1998) to prevent the fasteners from interacting with 
each other and cause splitting between the fasteners, Fig. 1.1d. Distances between nails 
are recommended as 10d parallel to grain and 5d perpendicular to grain. Furthermore, a 
reduction of the fastener spacing with 30 % is allowed in Eurocode 5 (1998) for nailed 
steel-to-timber joints, Fig. 2.3. Fastener spacing affects the stress concentrations around 
the fasteners and closer spacing will lead to higher risk for plug shear failure. The 
fastener spacing is varied in the experimental investigations of paper III and IV.  
 
 

10
d

5d

7d

3.5d

 

Figure 2.3 Nail spacing recommended in Eurocode 5 (1998) (a) Timber-to-timber
joints (b) Steel-to-timber joints

For larger joints, with many fasteners in a row parallel to the load direction, the load 
distribution between fasteners will be uneven. For bolted joints this is especially 
pronounced and the phenomenon has been studied by e.g. Cramer (1968) and Lantos 
(1969). Their studies showed that the first and the last bolt in a row parallel to the load 
and grain direction are the most heavily loaded. This means that the resistance of a 
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connection is less than sum of the resistances for an individual fastener. For ductile 
nailed joints the uneven load distribution is not a large problem, since at ultimate load 
the nails have reached plastic state and a re-distribution of forces has taken place. The 
ultimate resistance for a nailed connection can thus be taken as the sum of the 
resistances of the individual fasteners, Blass (1990). However, plug shear failure is a 
brittle failure that occurs before the nails have reached a fully plastic state. Thus, the 
load distribution could be uneven and affect the onset of failure. This is further studied 
in Paper II and III.  
The derivation of the load distribution in a row of fasteners is performed through 
studying the change in displacement and load between two adjacent fasteners, Fig. 2.4. 
 

 

Figure 2.4 Situation studied in the derivation of uneven load distribution,
Blass (1990)

Details of the derivation are given in Blass (1990). The derivation ends up with an 
equation system, which is solved for the load P, in every fastener, Eqn. 2.2a-c. Eqn. 
2.2a is valid for the first fastener in a row, Eqn. 2.2b for the intermediate fasteners and 
Eqn. 2.2c for the last fastener in the row. 
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In the approach lies a linearisation of experimental load-displacement curves (P*-δ*-
curves), used to evaluate the stiffness k, Eqn. 2.3, in every step of the loading process. 
 

 
δ δ

* *
(j+1)i ji

ji * *
(j+1)i ji

P - P
k =

-
 (2.3) 

 
The equation system in Eqns. 2.2 is essentially a FE formulation of a spring system 
similar to Fig. 2.5 with linear springs for wood (w) and steel (s) members and non-
linear springs for nails. Eqns. 2.2 were programmed and used for the evaluation in 
Papers II and III. 

F

F

kw = Ew*Aw/L

ks = Es*As/L

knail

 

Figure 2.5 Spring system for a steel-to-timber nailed connection modelled by
Eqns. 2.2

E is the elastic modulus, A the cross section area, L the distance between fasteners and 
k the stiffness.  

2.3 Plug shear failure
Other researchers have studied plug shear failure and some prediction models have 
been proposed, Fig. 2.6. In Foschi (1973) and Foschi and Longworth (1975) a 
prediction model for plug shear failure for joints made with glulam rivets in Douglas fir 
was established, Eqn. 2.4.  
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Figure 2.6 Definition of parameters for plug shear resistance formulas, after Foschi
(1973)
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Conceptually, the plug shear resistance in Eqn. 2.4 is taken as the tensile resistance of 
the end face or the shear resistance of the side faces of the joint, Fig. 1.3a-b. In Eqns. 
2.4-2.6 bef = b – nrd, ft is the tensile strength of wood in the direction parallel to the 
grain and fv is the shear strength of wood. Parameters K, α, β and γ were determined in 
the investigation by Foschi and Longworth (1975).  
A later investigation was performed by Kangas and Väänänen (1996), Kangas et al. 
(1997) and Kangas (1999) where a model for the plug shear resistance for laminated 
veneer lumber beams (LVL) combined with Multiple Nail Connectors was established, 
Eqn. 2.5. The model was also compared with glulam and timber specimens with 
annular ringed shank nails, Kangas and Vesa (1998). The plug shear resistance is in Eqn. 
2.5 taken as the sum of the tensile capacity of the end face and the shear capacity of the 
bottom face of the joint, Fig. 1.3f. Instead of including the entire penetration depth p, 
an effective penetration depth pef is used, which measures the distance between the two 
plastic hinges forming in the nail, pef = 2(My/(fhd))1/2 according to Fig. 2.1. 
In Eurocode 5 (1998), the plug shear resistance was proposed as Eqn. 2.6, which is the 
maximum of the tensile resistance of the end face and the sum of the shear resistances 
of the side and bottom faces, Fig. 1.3b and d. In Paper IV, the different approaches are 
compared to experiments on a statistical basis. 
A related failure mode is group tear-out or block shear for bolted connections, the only 
difference being that in bolted joints no bottom shear face can develop since the bolts 
protrude all the way through the timber. The approaches regarding prediction models 
for block shear are very similar to those of plug shear. Quenneville (1998) and 
Quenneville and Mohammad (2000) suggests Eqn 2.7, which is a sum of the tensile 
resistance of the end face and the shear resistance of the side faces, Fig. 1.3e. Eqn. 2.7 
was established as a development of the Canadian Timber Code. 
 
 ( ) ( ) ( )( )⊥⋅block ef v c end // ef r tR = 2p f n min s ,s + p n -1 s - d + 2 f  (2.7) 

 


= 


ef ef t
block

ef v, jo int

b p f
R max

2lp f
 (2.8) 

 
In Eqn. 2.7 send is the end distance and s// and s⊥ the appropriate spacing between the 
bolts. In Biger et al. (2000) the capacities of the side and the end faces are separated and 
the block shear resistance is taken as the minimum of the two, Eqn. 2.8, Fig. 1.3ab. A 
reduction of the shear strength, fv,joint = 0.75fv was used in Biger et al. (2000) to account 
for loading in tension perpendicular to grain and to account for the shear stress 
distribution. 
It is clear from all of the proposed models that the parameters that govern the plug 
shear resistance are geometrical measurements, the shear strength and the tensile 
strength of timber. The proposals for prediction models in Eqns. 2.4-2.8 show different 
approaches as to which faces of the plug contribute to the plug shear resistance. Adding 
the tensile and shear capacities of different faces might not be appropriate since the 
stiffness in tension and shear differ. The analysis in Paper IV will statistically test the 
capacities of different faces of the plug as candidates for a prediction model. 
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2.4 Fracture mechanics
In structures where sharp notches or cracks exist, the stresses will have a stress 
singularity at the end of the notch. In such a structure, conventional analysis tools 
breaks down and instead the framework of fracture mechanics is useful. With fracture 
mechanics, the crack propagation process is studied, which gives the strength of a 
structure. Cracks can propagate mainly in three different failure modes, fracture 
mechanics mode I, II and III, Fig. 2.7.  
During crack propagation, a fracture process region is formed in front of the crack tip. 
The size of the fracture process region in relation to the geometry of the structure 
divides fracture mechanics in two fields; linear elastic fracture mechanics (LEFM) and 
non-linear fracture mechanics (NLFM). LEFM is applicable provided that the crack tip 
is sharp, the crack length is large compared with the microstructure of the material and 
the specimen size (width, crack length, and uncracked ligament) is sufficiently large 
compared to the fracture process zone, Broek (1987). 

 

Figure 2.7 The three basic failure modes in fracture mechanics, Wernersson (1994)

For wood the fracture process region is typically a few millimetres for mode I failure, 
while it can arise to several centimetres for mode II failure, Gustafsson (2003). LEFM 
can be formulated as an analysis of the stress intensity at the crack tip, which then gives 
a stress intensity factor for each specific load case. An alternate formulation is to use the 
fracture energy concept, where the fracture energy is studied during crack propagation. 
In timber engineering, the energy approach is often preferred, since the basic property, 
the critical energy release rate Gc, can be relatively easy measured as a distinct material 
property, Riberholt et al. (1992). For a study on the energy release, energy equilibrium 
is established during crack propagation, Eqn. 2.9, Gustafsson (2003).  
 

 
Φ

⇒
2
f f

f f

dT d P dC 2bG
G = W - - = P =

dA dA 2b da dC/da
 (2.9) 

  
In Eqn. 2.9 Gf is the energy dissipation during crack propagation of the area dA, W is 
the work by external loads, T is the kinetic, and Φ is the elastic energy. For quasi-static 



16 

conditions, the kinetic energy can be disregarded. Furthermore, if only one load is 
applied, Gf can be formulated as the middle section of Eqn. 2.9, where Pf is the applied 
load, b the width of the crack, a the length of the crack and C the compliance of the 
structure. The compliance of a structure, C, is the inverse of the stiffness, C = 1/k, and 
since k for linear elastic conditions can be taken as the ratio between load and 
deflection, k = P/δ, the compliance C = δ/P. 

2.4.1 Compliance of structures

The last section of Eqn. 2.9 gives the failure load for a structure. The width of the 
crack, b, is often known and Gf is in the critical state equal to the critical energy release 
rate, Gc, which can be regarded as a material property for the different failure modes I-
III. Therefore, the problem of establishing an expression for the failure load Pf is 
reduced to determining an expression for the compliance, which can be made in 
several different ways. 
A simple and reliable approach is to derive an expression for the deflection, δ, and 
divide it by the applied load, P. An example is shown in Fig. 2.8 where a single dowel 
compressing the wood in the direction perpendicular to the grain is studied.  
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Figure 2.8 Derivation of failure load for an example case

A crack of length 2a forms at fracture and the load P causes bending in the remaining 
cross section b⋅e. Only shear deformations are taken into account since the “beam” is 
stubby. The expression for δ is divided by the load P to obtain the compliance C, 
which in turn is differentiated with respect to a. Finally dC/da is inserted into Eqn. 2.9 
to give the failure load Pf. Note that Fig. 2.8 shows an example and is not used for any 
further analysis in this thesis. 
The method outlined in Fig. 2.8 does not capture any change of compliance during 
crack propagation. If this is important, a simulation of the entire crack propagation can 
be performed. The process is outlined in Fig. 2.9 and has been applied by e.g. 
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Ouchterlony (1980) and Stehn et al. (1995). The compliance calibration method in 
Fig. 2.9 does not by itself provide a tool for a prediction model since the parameters 
affecting the failure load are not transparent. It does however give the opportunity to 
model the entire crack propagation and can show the impact of parameters that are 
chosen beforehand e.g. length. 
 

 

Figure 2.9 The process of FE modelling for describing crack propagation (a) FE
structure (b) Propagation of crack (c) Plotted relationship between the
compliance C and the crack length a (d) Curve fitting

There are two ways of estimating the change of compliance with increasing crack 
length. It is possible to perform elastic laboratory experiments on an arbitrary structure 
by manually increasing the crack length and measure the corresponding load and 
deflection. In the other method the structure is modelled using ordinary FE elements, 
but supplemented with springs in the alleged crack opening plane, Fig. 2.9a. During 
the simulation, the springs are consecutively removed one-by-one to model crack 
propagation and the compliance is calculated for every step, Fig. 2.9b. This enables the 
plotting of compliance versus crack length in the third phase, Fig. 2.9c. Finally, an 
expression for the compliance as a function of the crack length, C(a), is obtained 
through curve fitting, Fig. 2.9d. The obtained function is differentiated with respect to 
a and can be inserted into Eqn. 2.9. The application of fracture mechanics to plug shear 
failure is studied in Paper V. 
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3. MATERIALS AND TEST METHODS

3.1 Experimental set-up
Full size joints in glulam (Picea Abies) were tested in short-term tests in tension parallel 
to the grain. Test series and specimen characteristics are given in Table 3.1 and Figs. 
3.2 and 3.3. The investigation comprised 16 series with a grand total of 86 specimens. 
The nail patterns varied between the different series, section 3.2. The specimens were 
conditioned to a temperature of 20°C and a relative humidity of 65 % according to 
ISO 6891 (1983). 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 ± 1% 
over the entire measuring range. All tests were performed at the same laboratory, 
TESTLAB at Luleå University of Technology.  
The timber member cross sections were 90 × 225-270 mm2 from glulam of strength 
class L40, BKR (1999), equivalent to GL32 in Eurocode 5 (1998). The timber member 
length varied between 650 and 1100 mm. In the RECTX series, Table 3.1, the 
thickness of the specimen was varied between H = 66, 78, 90 and 140 mm. One joint 
consisted of one steel plate 10 mm thick with a yield strength, fy = 355 MPa, and 
annular ringed shank nails with diameter, d = 4.0 mm, with nail penetration depth, p = 
40 mm. Nail holes were pre-drilled in all series. The only series diverging from this 
pattern was the SLOT series where one joint consisted of two 2-mm thick steel plates 
slotted-in the timber specimen in 2.2-mm slots and finally nailed with shot-through 
nails d = 3.7 mm passing through the entire thickness of 90 mm. 
The density and moisture content of the wood were determined according to ISO 
3131 (1975) and ISO 3130 (1975) respectively. Measurements were made on two 
samples taken in the inner lamellas of the joints. The size of the samples was 40 × 40 × 
40 mm3. 
During the tests, displacements were measured by displacement transducers (LVDT, 0 - 
50 mm, Vishay) placed centrally in the joint region. Data was sampled with a frequency 
of 2 Hz. In the LOAD series, foil strain gauges were attached to the steel plate between 
every nail, a grand total of 14 strain gauges. The accuracy of the strain gauges was ± 5 
µstrain. Photographs taken from the experiments are shown in Fig. 3.1. 
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Figure 3.1 Photographs from experiments (a) Slotted-in connection from the SLOT
series (b) Experimental set-up (c) the LOAD test series (d) Fractured
specimen from the NORMS series

(a)

(b) 

(c) 

(d) 
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In Table 3.1 specimen characteristics are presented where nc denotes the number of 
columns of nails in the direction perpendicular to grain and nr is the number of rows in 
the direction parallel to grain, Fig. 3.2. The width b/bef, includes/excludes the nail 
diameters and the length, l, includes the edge distance. The edge distance was 60-80 
mm for all test series. The effective penetration depth, pef, is calculated as the distance 
between the plastic hinges for mode III according to Johansen (1949) and can be 
evaluated as pef = √(2My/(fhd)), Fig. 2.1. Having a larger penetration depth p would not 
increase pef since the plastic hinges will form at the same locations anyway. 

Table 3.1 Specimen characteristics

Series No. nc nr No. of 
nails 

b/bef    
[mm] 

l       
[mm] 

pef 
[mm] 

SLOT 15 2 5 10 104/85 111 - 
DUCT 5 4 5 20 116/96 306 16-17 
RECTS 5 14 9 59 56/40 248 16-17 
RECTL 5 15 19 143 126/90 276 15-17 
RECTX 20 29 19 276 126/90 452 16-18 
GRPS 5 15 19 143 126/90 337 16 
GRPL 5 15 19 143 126/90 412 16-17 
GRPX 5 15 19 143 126/90 482 16-18 
NORMS 3 10 7 35 64/48 240 16-17 
NORML 3 11 13 72 124/96 260 16-17 
NORMX 3 21 15 157 136/108 460 16-17 
SPREAD 5 15 19 143 126/90 336 15-16 
TRI 3 15 19 101 126/90 276 16-17 
TENSS 3 3 13 21 88/60 88 16-17 
TENSL 3 4 33 66 228/164 102 16-17 
LOAD 2 15 1 15 4/0 452 16-17 
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Figure 3.2 Definition of geometrical parameters

3.2 Nail patterns
The nail patterns have been varied between the different series to investigate and 
compare different phenomena, Fig. 3.3. The basic nail pattern in Eurocode 5 (1998) 
recommends 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 is also recommended and 
was also tested (7d/3.5d). A comparison between the RECT and NORM series was 
designed to show the influence of nail spacing according to Eurocode 5 (1998). The 
RECT and the GRP series will enable a study on the influence of length on plug shear 
resistance. The GRP series made it possible to study the influence of grouping 
fasteners, an approach suggested by Racher (1995). The TRI series simulates a joint 
where the side and bottom surfaces are not rectangular to see the effect on crack 
propagation patterns. The TENS- series include very short joints to study the effect of 
a possible tensile failure mode, experimentally shown by e.g. Biger et al. (2000). The 
DUCT series was designed to measure the resistance for one nail and the LOAD series 
designed to study the load distribution along one row parallel to the grain and load 
direction. 
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Figure 3.3 Nail patterns
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4. TEST RESULTS
All experimentally determined results are presented in Table 4.1 together with matched 
results of the density and moisture content measurements. Every experimental value in 
Table 4.1 is placed in corresponding order within the columns i.e. the experimental 
result for every single specimen can be retrieved. 

Table 4.1 Experimental results. For the definition of uf and uy, see Paper I, H is the
timber thickness and e is the distance between groups

Series Ultimate     
load,  
R [kN] 

Ult. dis-
placement, 
uu [mm] 

Density,  
ρ [kg/m3] 

Moisture 
content,  
w [%] 

Note 

SLOT 
(12 speci-
mens) 

90, 83, 84, 
84, 85, 80, 
84, 82, 76, 
82, 81, 92 

4.2, 5.2, 
2.2, 5.8, 
5.3, 3.3, 
3.8, 3.7, 
5.5, 4.1, 
6.2, 9.4  

403, 418, 
426, 434, 
421, 440, 
410, 444, 
424, 411, 
421, 421 

11, 11, 11, 
10, 10, 11, 
10, 11, 11, 
10, 11, 11  

uf/uy = 15/0.5, 
5.6/0.4, 5.0/0.4, 
6.5/0.3, 8.8/0.3, 
5.0/0.3, 5.8/0.3, 
6.4/0.4, 7.2/0.4, 
5.4/0.3, 12/0.4, 
12/0.4 

DUCT 
(5 specimens) 

60.6, 63.8, 
65.1, 66.4, 
63.4 

9.9, 9.5, 11, 
11, 9.4 

501, 458, 
450, 464, 
504 

11.4, 10.9, 
10.9, 10.9, 
11.6 

 

RECTS 
(5 specimens) 

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 
(5 specimens) 

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 
(5 specimens) 

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 

H = 90 mm 

RECTX1 
(5 specimens) 

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 

H = 66 mm 
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Series Ultimate     
load,  
R [kN] 

Ult. dis-
placement, 
uu [mm] 

Density,  
ρ [kg/m3] 

Moisture 
content,  
w [%] 

Note 

RECTX2 
(5 specimens) 

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 

H = 78 mm 

RECTX4 
(5 specimens) 

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 

H = 140 mm 

GRPS 
(5 specimens) 

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 

e = 75 mm 

GRPL 
(5 specimens) 

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 

e = 150 mm 

GRPX 
(5 specimens) 

205, 218, 
229, 243, 
250 

4.5, 2.3, 
4.0, 2.7, 4.0 

409, -, 365, 
426, 443 

9.19, -, 8.60,  
9.33, 9.98 

e = 300 mm 

NORMS 
(3 specimens) 

92.6, 102, 
95.5  

6.2, 8.8, 7.8 400, 472, 
479 

10.3, 10.0. 
9.90 

 

NORML 
(3 specimens) 

175, 190, 
168 

5.3, 3.8, 3.0 462, 445,  
479 

10.3, 11.2,  
9.58 

 

NORMX 
(3 specimens) 

276, 297, 
305 

2.8, 3.5, 3.9 414, 444, 
487 

9.10, 9.53, 
10.56 

 

SPREAD 
(5 specimens) 

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 

 

TRI 
(3 specimens) 

156, 149, 
129 

1.2, 1.3, 1.0 498, 427, 
433 

12.1, 11.4, 
10.7 

 

TENSS 
(3 specimens) 

61.4, 57.5, 
58.1 

7.6, 7.4, 8.3 484, 418, 
399 

10.5, 9.47,  
10.1 

 

TENSL 
(3 specimens) 

153, 130, 
126 

4.0, 5.0, 2.4 446, 460, 
457 

10.2, 10.6, 
10.7 

 

LOAD 
(1 specimen) 

36.3 6.8 499 10.0  

 
The observed failure modes were: 

- The slotted-in joints in the SLOT series failed in a ductile manner. The middle 
section failed in Johansen mode I, while the outer parts failed in Johansen 
mode II. 

- the DUCT series experienced a ductile failure as intended. The nails failed in 
Johansen mode III failure, with two plastic hinges, Fig. 2.1. 

- RECTS and RECTL series failed in plug shear failure. A bottom shear face 
formed in both cases. 
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- The RECTX0 series failed in plug shear failure with a bottom shear face. 
- RECTX1 failed in plug shear failure, but no bottom shear face was formed, 

instead the final failure was tension of the end face of the plug. 
- RECTX2 failed in plug shear failure, a bottom shear face was partially 

established and the behaviour intermediate between RECTX0 and RECTX1. 
- The RECTX4 series failed in plug shear failure with a bottom shear face. 
- GRPS, GRPL and GRPX all failed in plug shear failure with a bottom shear 

face 
- For the NORMS series, one specimen failed in a ductile failure mode and two 

in plug shear failure with a bottom shear face. 
- In the NORML series only a small plug was formed and the remaining nails 

failed in a ductile manner. 
- In the NORMX series the plug was divided in several smaller plugs forming 

sequentially during loading. 
- The SPREAD and TRI series failed in plug shear failure with a bottom shear 

face. 
- In the TENSSL series two specimens failed in a ductile manner while in one 

specimen a small plug was formed and the remaining nails failed ductile. 
- In the TENSL series the plug was divided in several smaller plugs. Probably the 

failure was in tension of the end face. 
- In the final experiment, LOAD, the failure was ductile as expected. 

 
Load-displacement curves for all test series are presented in Appendix A. 
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5. ANALYSIS AND DISCUSSION
This chapter will consecutively discuss the papers I-V. Some links and interrelations 
between the papers will be highlighted, as well as augmentations of the analyses. 

5.1 Ductility in nailed connections, Paper I
Nails are regarded as ductile connectors, providing ductile behaviour in timber joints. 
This is due to the size of the connector, since it is easy to obtain high slenderness ratios 
λ = t/d (thickness/fastener diameter), Racher (1995), for smaller connectors. Ductility 
as a concept is contradictory in its nature: a ductile connection causes large 
deformations in a structure; a ductile connection also provides means for energy 
dissipation in the case of earthquake loading. The contradiction is however lessened by 
the fact that for dowel-type connectors, ductile connectors also have the largest 
resistance. Johansen (1949) defined three failure modes, I, II and III. In mode I failures, 
no plastic hinge develops in the dowel, while in mode II failures, one plastic hinge 
develops and finally in mode III failures, two plastic hinges develop. Mode III failures 
are regarded as the most ductile failures, with small risk for splitting, Blass and Ehlbeck 
(1998). Ductility can be measured in several different ways, but involves often some 
relation between the yield, the ultimate or the final displacement of the joint. Several 
ductility measures for timber connections are evaluated in Siem (1999). In Paper I Eqn. 
4, the ductility, Df, of a timber connection is defined as in Eqn. 5.1: 
 

 f
f

y

u mm
D

u mm
 =   

 (5.1) 

 
where uf is the deformation associated with stability loss of the structure and uy is the 
elastic deformation. The evaluation of uy, uu and uf is exemplified in Paper I Fig. 5. The 
displacement uu is taken at maximum load while uf is taken as the displacement 
corresponding to 80% of the maximum load or as the displacement associated with 
wood splitting, whichever occurs first, CEN (1996).  
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For a practising engineer, with a desire to design a ductile yet strong connection, it is 
quite difficult to apply Eqn. 5.1 since direct knowledge of load-displacement curves for 
the specific connection must be known. It would therefore be useful if a measure was 
available that could predict the ductility based on parameters already needed for 
strength calculation, such as the embedding strength fh and the plastic moment of the 
nail, My. In Paper I, engineering ductility, De, is introduced, Eqn. 5.2. 
 

 e
y

t mm
D

t mm
 =   

 (5.2) 

 
where t is the current thickness of the timber and ty is the elastic thickness. The elastic 
thickness ty is derived on p. 7 in Paper I and is based on Johansen theory. Returning 
with ty to Eqn. 5.2, an expression for the engineering ductility is Eqn. 5.3. 
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⋅
 (5.3) 

 
From Eqn. 5.3 the conclusion is that the ductility of a dowel-type fastener increases if 
the density of timber or the thickness of the timber increases. Furthermore, if the 
diameter or the strength of the nail is decreased, the ductility will increase. Note that fy 
should be entered in MPa (N/mm2) and ρ in kg/m3 in Eqn. 5.3. 
The experiments were performed on the SLOT series presented in chapter 3 and 4. 
The mean resistance was 8.4 kN/nail (st.dev. 0.4 kN/nail). The ductility measure Df = 
21.6 on average, while De = 1.42. Fig. 5.1 depicts ductility results from 57 experiments 
on different types of slotted-in joint designs presented in literature together with the 
results from this study. Dowels were investigated by Siem (1999), Pedersen et al. 
(1999), and so-called modified Multiple Nail Connectors by Burstrand and Salmonsson 
(1996). The data for the experimentally observed ductility Df = uf/uy is plotted against 
De = t/ty. 

 

Figure 5.1 Relationship between Df and De
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Fig. 5.1 shows that an increased engineering ductility, De, also leads to an increase in 
the ductility measure Df, which speaks in favour of the model. The scatter is however 
large and the De range is mainly between De = 1-3, so statistical certainty in the 
relationship Df - De cannot be ascertained. All experiments in Fig. 5.1 were performed 
on spruce (Picea Abies), so the effect of density on De is not incorporated. Eqn. 5.3 was 
developed for joints with slotted-in steel plates, but can of course be adjusted to cover 
also other joint types. 
An engineering utilization of Eqn. 5.3 is limited in practical timber frame design. 
Without knowledge about the ductility demand coupled to an accepted risk of 
failure/reliability for structures, there is no need for calculating those measures. If a 
ductility demand was posed on a structure or joint, it would be beneficial to allow a 
lower material partial safety factor, γm, Eurocode 5 (1998), to promote ductile designs. 
The approach has already been incorporated in the National Design Specification 
(1997) for the Uniform Building Code (1997) in the U.S.A.  
The utilisation of ductility in timber connections is much dependent on the prevention 
of brittle failures, where some questions still remain. However, if ductile connections 
would be promoted, there is a possibility for an increase in the structural resistance of 
e.g. trusses, Stehn and Börjes (2004), where a 27% increase in resistance was reported 
due to re-distribution of forces using ductile joints. 

5.1.1 The influence of density

The sole parameter being varied in Paper I was the slenderness ratio λ = t/d and a call 
for verifying the change in density ρ and nail yield strength fy was made by the authors 
of Paper I. In a later investigation of the ductility by Stehn and Björnfot (2002) the 
variation in ρ and a larger span in λ was covered for slotted-in nailed connections, 
using the properties in Table 5.1.  
The results in Stehn and Björnfot (2002) did strengthen the implication that the 
measure De indicates the ductility of joints, Fig. 5.2. Increasing the density of the 
timber lead to a more ductile failure, as did an increase in slenderness ratio. 

Table 5.1 Properties for the experiments in Stehn and Björnfot (2002). The
thickness t stands for the thickness of the inner lamella, Fig. 2.2b

 Test Group 
 1 2 3 4 
Species Birch Spruce Spruce Birch 
ρ [kg/m3] 590 460 426 588 
t [mm] 34 34 48 48 
Failure mode from theory III I III III 
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Figure 5.2 Results from the investigation of Stehn and Björnfot (2002)

 ef h
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Figure 5.3 Failure modes from
Stehn and Björnfot (2002)
 

Failure modes for the test groups in Fig. 5.3 were 
found through X-ray scanning after completed 
testing. Comparing groups 3 and 4, the change in 
density is reflected in a change of failure mode 
from Johansen mode I to mode III, although the 
theory predicted failure mode III in both cases. 
The ductility measure De is similar to the relative 
slenderness ratio λr used for bolted connections 
when estimating the effective number of dowels 
in a row, Eurocode 5 (1998). For bolted joints, 
slender fasteners are desirable to counteract the 
uneven load distribution in a row of fasteners, 
Cramer (1968). This is indicated by a high 
relative slenderness ratio. The relative slenderness 
ratio λr appears as a ratio between two measures. 
The geometrical slenderness λef = t/d and the 
material slenderness λy ≈ √(fu/fh). The ratio √(ρ/fy) 
is the approximate reciprocal of λy ≈ √(fu/fh), 
where fu is the ultimate strength of the dowel and 
fh the embedding strength of timber, which is 
dependent on the density ρ. The relative 
slenderness λr is given in Eqn. 5.4, where η is a 
constant. 
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Eqn. 5.4 shows that λr is basically the same measure as De, only the constant differs. 
This analysis shows that the engineering ductility is already an established expression; 
only the application proposed in Paper I is different. 

5.2 Plug shear failure: Effect of joint geometry,
Paper II

The location of crack initiation for plug shear failure is interesting, if methods to 
prevent it are sought. A crack initiates where the largest stresses perpendicular to grain 
occur. The stresses perpendicular to grain around a dowel are linked to the stresses 
parallel to grain, see e.g. Jorissen (1999), so the onset of cracking should for plug shear 
failure  occur where the largest stresses parallel to the grain around a dowel occur. For 
nailed joints it has been shown that the load distribution at ultimate load is even and 
the resistance of the connection can be taken as the sum of the resistances of the 
individual fasteners, Blass (1990).  
An experimental investigation focused on varying joint length, fastener row length and 
joint geometry was performed including the DUCT, RECTS, RECTL, TRI, GRPS 
and GRPL test series in Fig. 3.3. To produce input data for a numerical simulation, a 
load-displacement curve for a single fastener column was measured on the DUCT 
series. The result from the DUCT series (20 nails) showed an average resistance of 3 
kN/nail at an ultimate displacement uu = 10 mm, Fig. 5.4.  
From the curve in Fig. 5.4 a distinct “yield” load level can be seen. The yield load is 
reached at 2.2 kN/nail at a displacement uu = 2.4 mm. The RECTS, RECTL, TRI 
and GRPS series show uu in the range of 1.2-1.9 mm, Table 4.1, and the yield load is 
not reached before failure. Series GRPL has uu = 2.4 mm which is at the limit 
deformation for the yield load. A visual examination of the fractured specimens in 
GRPL series showed that the first and last nails in the sub-groups had begun to yield. 
It is concluded that the nails have not reached their plastic regime when plug shear 
failure occurs, at least not for the test series in this investigation. Therefore, an analysis 
of the load distribution was made, based on the model described in Blass (1990), Eqns. 
2.2. As input data to the model, the single nail load-displacement curve was piecewise 
linearised, Fig. 5i Paper II, describing the non-linear stiffness properties of the nails, 
knail, Fig. 2.5. 
Loads and displacements for each nail in a row were calculated iteratively through 
Eqns. 2.2. Elastic modulus for wood was estimated as Ew = 13 GPa and for steel Es = 
210 GPa. The timber cross section was assumed to be Aw = 14×40 mm2 corresponding 
to the width of one nail row and the depth of the nail. The steel area was taken 
accordingly as As = 14×10 mm2 and the distance between nails L = 35 mm. In Fig. 5.5 
the load distribution in a nail row of seven nails as in the RECTL series is shown. 
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Figure 5.4 Typical load-displacement curve from the DUCT series
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Figure 5.5 Load distribution in nail row with seven nails

The nail farthest from the free end of timber is most heavily loaded according to Fig. 
5.5 (direction is the same as in Fig. 2.5). This implies that the crack is initiated within 
the specimen and that it propagates towards the free end of timber. Indeed, major 
cracking were audible before the first crack was visible on the free end of timber. The 
first visible cracks were the cracks along the sides of the plug, Fig. 1.2. 
The joints with nail groups also failed in plug shear failure, the longer joint (GRPL) 
showing an ultimate displacement of 2.4 mm, which is the limit displacement for the 
yield load. It could be possible to reach a ductile failure through increasing the distance 
between the nail groups.  
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5.3 Plug shear failure: Failure initiation and load
distribution, Paper III

One purpose with Paper III is to evaluate the prediction formulas presented in Eqns. 
2.4 and 2.5, based on both characteristic and mean strength values. The experimental 
base is the same test series as in Paper II: the DUCT, RECTS, RECTL, TRI, GRPS 
and GRPL series. Efforts were also made to measure the mean value of the shear and 
tensile strength since these affect the plug shear capacity. The shear strength was 
determined according to SS-EN (1995) to fv = 9.6 MPa with a standard deviation of 
0.89 MPa. The tensile strength of glulam turned out to be difficult to measure in 
laboratory and as an estimation the tensile strength of a single lamination from 
Johansson (1998), ft = 37.7 MPa is used. For clear wood, ft = 90 MPa is reported by 
Götz et al. (1978).  
Observations of the cracking of the joint made clear that the sides of the plug fail in 
one third of the specimens before ultimate load is reached. It is probable that the side 
faces are not active in the load uptake at maximum load. Final failure occurs when a 
crack along the bottom face of the plug joins the two side cracks. The role of the 
tensile face is uncertain, since it is difficult to experimentally detect cracking inside the 
specimen. During the experiments, the first major crack was detected by simply 
listening to the sound from wood cracking within the specimen. This “crack load”, Fa, 
was detected on average at 60% of the maximum load. As the length of the joint 
increases, so does the load level when the first audible crack is detected even though 
the same number of nails are present in the joint, Fig. 6 Paper III. The width of the 
connection also has an impact on the crack load. For the RECTS series (b = 56 mm, l 
= 248 mm) Fa is roughly 63 kN while RECTL (b = 126 mm, l = 276 mm) shows Fa 
around 95 kN. 

5.3.1 Model of initial cracking

The experimentally observed premature cracking along the sides of the plug can be 
partly explained by an equilibrium analysis of the joint. Consider a plane analysis of the 
joint as in Fig. 5.6. The shaded rectangle in Fig. 5.6 is the steel plate, nailed to the 
glulam. The load qs acts in the steel plate while q acts in the glulam member. In the 
middle part of Fig. 5.6 equilibrium for the timber part to the left of the joint is 
considered. The load q acting on the upper surface, causes the internal forces V = q⋅sedge 
and M = q⋅s2

edge/2. The moment M causes loading in tension perpendicular to the grain. 
Assuming that the moment M is distributed over the length of one nail row, (l - send) 
and modelling the distribution of M as in the rightmost part of Fig. 5.6, Eqn. 5.5 is 
derived: 

 2 2) )
σ   

      

2 2

max 90max 2
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edge edge

end end

s sN 3q N
q = 3q =

(l - s m p (l - s m
 (5.5) 

 
For the calculation of the stress perpendicular to grain, σ90max, an assessment of the 
contributing depth along the nail in Paper III showed that pp = 25 mm is a valid 
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assumption. Using the crack load from the RECTL series with 7 nails in a row (Fa = 
95 kN) and the geometry from the test specimen (sedge = 50 mm and l - send = 196 mm), 
σ90max is estimated to 3.3 MPa. An average value of the tensile strength perpendicular to 
grain is ft90 = 1.9 MPa, Blass and Schmid (1998). 
 

 

Figure 5.6 Plane analysis of joint

The model in Eqn. 5.5 supports the experimental observation that cracking first occurs 
at the nail farthest from the free end and the result in Fig. 6 Paper III, where increasing 
(l - send) leads to an increase in the crack load Fa. Assuming that the shear stresses are 
evenly distributed, the shear stress along the right edge of the analysed section in Fig. 
5.6 can be calculated as τ = V/(l⋅pp) = 3.0 MPa (l now including the end distance). The 
shear strength was measured earlier at 9.6 MPa, which shows that shear failure is not 
governing.  

5.3.2 Analysis of load distribution

Using the FE model already described in Paper II and Eqns. 2.2, the load distribution 
for joints of different lengths was produced and shown in Fig. 10 Paper III. For steel-
to-timber joints the nail farthest from the free end of timber is most heavily loaded. 
The explanation is the large difference in stiffness between steel and wood, causing 
larger deformations in wood than in steel. From a parameter study some conclusions 
can be drawn: 
 

• Increasing the along and cross grain distances between the nails proportionally 
does not affect the load distribution according to the model.  

• Changing the thickness of the steel plate to 5 mm, which is used in practice, 
lessens the effect by around 5 %.  

• For the joints in the RECTL series, the ratio between the most heavily loaded 
and the least loaded nail is merely 6 %, but with 15 nails in a row, the ratio is 
35 %.  
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An analysis of the grouped joints showed that the individual groups do not carry equal 
parts of the load, Fig. 11 Paper III. The longer the distance e between the groups, the 
more load is carried by group 1.  

Experimentally measured load distribution

To experimentally verify the simulated load distribution in Paper III, an extra 
laboratory test was performed, the LOAD series described in chapter 3. One row of 15 
nails was tested. The strain in the steel plate was measured by gluing foil strain gauges 
between every nail. The measured strains are shown in Fig. 5.7 at a moment in time 
well before the yield load. 

 

Figure 5.7 Measured strains in the steel plate of the LOAD series

Fig. 5.7 shows that the strain (and the load) in the steel plate is largest at the nail closest 
to the free end of timber. This is the inverse result from the simulation result. Using 
the spring model of Eqns. 2.2 once again, it is shown that the load (and strain) in 
timber has the opposite distribution from the load in the steel plate, Fig. 5.8.  

 

Figure 5.8 Simulated load distribution for steel plate and timber
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5.3.3 The distance between groups

An estimation of the distance between groups e can be established through the basic 
assumption that the shear capacity Rv ≥ Rt, the tensile capacity, for the volume between 
the groups, otherwise it will fail in shear forming a long shear plug of the entire joint.  
In Table 2 Paper III conditions for the distance between groups are presented. An 
analysis of these conditions shows that e probably needs to be more than 200 mm.  

Experimental test on the distance between groups

In a later investigation, the results of which are presented in paper IV, a grouped joint 
was indeed tested with the distance between groups e = 300 mm. However, the failure 
mode was still plug shear failure, so a ductile failure does not seem possible to trigger by 
placing the fasteners in groups. A possible explanation is that the benefit of grouping is 
counteracted by the uneven load distribution effect. The longer the joint, the heavier 
the load on the nail farthest from the free end. A better way would be to increase the 
spacing between the fasteners evenly. In Fig. 5.9, the results from the GRPX series 
augment Fig. 6 Paper III. 
 

 

Figure 5.9 Maximum and crack load versus length of joint

In Fig. 5.9, both the maximum load and the crack load have a decreasing tendency, 
pointing to the fact that increasing the length of the joint does not increase the 
resistance proportionally.  

5.3.4 Comparison between experiments and theory

The average ultimate loads from the tests in Paper III, from Kangas and Vesa (1998) 
and Foschi and Longworth (1975) are compared to the resistance predictions of Eqn. 
2.4 and 2.5 in Fig. 5.10. The lower end of the bars shows the prediction using 
characteristic (5th percentile) strength values, (fvk, ftk) and the upper end shows the 
prediction using the average strength values, Table 3 Paper III.  
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Figure 5.10 Comparison between test results and prediction models

In Fig. 5.10 4BS-6CT (average of 3 specimens) were performed by Kangas and Vesa 
(1998) and UA1-UA9 (average of 3 specimens) by Foschi and Longworth (1975). For a 
good prediction one would expect the test results to fall close to the upper end of a bar, 
since experimental values represent average values in a statistical distribution. Fig. 5.10 
shows that both models seem to predict the plug shear capacity of experiments better 
when using characteristic strength values, which is not correct. One remark is that 
many tests have been performed in the range of Fu = 100-200 kN. A statistical analysis 
of possible prediction models based on experimental resistances would be interesting. 
This is performed in Paper IV. 

5.4 Plug shear failure: A strength-based model,
Paper IV

With the experimental base presented in this thesis quite a large amount of experiments 
on plug shear failure have been performed. This gives the opportunity for statistical 
analysis and hypotheses testing to find a prediction model. The experimental series 
included in the analysis in Paper IV were the RECTS, RECTL, RECTX, GRPS, 
GRPL, GRPX, SPREAD and NORMX series. Furthermore, some plug shear 
experiments from earlier investigations were included, namely the P2, L6, T3 and T5 
series performed by Bark and Martinsson (1991) and the ASP80 and ASP120 series 
performed by Burstrand and Salmonsson (1996). Bark and Martinsson (1991) also 
measured the yield moment of nails My = 9.16 Nm for annular ringed shank nails used 
in all test series of Fig. 3.3. 

5.4.1 Derivation of relation between shear strength and area

The shear strength of wood is affected by a volume effect and in Kuipers and 
Vermeyden (1964) an empirical relation between shear area and shear strength is 
presented based on experimental studies on ring-shear connectors, which also fail in 
plug shear failure, Eqn. 5.6. 
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Using the test result fv = 9.6 MPa and the area in the test As = 45×45 = 2025 mm2, K 
= 64.5 is calculated. The estimated value of K affects the forthcoming analysis and a 
cross check was performed using experimental results from Glos and Denzler (2003), 
where the shear strength was measured according to the current standard EN 1193 
(1997). For the radial direction of the annual rings, fv = 6.5 MPa was found and the 
loaded area was 32 × 300 / cos 14°, which gives K = 64.8. For the tangential direction 
the strength was a bit lower, yielding K = 53.9. For the plugs occurring in the 
experiments, the tangential direction is dominating for the sides of the plug, while the 
bottom face lies mainly in the radial direction. 
The empirical relation from Kuipers and Vermeyden (1964) can be derived, using the 
linear elastic fracture mechanics solution for glued single lap joints, Volkersen (1938). 
The linear elastic fracture mechanics equation valid for brittle linear elastic Volkersen-
joints is formulated in Gustafsson (1987), Eqn. 5.7, Fig. 5.11. 
 

 

Figure 5.11 Glued lap joint
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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 γ = t1/t2. Define fv,joint = Pf / (b⋅l) where 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 (1964). Dividing Eqn. 5.7 
by (b⋅l): 
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Joints of different size often have about the same geometrical shaping. Assuming that all 
dimensions of the joints are proportional i.e. t1 ∝ t2 ∝ l ∝ b then η = t1/t2 is constant 
and for the interface area As, defined as b⋅l, is found (As)

0.5 ∝ (bl)0.5 ∝ (l2)0.5 ∝ l. 
Accordingly, by Eqn. 5.8:  
 

 ∝ ∝ ∝-0.5 -0.251
v, joint s

t
f l A

l
 (5.9) 

Eqn. 5.9 equals the empirically found expression fv = KAs
-0.25 found by Kuipers and 

Vermeyden (1964).  

Volume effect

The application of the volume effect to the shear strength in joints has been proposed 
earlier by other researchers: Foschi and Longworth (1975) incorporates it in the 
simulations to determine the reduction factors in their model, Biger et al. (2000) uses a 
more straightforward approach in multiplying the shear strength with a reduction factor 
of 0.75 and finally Quenneville and Mohammad (2000) 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 fv = KAs

-0.25 is given in Fig. 5.12. 
 
 

 

Figure 5.12 Shear strength versus area for
different approaches on the volume effect

The volume effect in the work by 
Foschi and Longworth (1975), was 
obtained through an FE simulation 
based on Weibull theory. The 
expression used in the Canadian Timber 
Code does not relate directly to the 
loaded area but to the ratio min (bolt 
spacing, end distance)/timber thickness, 
min (s//, send)/t. Assuming that the thick-
ness is constant, an increased bolt 
spacing would give the result in Fig. 
5.12. The theoretically derived Eqn. 5.6 
is believed to estimate the volume effect 
correctly. A linear approximation should 
be possible to apply since many joints 
have larger area loaded in shear than 
20.000 mm2 (e.g. 100×200 mm2). 
 

5.4.2 Analysis of variance

The aim of the analysis of variance, ANOVA, is to determine a prediction model for 
plug shear failure through hypothesis testing. The hypotheses reflect assumptions 
regarding active load-carrying faces, Table 5.2. The ANOVA is based on the 



42 

assumption of equal within samples variance, which was tested for the current data set 
and found true on the 95 % confidence level. 

Table 5.2 Hypotheses used in the analysis of variance

Hypothesis [kN] Normalised 
unit of analysis 

Comment 

H1: 2⋅pef⋅l⋅fv D1 = (H1-R)/100 Only side shear areas, Eqn. 2.4 
H2: b⋅pef⋅ft D2 = (H2-R)/100 Only tensile area, Eqn. 2.4 and 2.6 
H3: b⋅l⋅fv D3 = (H3-R)/100 Only bottom shear area 
H4: 2⋅pef⋅l⋅fv + b⋅l⋅fv D4 = (H4-R)/100 Both side and bottom shear areas, Eqn. 2.6 
H5: 2⋅pef⋅l⋅fv + b⋅pef⋅ft D5 = (H5-R)/100 Side shear areas + tensile area 
H6: b⋅pef⋅ft + b⋅l⋅fv D6 = (H6-R)/100 Bottom shear area + tensile area, Eqn. 2.5 
H7: b⋅pef⋅ft + b⋅l⋅fv + 2⋅pef⋅l⋅fv D7 = (H7-R)/100 All enclosing areas 

 
The between samples variation is large and statistically speaking one cannot state that all 
test series belong to the same distribution, in which case the P-value in Table 5.3 
should be more than 0.05 on the 95% confidence level. It is probable that the large 
natural variation of wood strength and differences in the experimental set-up is the 
cause for the large scatter. 

Table 5.3 Result from analysis of variance, Statgraphics 4.0

Analysis of Variance
-----------------------------------------------------------------------------
Source Sum of Squares Df Mean Square F-Ratio P-Value
-----------------------------------------------------------------------------
Between groups 15536,3 9 1726,26 18,40 0,0000
Within groups 2908,84 31 93,8336
-----------------------------------------------------------------------------
Total (Corr.) 18445,2 40  
 
Some general conclusions from the ANOVA analysis were made in Paper IV p. 8, 
which ended up in suggesting H3: R = blfv with fv = KAs

-0.25 as a suitable prediction 
model. It is interesting to compare the suggested model with results from other 
researchers, which is presented in Fig. 5.13 where the test results from this thesis and 
those of Kangas and Vesa (1998) and Foschi and Longworth (1975) are compared to 
the prediction R = blfv. The scatter is large, which is understandable since the material 
properties are assumed average values, not measured quantities. The expression R = blfv 
is valid provided that the penetration depth, p, of the nail is not more than half the 
thickness of the timber member, p/H < 0.5. This statement is based on the results from 
the RECTX1 and RECTX2 series where the thickness of the timber member was H 
= 63 and 78 mm respectively. The failure in these specimens showed that no bottom 
shear face formed.  
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In Eurocode 0 (1990), Annex D, a 
method is presented where the 
characteristic value of a prediction model 
can be determined. This leads to Eqn. 5.10 
for the shear failure mode in plug shear 
failure: 
 

Rvk = 0.81blfvk                              (5.10)
 
The shear strength fvk should be 
determined as fvk = KkAs

-0.25. Only the 
bottom shear face is incorporated in Eqn. 
5.10, which is different from Eqns. 2.4 and 
2.5. The bottom shear face is the only face 
that from experimental observation can be 
stated to be active when the ultimate load 
is reached. Effective widths and lengths are 
not used since nail holes are small and can 
be neglected (6 % of the bottom area). 
However, the use of effective width and 
length is an assumption on the safe side. 
 

Figure 5.13 Test results versus predicted
resistance including other sources (grand
total is 108 experiments)

5.4.3 Tests in the tensile failure mode

There ought to exist a lower limit for when the shear failure mode does not occur and 
the tensile failure mode is governing i.e. there is a limit where the shear resistance of 
the bottom face is exceeded by the tensile resistance of the end face of the plug, Fig. 
1.2. This should be possible only for short joints. Assume that the tensile resistance of a 
joint failing in plug shear failure can be described as Eqn. 5.11: 
 
 ⋅ ⋅t ef tR = b p f  (5.11) 
 
Another possible assumption would be to replace b for bef, but the experiments show 
too high resistance. Eqn. 5.11 should be valid also for the RECTX1 and RECTX2 
series, where the final failure was in tension. The use of pef as a measure for depth was 
questioned in Paper III, but in terms of simplicity it is favourable, since pef is readily 
determined from Johansen theory, Eurocode 5 (1998). It is also an assumption on the 
safe side, since it underestimates the experimentally found depth. By inserting fv = KAs

-

0.25 into R = blfv, Eqn. 5.12 is found for the plug shear resistance in the shear failure 
mode: 
 

 ( )⋅ 0.75

vR = K b l  (5.12) 
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The limit length, llim, for the tensile failure mode to occur is found through equalling 
Eqns. 5.11 and 5.12: 
 

 
 ⋅
 
 

4/30.25
ef t

lim

b p f
l =

K
 (5.13) 

 
Assuming K = 64.5 N/mm1.5, ft = 40.9 MPa and pef = 16 mm, Fig. 5.14 is produced 
where the relationship between joint length and width is shown. In order to trigger a 
tensile failure, the length of the joint needs to be smaller than llim and the number of 
nails still more than what would yield a ductile failure.  
 

 

Figure 5.14 Limit length for tensile failure mode and tested joint geometries

To obtain experimental verification, two sets of experiments were conducted, the 
TENSS and TENSL series. The geometry of these test series is indicated with dots in 
Fig. 5.14. The joints in the TENSS series consisted of 20 nails, which gives Rductile ≈ 
20×3 kN/nail = 60 kN and Rt = 84×40.9×16 = 55 kN. The failure mode was 
however a ductile failure, so Rductile and Rt were too close. The joints in the TENSL 
series consisted of 66 nails, Rductile = 198 kN and Rt = 149 kN. The failure mode for the 
TENSL series was partially a ductile failure of the nails, but the plug also cracked in 
several smaller plugs indicating a failure in tension, Fig. 5.15. The tensile failure mode 
is shown to be a possible failure mode for plug shear failure, but only for short joints. 

5.4.4 Influence of fastener spacing

In most of the experiments, the fastener spacing has been chosen as 7d/3.5d. 
Presumably, joints with larger nail spacing are less prone to fail in plug shear failure 
since stress concentrations are smaller than in closer spaced joints. Eqn. 5.10 shows the 
importance of joint area and therefore it would be interesting to study joints with the 
same area b⋅l, but with different spacing. This is done with the NORMS, NORML 
and NORMX series, where the spacing is 10d/5d. The resistance increased between 9-
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17% compared to the RECT- series, Table 5.4. The failure mode was still plug shear 
failure, but there was a clear tendency that smaller, separate plugs formed. For the 
largest joints, NORMX, the failure was ductile after a small plug had formed. 
 

 

Figure 5.15 Photo of the TENSL series showing the tensile failure mode

Table 5.4 Comparison between joints with the same area, but with different spacing

Series Ult.load 
[kN] 

Series Ult.load 
[kN] 

Increase 
[%] 

Note 

RECTS 88.4 NORMS 96.7 9.4 On the limit to ductile 
RECTL 162 NORML 178 10 Small plug, then ductile 
RECTX 250 NORMX 293 17 Small plugs 

 

In Fig. 5.16, the NORM- series are shown in the Test-Predicted plot. Fig. 5.16 shows 
that the resistance is indeed higher for the NORM- series. However, the difference is 
not larger than the scatter already existing between the different test series. The model 
R = blfv would give results on the safe side. The suggestion is that the model in Eqn. 
5.10 is left unchanged due to simplicity. 
The result from the NORM- series points to the fact that the nails interact less when 
the spacing is larger. The same tendency was found in the investigation by Quenneville 
and Mohammad (2000), where it is stated that decreasing the distance from 5d to 3d 
between parallel rows changes the failure mode from row shear-out to group tear-out, 
Fig. 1.1. Comparing test series RECTX and SPREAD, the experiments showed similar 
behaviour with one single plug withdrawn from the timber member, although the 
SPREAD series had larger spacing parallel to the grain. An efficient way of reducing 
the risk for plug shear failure and still keep the joint small, would be to allow the 
spacing parallel to grain to be 7d, but keep the limit on the perpendicular to grain 
spacing at 5d. 
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Figure 5.16 Test results versus predicted resistance

To minimise the risk for plug shear failure it is recommended that the reduction by 
multiplying the spacing with 0.7 in Eurocode 5 (1998) is not used. Note that for 
loading in other directions than in tension parallel to the grain, the reduction might still 
be appropriate. 

5.4.5 Comparison with ductile failure

Finally, the findings in Paper IV and the extended test series can be summarised. The 
plug shear resistance of a nailed joint can be found through Eqn. 5.14: 
 

 

( ⋅ ⋅ ⋅ ⋅
 ⋅ ⋅

≥ ⋅ ⋅

-0.25
v v

plug
ef t

plug ef t

b l f where f = K b l)
If p/H < 0.5 : R = max

b p f

If p/H 0.5 : R = b p f

 (5.14) 

 
The difference from the final draft of Eurocode 5 (2003), is that the side shear faces 
have been removed from the expression for the resistance in the shear failure mode. 
Eqn. 5.14 also has implications for bolted joints. The observed course of failure for the 
RECTX1 and RECTX2 series showed that the side faces cracked during loading and 
the ultimate resistance constituted of the tensile capacity of the plug end face. These 
observations speak in favour of the prediction model for bolted joints presented by 
Biger et al. (2000) and contradicts the proposal by Quenneville and Mohammad 
(2000), Eqns. 2.8 and 2.7. For thin timber members the action of the nails ought to be 
similar to bolted joints were the bolt passes through the entire timber piece. 
At this stage it is interesting to compare the ductile resistance of a nailed connection 
with the plug shear failure resistance. Since the resistance is dependent on area, Eqn. 
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5.16 essentially describes a plane, which is shown in Fig. 5.17a, where the plug shear 
failure in shear is shown along with two planes describing the ductile resistance of the 
connection for the two studied spacings. 
 

 

Figure 5.17 (a) Plug shear failure and ductile resistances (b) Limit between plug shear
and ductile failure

From Fig. 5.17a it is concluded that the length of the joint cannot exceed approxi-
mately 120 mm, otherwise a plug shear failure will occur. The exact border between a 
plug shear and a ductile failure is shown in Fig. 5.17b, where the shaded areas show the 
joint length and width needed for ductile failure. The limit varies slightly with the 
width of the connection, though an average value would be 140 mm. For the case of 
smaller spacing (7d/3.5d) the limit length will decrease to about 100 mm. 

 

In Fig. 5.18 also 
the tensile failure 
mode is included 
for an example 
width of 126 mm, 
common in the 
experiments. It is 
concluded that the 
tensile failure 
mode will seldom 
occur, since the 
“window” for this 
failure to occur is 
very limited in 
length, though it is 
larger for wider 
connections. 

Figure 5.18 Plug shear failure in both tension and shear along with ductile resistances



48 

5.5 Plug shear failure: Linear elastic fracture mecha-
nics modelling, Paper V

Plug shear failure can be regarded as a brittle failure, though the load-displacement 
curves in Appendix A reveal that the failure is not precisely brittle. Using the 
framework of linear elastic fracture mechanics, a model to predict the failure load for 
plug shear failure was established. Plug shear failure is identified as a mixed mode 
failure, where both the opening mode I and the shear mode II occur, Fig. 2.7.  
The experimental data in Paper V are the RECTL, RECTX-, GRPS, GRPL and 
GRPX series, all having the same joint width. The load-displacement curves for these 
test series, Appendix A, reveal that mechanisms for crack arrest might be active. The 
softening behaviour of the joints is, however, not modelled in the theoretical 
derivation of the failure load, but is incorporated in the FE simulation (compliance 
calibration) of the joint. The most accurate method for obtaining the exact softening 
behaviour would be to measure the crack opening displacement. This was very difficult 
since the crack propagates within the specimen. 
The developed LEFM model uses the energy formulation of linear elastic fracture 
mechanics, and under quasi-static conditions for a single load, the failure load can be 
expressed as Eqn. 2.9. For European softwood, GIc is described based on extensive 
testing in several different laboratories as GIc = -146 + 1.04ρ Nm/m2, where ρ is the 
density in kg/m3, Larsen and Gustafsson (1990). Test results for the shear failure mode 
are more scarce, but GIIc = 932 Nm/m2 is reported by Riberholt et al. (1992) from tests 
also performed on glulam made of European softwood. 
For the mixed mode plug shear failure a failure criterion is necessary. Through re-
formulating the criterion suggested by Wu (1967) Eqn. 5.15 is established.  
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 (5.15) 

 
In Eqn. 5.15, PI indicates the mode I opening load acting in the direction 
perpendicular to grain and PII is the mode II shear load. The critical loads can be 
established through Eqn. 2.9 and are denoted PIc and PIIc.  

5.5.1 Load situation in joint

The eccentric moments introduced in the joint by the placement of the nail group are 
schematically shown in Fig. 5.19. Two different flexural loads can be distinguished, qs 
and qb, which act on different surfaces and do not interact. Eqn. 5.15 must therefore be 
employed separately for the side and bottom surfaces. Experimental observations 
indicate that the side surfaces are not active in the load uptake when the failure load is 
reached; therefore the analysis focuses on the resistance of the bottom face. The load 
acting on the bottom face, PI, is the resultant to the distributed load qb that can be 
determined through an equilibrium equation in Fig. 5.19: 
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 = = ⋅ =b
I 2

q l 6Pe l 3Pe
P

4 l 4 2l
 (5.16) 

 
In Eqn. 5.16 e denotes the eccentricity in the joint and l the joint length. The load PII 
is assumed to be P. PII could be modelled as a fraction of P since some of the load is 
also transferred by the side surfaces in the early stages of the load-slip envelope. Due to 
early cracking of the sides, this is not included. 

5.5.2 Theoretical failure load

The plug is modelled as a beam with cross-sectional area A = pef × b, Fig. 7 Paper V. 
The length of the initial crack, a, is taken as the diameter of the nail hole, i.e. a = 4 
mm. The beam modelling the plug is stubby and therefore, both shear and flexural 
deformations are considered, when establishing an expression for the deflection δ of the 
plug. The deflection is divided by the load PI from Eqn. 5.16 to form the compliance 
C, which in turn is differentiated with respect to a to yield dC/da and finally inserted in 
Eqn. 2.9 to give an estimation of the failure load Pf. The critical load for mode II 
failure is taken from the derivation of a glued single lap joint, Volkersen (1938), Eqn. 
5.7 and Fig. 5.11. The solution by Volkersen was later generalised by Gustafsson (1987) 
to non-linear fracture mechanics (NLFM). The LEFM solution by Volkersen serves as 
an upper limit to the NLFM solution. The failure loads for the respective modes I and 
II were inserted in Eqn. 5.15 and the result is shown in Fig. 5.20. 

Figure 5.19 Load situation in plug

5.5.3 Compliance calibration

Because of the softening behaviour of the load-
displacement curves, it is interesting to simulate 
the behaviour after the onset of cracking. This is 
done through a compliance calibration, where the 
crack propagation is simulated. 
For this purpose an FE beam-spring model was 
built, Fig. 9 Paper V. Crack propagation is 
simulated by successively removing springs in the 
alleged crack plane of the FE model. Every time a 
spring is removed, the compliance is calculated 
through the relationship C = δΙ/PI. For moment 
loading, PI was taken as the resultant to the crack 
opening load qb, PI = qbL/4.The displacement δΙ 
was calculated at the point where the resultant 
acts, i.e. 1/3 of the length from the crack tip to 
the change in moment sign. The compressive part 
of qb does not cause crack opening and is left aside. 
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The distribution of the moment is also adjusted every time a spring is removed, since it 
is only the un-cracked length that can carry any loads. The simulation was run until 
only two springs remained. The points that describe the relationship between C and a 
were fitted to a curve to arrive at a differentiable expression for C(a).  
By using Eqn. 2.9 the failure load is obtained for mode I loading. The FE model was 
parameterised so the failure load for different joint lengths, Pf(L), could be obtained. 
The critical load for mode II failure was established in a similar manner as for mode I. 
In Fig. 5.20 the result from the FE simulation is shown. In Fig. 5.20 the predictions of 
PIc and PIIc from the separate failure modes are also shown; theoretical predictions are 
the grey curves while FE predictions are in black. The predictions for mode I are very 
similar for both FE simulation and theory. The predictions for PIIc differ substantially 
between theory and FE compliance calibration, where the strength of a zero length 
joint is not zero. It is possible that, for shorter joints, the stiffness in shear should be less 
than the applied stiffness, though this is yet to be verified.  
In Fig. 5.20 the prediction of failure load for the mixed mode plug shear failure is also 
shown. The prediction based on theory is clearly on the safe side, while the prediction 
of failure load based on FE simulation is somewhat risky. The curvature is decreasing 
with increasing length, which according to the experiments is correct. The deviation is 
probably caused by the softening behaviour of the joint, where reserve capacity exists 
after reaching the failure load, Appendix A.  
An alternate approach to using fracture mechanics for analysing this type of joints 
would be to employ stress analysis of single lap joints. The occurrence of both shear 
and bending stresses in glued single lap joints was studied by e.g. Hart-Smith (1973).  

 
Figure 5.20 Prediction of failure load compared to average value of experimental

series
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5.5.4 Tensile capacity of the end face of the plug

In Fig. 1.2 four faces that develop stresses during loading of the joint are shown. On 
the end face, tensile stresses develop. With the FE model presented in Paper V, the role 
of the tensile area can be further clarified. 
The beam-spring model described in Paper V was adjusted to incorporate a tensile bar 
as a continuation of the plug. The end face is loaded both in tension parallel to the 
grain by P and in tension perpendicular to the grain by PI = 3Pe/(2l), the resultant of 
which form an angle θ with the grain. This means that the elastic modulus is between 
E// = 14 GPa (parallel) and E⊥ = 0.8 GPa (perpendicular), Larsen (2003). One way of 
considering this is to use the Hankinson (1921) formula, Eqn. 12 Paper V. Eθ for each 
length was calculated in the FE simulation. The angle θ varies between θ = 37° for a 
joint with l = 0.1 m down to θ = 7.1° for a joint with l = 0.6 m. The result from the 
FE simulation is shown in Fig. 5.21. 
From Fig. 5.21 it is obvious that the FE model with a tension bar overestimates the 
failure load. It is also clear that the curve in Fig. 5.21 shows an increasing curvature 
with increasing length, which is not in accordance with the experimental evidence. 
Therefore, it is unlikely that the end face is active in the load uptake, at least for long 
joints. For shorter joints, the tensile capacity of the end face is important, see section 
5.4.3. The indication that it is the bottom face of the joint that is active when the 
failure load is reached, Paper IV, is more likely through this analysis. 

Figure 5.21 Results from FE simulation with tensile bar to simulate tension on end
face of the joint
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The course of failure for plug shear failure can now be described: 
 

1. A crack develops internally along one side of the joint, Fig. 1.2. The failure is 
initiated at the nail farthest from the free end.  

2. The crack reaches the free end and is visible on the edge. The same 
development goes for the other side of the joint. This occurs in two-thirds of 
the experiments before the ultimate load is reached. 

3. The end face fails in tension. 
4. The final failure occurs when a shear crack along the bottom face joins the two 

side cracks. 

Points 1-4 are valid for joints where the nail penetration depth is not deeper than H/2 
(p/H < 0.5). For thinner timber members, no bottom face is formed, meaning that 
point 4 will never occur and that the tensile resistance of the end face will constitute 
the failure load, Eqn. 5.16.  
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6. CONCLUSION
In this thesis, an upper limit for the resistance in nailed timber joints – the plug shear 
failure – has been studied. The first purpose was to establish a prediction model for 
plug shear failure in nailed joints. Secondly, an increased understanding of the 
phenomenon plug shear failure was sought to support the prediction model. Thirdly, 
the ductile behaviour of nailed connections was studied. The experimental base in the 
thesis was 86 tests performed on nailed steel-to-timber joints in glulam of which 60 are 
reported in papers I-V and 26 were performed to augment the analysis. Through 
studying the specimens during testing accompanied by theoretical modelling, the 
course of plug shear failure can be described as in Fig. 6.1. 

  
(a) (b) 

  
(c) (d) 

Figure 6.1 The course of plug shear failure during loading (a) Initial state (b) Cracks
along the sides (c) Cracks are visible on the end face (d) Tensile area
fails and a crack along the bottom face joins the two side cracks to form
the plug
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The course of failure for plug shear failure can now be described: 
 

a. Loading in tension parallel to the grain 
b. A crack develops internally along one side of the joint, Fig. 6.1b. The depth of 

the crack depends on the deformations in the nail, where a rotation point exists 
at about two thirds of the penetration depth p. The failure is initiated at the 
nail farthest from the free end.  

c. The crack reaches the free end and is visible on the edge. The same 
development goes for the other side of the joint. This occurs in two-thirds of 
the experiments before the ultimate load is reached. 

d. The end face fails in tension. The final failure occurs when a shear crack along 
the bottom face joins the two side cracks. The crack along the bottom face 
initiates farthest from the free end. 

Points a-d are valid for joints where the nail penetration depth is not deeper than H/2 
(p/H < 0.5). For thinner timber members, no bottom face is formed, meaning that 
point 4 will never occur. 
Based on a statistical evaluation validated by structural and fracture mechanics 
modelling of possible prediction models for plug shear failure and taking into account 
the course of failure a prediction model is proposed: 
 

 

 ⋅ ⋅ ⋅ ⋅
 ⋅ ⋅

≥ ⋅ ⋅

-0.25
v v

plug
ef t

plug ef t

b l f where f = K (b l)
If p/H < 0.5 : R = max

b p f

If p/H 0.5 : R = b p f

  (6.1) 

 
In Eqn. 6.1 two resistances occur, the shear resistance of the plug bottom face and the 
tensile resistance of the plug end face. The tensile failure mode will only occur if the 
joint length is very short or the timber member thin in relation to the penetration 
depth of the nail. The condition in Eqn. 6.1 concerns the penetration depth of the nail 
p in relation to the timber thickness H. Unless p/H < 0.5, no bottom face of the plug 
will form and the resistance will be the tensile resistance of the end face of the joint. 
The occurrence of plug shear failure is affected by the joint layout. For example, an 
increase in spacing from 7d/3.5d to 10d/5d leads to an increase in plug shear resistance 
with 10-17% and changes the course of failure from plug shear to partly plug shear 
followed by ductile failure of the remaining nails. It is the spacing perpendicular to 
grain that causes the formation of an integrate plug. Thus, one way of reducing the risk 
for plug shear failure and still promote surface efficient joints would be to allow spacing 
parallel to the grain of 7d, but limit the spacing perpendicular to the grain to 5d. Fol-
lowing an idea presented by Racher (1995), testing of joints with fasteners placed in 
groups was pursued and conditions for the distance between groups developed. Group-
ing does not seem to be an efficient way of reducing the risk for plug shear failure. The 
explanation is that the separate groups will be large enough to produce plug shear 
failure singularly in combination with the heavier loading on the group farthest from 
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the free end. A better way of reducing the risk for plug shear failure would be to 
evenly spread the fasteners within the joint area. 
The load distribution in the joint is uneven when plug shear failure occurs. The nail 
placed farthest from the free end of timber is most heavily loaded. The uneven load 
distribution is more pronounced for longer joints than for shorter. This explains the 
asymptotic tendency for the resistance versus length relationship in Fig. 5.22. 
Provided sufficient spacing, the design of a strong yet ductile joint can be made 
through ensuring a local failure of the fastener in Johansen failure mode III. A measure 
to facilitate the design of ductile joints was proposed in Paper I: 
 

 
ρ ρ= = ⋅ = λ

⋅e
y y y

t t
D

t 2.02d f 4.1 f
  (6.2) 

 
Eqn. 6.2 is valid for slotted-in connections but a reformulation for other types of joints 
is readily made through the use of Johansen equations. Eqn. 6.2 shows that an increase 
in timber thickness, decreasing the diameter of the fastener or using higher density 
wood would give an increase in ductility. A formulation similar to Eqn. 6.2 is already 
used in Eurocode 5 (1998) when calculating the effective number of bolts in a 
multiple-bolt connection. In this thesis it is proposed that De can also be used as a 
measure for judging the ductility of a joint, albeit there still does not exist any ductility 
demand. 
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7. FURTHER RESEARCH

7.1 Experimental
Experimental test series always seem to need augmentation and this is the case also for 
the present study. The testing of very large joints experiencing plug shear failure would 
be of interest to broaden the experimental base even more. In doing so, the 
experimental set-up in Biger et al. (2000) seems efficient to reach higher load levels. 
The model in Eqn. 6.1 predicts a dependency R ∝ (b⋅l)0.75, which implies that the 
width has the same influence as the length on resistance. From the experiments in this 
thesis alone, this statement cannot be exactly verified since the width was not varied to 
any greater extent, although the experiments fit the model. Therefore, some additional 
tests with larger width are suggested. The effect of spacing is not completely 
investigated either, so some tests with 7d/5d spacing would be interesting, along with 
an investigation where the limit for interaction between nails is established. The 
description of tensile failure mode would also benefit from further experiments. 
The detection of the onset of cracking could also be refined. During the tests presented 
in this thesis an acoustic emission system with two channels was tested. Unfortunately, 
the results were difficult to transfer from the old format for use with modern computers 
and they are not presented in the thesis. The use of an acoustic emission system with 
six channels is suggested, which would enable the detection of cracks in three 
dimensions as well as the time frame for the event. Other methods could also be used, 
though it might be difficult to combine static testing with the procedure e.g. X-rays or 
electronic speckle photography. 
It would be satisfying to perform a study where the material properties are more 
precisely measured. This could be done by e.g. X-ray scanning in 3D of an entire 
glulam beam to obtain information about knots and grain deviations. The measurement 
of the tensile resistance of timber still remains an unsolved question, but an 
investigation into the question showed that when testing in tension special grips are 
needed that do not induce stress concentrations at the grip end. If testing an entire 
glulam beam, the equipment would need to be heavy-duty.  
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7.2 Simulation
The study undertaken in this thesis relies heavily on experimentally found data. Some 
support has been provided by FE analysis of parts of the joint. However, a finite 
element study of the nail interacting with the timber should be possible, see e.g. 
Patton-Mallory et al. (1997) where a 3D material model for wood was developed. A 
similar study was undertaken in the work with this thesis, focused on finding the 
location of the plastic hinges forming in the nail, Fig. 7.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)   (b) 

Figure 7.1 (a) Normal stresses in nail (b) Shear stresses in wood. The nail
compressed the timber moving upwards in the figure

It would be interesting to develop a material model where splitting between fibres 
could be incorporated, so that the onset of cracking could be simulated. Of course it is 
possible to model plausible crack planes using springs, but if the initial location of the 
crack is unknown it could be difficult.  

7.3 Theoretical
An investigation into the shear strength in joints and the volume effect seemingly 
affecting it, would also be interesting, though in this field some work has already been 
performed, Colling (1986) and Glos and Denzler (2003). The effect of knots and grain 
deviations on the shear strength and the volume effect would be of particular interest, 
since the occurrence of knots changes the shear strength radically. The volume effect 
for shear strength is important for larger joints and affects both nailed and bolted joints. 
A further development of the compliance calibration in Paper V would also be 
interesting; if possible a 3D analysis could be made. Paper V would also benefit from an 
augmentation using a theoretical approach to the softening behaviour of the joint, see 
e.g. Ottosen and Olsson (1988). 
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Abstract
A nailed joint system, comprising of two slotted-in steel plates with shot-through 
smooth round steel nails in glulam, was analysed from the viewpoint of an engineering 
description of the ductility behaviour. Experiments on fifteen specimens, with 10 nails 
in each specimen, were performed. Based on the results, a model describing the 
ductility behaviour is proposed. Ductility is defined as the ratio of ultimate to elastic 
deformations with the ultimate deformation defined as the first load-drop 
corresponding to wood splitting. The model is based on “engineering” parameters and 
estimates the engineering ductility from the slenderness ratio, timber density, and the 
fastener yield strength in bending. The model is compared with similar experiments in 
the literature and the validation shows correlation. The method of solution, based on 
the plastic theory of the European yield model for dowels, is general, and is applicable 
to other timber-to-timber or timber-to-steel dowel-type connections. The engineering 
ductility philosophy can give engineers a tool to assess ductility for connections in 
timber structures. 
 
Keywords: Nail ductility, Engineering ductility measure, Glulam structures, Slotted-in steel 
plates, Shot-through nails, Timber joint design 

Introduction
A research and development project aiming to develop a complete glulam truss system 
using nailed connections for buildings with a span » 25-30 m was initiated as a joint 
industrial-university initiative. For this purpose, a joint with slotted-in steel plates and 
shot-through nails was developed. No such system exists in Sweden today but several 
types using connections with bolts or dowels are available on the European market. 
The high load-carrying capacity of slotted-in steel plates with bolts is the strength of 
the existing glulam systems. However, these systems are not competitive for 25 m span 
buildings with respect to material and labour work costs. Long nail groups are needed 
for spans in the order of 25 m. If not properly designed, nailed connections might 
introduce a premature brittle shear-plug failure if too many nails have to be used to 
transfer the load. Brittle type of shear-plug failures was observed occurs for annular 
ringed shank nail groups longer than a specific length parallel to the loading direction 
(Kangas and Vesa 1998). 
Ductility is a different concept from the maximum load or strength of the structure. It 
characterizes the deformation capability. A rational definition of ductility should be 
based on the stability loss of the structure, (Bazant and Becq-Giraudon 1999). For 
loading under displacement control, stability is lost at the snapback point (the first point 
of vertical tangent) of the overall load-deflection curve of the structural system. 
Ductility is of prime interest in earthquake engineering since ductility of a structural 
part governs the degree to which overloads can be resisted by redistribution of internal 
forces (the creation of plastic hinges) and the amount of energy dissipation. In this field, 
the behaviour of and the methods used to enhance the ductility of steel connections 



2 

subjected to cyclic load have attracted much attention. For instance, the plastic 
deformation capacity of steel welded-bolted web connections can be unreliable due to 
lack of information (Chen et al. 1996). 
When it comes to ductility in timber construction nails are the most ductile 
connectors. Mechanical joints in general exhibit a very plastic behaviour due to the 
embedding strength behaviour of timber itself and the ability to dissipate energy of the 
steel elements. For cyclic loading both the American, (ASTM 1993), and the 
European, (CEN 1996), standards consistently defines ductility as the ratio of ultimate 
to yield deformations but the definitions of yield and ultimate deformation differs. The 
European timber structures code, EC5, (Eurocode 5, 1995) is a limit state code that 
uses a semi-statistical method called the partial safety coefficient method. Partial safety 
coefficients are attributed to the strength values with the aim of achieving a statistically 
low probability of failure. There exists no direct coupling between the structure 
reliability/safety coefficients and the type of failure, i.e., a ductile failure of a timber 
connection is not rewarded in EC5. 
The aim of this paper is to evaluate the test results from the viewpoint of an 
engineering description of connection ductility. A suitable ductility measure based on 
the displacement of the joint will be useful to an engineer for a direct comparison 
between different types of joints without direct information of the load-displacement 
behaviour. 

Aspects on connection design
For the ultimate limit state it must be verified that, EC5 
 
  dd RS ≤   (1) 
 
here Sd is the design value of the effects of the loads and Rd is the corresponding design 
resistance. The design value Rd is defined as: 
 

  
m

d
k

RR
γ
mod=   (2) 

 
where kmod is a modification factor taking into account the effect on the strength 
parameter of the duration of the loads (load duration) and the moisture content and γm 
is the partial safety factor for the material property. The design equations for dowel-
type fasteners in EC5, the so-called European Yield Model, are based on the plastic 
theory in Johansen (1949). The load-carrying capacity, R, per shear plane of a dowel-
type fastener in a timber-to-steel joint with inner thin or thick steel plates is 
determined by: 
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here t is the minimum of timber member thickness and fastener embedded length, fh 
the embedding strength, d the diameter and My the yield moment (plastic bending 
resistance) and teff the effective thickness (minimum embedded length). According to 
this plastic theory, teff is interpreted according to figure 1. 
During the years various experimental investigations have shown that the plasticity 
theory predicts the load-carrying capacity for ductile failures (Pedersen et al. 1999; 
Siem 1999). The theory does not predict the load-carrying capacity for multiple 
fastener joints of stout dowels where the failure mode is brittle splitting of the timber 
(Blass and Ehlbeck 1998). Since the ultimate failure in wood is brittle, either by 
splitting, row or shear-plug, Johansens´s theory only gives a local description of the 
yielding of the fastener and the wood embedding resistance. Using certain (code 
requirements) fastener spacing and end distances prevents brittle wood failures and 
promotes ductile failures. 

 Mode I Mode II Mode III 

Figure 1 Definitions of failure modes I – III and interpretation of teff

For t greater than the mode III teff = 2[My/(fh d)]1/2 or, consequently, for a threshold 
slenderness ratio λ > teff/d, no increase in load-carrying capacity is to be expected. A 6% 
increase in load-carrying capacity was reported when the slenderness ratio increased 
from λ = 3.3 to λ = 5.4, (Pedersen et al. 1999). This modest increase in load-carrying 
capacity, as compared to the 63% increase in slenderness ratio, might be explained by 
the fact that the threshold λ = 3.7 for mode III is only roughly 11% larger than the λ = 
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3.3 ratio. So, according to experimental verification it can be stated that the maximum 
possible load-carrying capacity is obtained for the ductile failure mode III in figure 1. 

Perspectives on ductility

A brittle failure reduces the load-carrying capacity of the joint where a ductile failure 
maintains a slightly lower load-carrying capacity of the joint after yielding and must be 
preferred. An increased ductility will result in a semi-rigid behaviour plus higher level 
of safety through: 
 

• Lower probability that premature brittle failures occur. 
• Possible redistribution of forces for statistically undetermined structures either 

internally in the joint or to other structural elements.  
 
A redistribution of forces, a so-called statistical system effect, will usually increase the 
reliability of the whole structural system and give an extra safety margin compared to 
the deterministic code results. A Monte Carlo simulation study of the statistical system 
effect and found an extra capacity in the order of 12 – 24%, (Hansson and 
Thelanderson 1999). 
Methods for improvement of the structural behaviour of semi-rigid joints are 
considered in the European research action COST C1, (Haller 1998). To encourage 
practising engineers to design more ductile connections (Blass et al. 1999) proposed 
that the load-carrying capacity should be calculated as R = 2[My/fh d]1/2 (mode III 
formula in equation 3). 
The Uniform Building Code (UBC 1997) permits a higher load duration factor for 
connections exhibiting ductile yield modes. This is analogous to allowing a smaller γm 
(equation 2) value for ductile failures in EC5. Applying the yield limit equations in the 
National Design Specification for Wood Construction, NDS, (“ANSI/AF&PA” 1997) 
and the load duration factors in UBC, a 7% decrease in design capacity for bolted 
timber-to-timber connections was calculated when the slenderness ratio decreased 20% 
from λ = 3 to λ = 2.4, (Tucker et al. 2000). Without the ductility consideration in the 
load duration factors the design load-carrying capacity decrease would be 22%. Here it 
is apparent that a ductile connection design is rewarded by the code. Note that only the 
UBC code, not the NDS code, allow the use of different duration of load factors for 
different modes of failure. However, (Tucker et al. 2000) points out that lack of data 
for mode I failures under cyclic loading may be the reason for the limitations on the 
load duration factors but concludes that a ductile connection is obtained when λ 
and/or the timber embedding strength are increased. The above reasoning is also 
applied in earthquake engineering where a probabilistic study, (Bertero and Bertero 
1999), of a multi-component system showed that to take advantage of redundancy it is 
necessary to increase the plastic capacity, i.e., the ductility. 
Consequently, several joint design approaches are possible to achieve a type III failure 
mode. 

1. High λ ratios, slender fasteners, should be used to reduce the tendency of 
premature splitting.  
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2. Minimum requirements for end distances, spacing among the fasteners and the 
timber member thickness/fastener embedding length has (at least) to be met 
and also be adapted to the combined effect of the timber properties, the 
strength of the dowels and also the type of connection used, (Mischler 1998; 
Haller 1998). 

3. Increased friction allows a higher degree of plasticity, increased load-carrying 
capacity, and a more even embedding stress distribution that contradicts the 
splitting tendency perpendicular to the grain caused by the eccentricity of the 
tension stress singularity near the dowel, (Siem 1999). 

However, a very important remark is: Applying the strategies outlined above to achieve 
a more ductile connection will lead to a decrease in load-carrying capacity and an 
increase in total deflections of the structural system. Both effects are regarded as 
negative for practical design using EC5. To reach the target of a strong and ductile 
connection a characterisation based on load-displacement behaviour, load-carrying 
capacity and items 1 and 2 above is needed. To promote semi-rigid behaviour an 
interesting approach could therefore be to require larger safety factors for brittle failures 
and smaller factors for ductile failure modes by adapting γm factors in combination with 
a kmod factor, (Blass et al. 1999), and associate the γm factors to specific levels of ductility 
(Racher 1995). This is similar to the UBS code use of larger load duration factor 
applied to the connection strength for connections exhibiting ductile yield modes. The 
effect of ductility is not quantitatively expressed by the use of different load duration or 
γm factors, and various governing yield modes (of e.g. equation 3) are not necessarily 
intuitive. This presents a need for a quantitative characterization of ductility to increase 
the overall structural reliability and promote engineers to design ductile connections. 

Engineering ductility assessment

The ductility is consistently defined in the ASTM and CEN standards as the ratio of 
ultimate to yield, or elastic, deformations but the definitions of elastic and ultimate 
deformation differs. Results from seismic experiments on nailed timber-to-plywood 
joints (Karacabeyli and Ceccotti 1996) showed that the ductility values for the CEN 
and ASTM methods were quite similar despite the differences in definition. The CEN 
and ASTM standards defines the ultimate deformation as the deformation 
corresponding to 80% of the maximum load or as the deformation associated with 
wood splitting, whichever occurs first. This is consistent with the definition of ultimate 
rotation capacity that occurs when a significant decrease in strength (20%) is obtained 
under monotonically increasing deformation, (Bertero and Bertero 2000). Thus, the 
ductility is defined as: 
 

   
y

f
f u

u
D =  [mm/mm] (4) 

 
Here uy is the elastic deformation and uf the ultimate deformation. 
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Ductility has also been defined as the relative deformation capacity associated with the 
maximum load (Racher 1995; Karacabeyli and Ceccotti 1996): 
 

  
y

u
u u

u
D =   (5) 

 
Here uu is the deformation corresponding to the maximum load. Note that it is possible 
that uf = uu if premature brittle failure occurs. Using a probabilistic analysis Df and Du 
were shown to be statistically valid for slotted-in steel plates and dowels and increasing 
when the slenderness ratio increased from λ = 2.1 to λ = 8.3, (Siem 1999). 
If the purpose is to define ductility in a way that makes the measure useful to an 
engineer, the definition must allow for a direct comparison between different types of 
joints without direct knowledge of the load-deformation curve for each type of 
connection. It must be possible to estimate if the safety/reliability of a structure using 
bolted connections is the same or different as a structure with nailed connections. 
Taking the consistency of equation (4) into account and the fact that a dimensionless 
parameter is preferred, Df is used herein as the definition of ductility. Here uf is based 
on the stability loss of the structure since the deformation is defined as the load-drop in 
the load-deformation curve associated with the first visible macro-crack and negative 
slope i.e., wood splitting without possible load increase, cf. figure 5.  
Let us assume that teff required for mode II failure to occur represents the “elastic” 
deformation uy. This corresponds to mode I failure on the limit to mode II failure 
where the “elastic” embedding strength fh is evaluated. The elastic effective thickness, 
ty, can be derived by equalling the load-carrying capacities for mode I and II in 
equation (3) 

   
h

y
y df

M
t

2
=  [mm] (6) 

 
The “engineering” ductility, De, is thus proposed, in accordance with Df, as the ratio of 
actual timber member thickness to the elastic effective thickness ty. 
 

  
y

e t
t

D =   (7) 

 
Observe that this approach is general for all connections governed by Johansen´s plastic 
theory. Depending on the type of connection (single or multiple shear, timber-to-steel 
or timber-to-timber joints etc.) equation (6) and the definition of t will change. For the 
slotted-in connection considered in this paper t is defined as the timber member 
thickness of the middle lamella. 
A motivation for equation (7) is expressed by the following example. Consider a case 
with two geometrically similar connections (A and B). Both has the same timber 
properties and same timber member thickness tD, but the fastener yield strength in 
bending for connection B is 50% of connection A. In figure 2, connection B is 
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represented by the lower curve and connection A by the upper curve. With the 
exception of an initial elastic ductility it can be noted that the ductile behaviour starts 

when the failure mode changes from I to II, i.e., at ty. From this definition it can be 
seen that connection B has to be more ductile since it “enters” the ductility regime 
(mode II and III) “earlier” than connection A since ty,B < ty,A. The ductility 
representative for connection B should be larger than connection A which it is by using 
equation (7): DeB = tD/ty,B > DeA = tD/ ty,A. 

Figure 2 Proposed interpretation of ductility viewed in an R versus t plot

A lower minimum value, D0 (initial elastic ductility), and upper maximum value (above 
which uf is constant) set the limit for Df. The most straightforward assumption is a 
linear dependency between Df and De, figure 3, expressed as: 
 
  0DDKD eDf +⋅=   (8) 

 
where KD is the slope of the ductility curve. Using equation (7) and (3) assuming that t 
equals teff a mode I failure is obtained, for the slotted-in connection considered herein, 
for De ≤ 1 and a mode III failure for De ≥ 2.82. 
 
 Df ≤ D0 Mode I failure, brittle, should be avoided 
 D0 < Df ≤ 1.82⋅KD + D0 Mode II failure, ductile with possible  
  capacity increase (9) 
 Df > 1.82⋅KD + D0 Mode III failure, ductile and  
  maximum capacity 
 
The values for D0, KD and 2.82 are dependent on the type of connection and must be 
theoretically evaluated and experimentally validated from case to case.  
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Figure 3 Proposed ductility model for joints with slotted-in steel plates

In EC5 the yield (plastic) moment for nails is calculated according to the first term in 
equation (10). Nails are produced from steel wire that results in a cold forming process 
that strain hardens the nails. Regarding fy as a required minimum yield strength the 
strain hardening effect is reduced with increased nail diameter as: 
 

 
( )

6

1

6

33 ddfdf
M

yy
y

⋅−
==

α
 [N⋅mm] (10) 

 
Incorporated in the parameter α is the strain hardening and, in a more arbitrary way, 
the effect of the large variability in wire strength since the quality control in practice is 
minimal. 
The embedding strength, without predrilled holes, EC5 
 
 3.0082.0 −= dfh ρ  [N⋅mm-2] (11) 

where ρ is the timber density in kg⋅m-3 and d in mm. Using equations (10) and (11) in 
equation (6) gives 
 

 
( ) ( ) 15.1

3.0

3

102.2
082.06

12
dd

f

dd

ddf
t

yy
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⋅⋅
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=

−
α

ρρ

α
 [mm] (12) 

For nails with 3 < d < 5 mm (relevant for this study) and 0.05 < α < 0.09, with α 
interpreted from (Larsen and Riberholt 1999; Ehlbeck et al. 1990), can the factor 
d/[(1-αd)0.5d1.15] be shown to vary between 0.92 and 1.06 thus rendering the following 
expression for ty 

KD

De

Df

D0

1.0 2.8



9 

 

 d
f

t
y

y ⋅≈
ρ

02.2  [mm] (13) 

 
Using this definition in equation (7) yields 
 

  
yy

e ffd
t

D
1.402.2
ρλρ =⋅=   (14) 

Experimental study

Test set-up and specimens

Medium size joints, 90 × 180 mm2, from glulam (spruce) were tested in tension parallel 
to the grain according to figure 4. Slots of 2.2 mm thickness were sawn into the 
specimen. The joint consisted of two steel plates 2 mm thick, 2 × 180 × 400 mm3, fy = 
355 MPa, with nails d = 3.7 mm and length 97 mm driven through the wood and the 
steel plates with a heavy-duty hand-held pneumatic nailer. The investigation comprised 
of one series of fifteen specimens with 10 nails in each specimen. The nail pattern 
shown in figure 4 was chosen to avoid shear-plug failure and end distance effects. 
The maximum thickness of the slotted-in steel plate was determined in preli-minary 
tests to 2 mm; the nailer could not shoot the nails through thicker plates. The nailer 
was fastened to an ordinary machine-shop drill stand there-by aligning the nailer to 
shoot the nails perpendicular to the glulam speci-mens. Using this set-up the nails were 
shot through the whole thickness of the specimen (90 mm) so that the tips of the nails 
protruded approximately 7 mm. The weight of the nailer fixed in the drill stand assured 
the straightness of the nails. The preliminary tests also revealed the importance of the 
end dis-tance on producing the connections; if shot too close to the edge wood split-
ting occurred during manufacturing due to the impact between the nail and the steel 
plate. Therefore the end distance was increased from the EC5 re-commendation of 15d 
= 56 mm to 20d = 74 mm in the test set-up, figure 4. 
The specimens were tested in a moisture condition resembling actual manufacturing 
conditions for the joints. The joints were assembled and tested immediately after the 
glulam was taken from manufacturing plant. The tests were conducted according to the 
static ISO 6891 loading protocol with a time to failure between 8 and 15 minutes. The 
servohydraulic testing machine was a DARTEC system with a maximum load of 600 
kN and a maximum error of 1 % over the entire range. Displacements were measured 
during the tests by transducers (LVDT, 0 - 50 mm, Vishay) placed centrally in the joint 
region. Data was sampled with a frequency of 2 Hz. 
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Figure 4 Test set-up and specimen geometry (scale in mm)

The density and the moisture content of the wood were determined according to ISO 
3131 and ISO 3130 (ISO 1975) respectively but with 40 × 40 × 40 mm3 samples for 
easier manufacture of parallel surfaces. Measure-ments were made on four samples from 
each of the joints, one sample from each lamella, a grand total of 48 samples. 
The nail yield moment was determined according to EN 409 (EN 1993) and the yield 
limit according to EN 10002 (EN 1990). The sample size was 20 nails and the tests 
were performed at Karlsruhe University, Germany. The yield moment, My, of the nails 
was determined to 18.7 Nm with a standard deviation of 0.335 Nm 

Results and analysis
The test results are presented in table 1 where: Fu is the maximum load and uu is the 
corresponding deformation, uy is the elastic deformation defined as the intersection of 
K1 and K2 (figure 5) determined by linear regression to the linear parts of the load-
displacement curve; uf is the deformation defined as the load-drop in the load-
deformation curve associated with the first visible macro-crack and negative slope i.e., 
wood splitting without possible load increase, Df is the ductility according to equation 
(4), ∆F is the ratio of the load at uf to the maximum load (load-drop percentage); ρ is 
the density determined along with the moisture content (MC) at the moment the joints 
were tested. The distance from pith (DP) was evaluated by averaging values within the 
nail region. 
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Table 1 Results from medium-scale tests

No. 
 

(1) 

Fu  
[kN/nail] 

(2) 

uy 
[mm] 
(3) 

uu 
[mm] 
(4) 

uf 
[mm] 
(5) 

Df 

 
(6) 

∆F 
[%] 
(7) 

ρ 
[kg/m3]

(8) 

MC 
[%] 
(9) 

DP 
[mm] 
(10) 

1 8.8 - - - - - - - - 
2 9.0 0.5 4.2 15 27.8 12.0 403 11 24 
3 8.3 0.4 5.2 5.6 15.6 4.3 418 11 23 
4 10.0 0.3 8.3 9.9 31.9 4.3 441 11 25 
5 8.4 0.4 2.2 5.0 11.9 7.0 426 11 23 
6 8.4 0.3 5.8 6.5 19.1 7.8 434 10 24 
7 8.5 0.3 5.3 8.8 27.5 7.3 421 10 22 
8 8.4 - - - - - - - - 
9 8.0 0.3 3.3 5.0 19.2 6.9 440 11 29 
10 8.4 0.3 3.8 5.8 17.0 10.2 410 10 27 
11 8.2 0.4 3.7 6.4 18.3 8.2 444 11 24 
12 7.6 0.4 5.5 7.2 18.0 7.2 424 11 25 
13 8.2 0.3 4.1 5.4 17.4 7.5 411 10 24 
14 8.1 0.4 6.2 12 28.6 7.9 421 11 24 
15 9.2 0.4 9.4 12 28.6 5.6 421 11 26 

Mean 8.4 0.4 4.9 7.9 21.6 7.4 423 11 25 
St.d. 0.4 0.1 1.8 3.3 6.3 2.1 30 0.5 1.8 
COV 4.9 18.9 36.7 41.8 29.2 28.4 7.1 4.5 7.2 

 
The deformation values in table 1 are the average from the two displacement 
transducers. The data shows large scatter for the deformations with coefficient of 
variations, COVs, ranging from nearly 19% for uy to 41% for uf and much less scatter 
for the load with COV slightly less than 5%. A COV slightly larger than 20% could be 
expected in general for the displacement and rotation capacity for structural steel and 
concrete, (Bertero and Bertero 1999). The scatter in the displacement values found 
here are generally larger than these 20%. At this point the only plausible explanation of 
this difference is the overall large variability in wood behaviour. A large COV in the uf 
value might be critical since uf is used in the definition of Df, but evident from table 1 is 
a COV of around 29% for Df. The load-displacement curves for speci-men no. 6 
shown in figure 5 depict the typical behaviour observed in these tests namely yielding 
of nails before splitting of the wood. Thus, yielding of the nails was observed to occur 
prior to splitting and therefore uf > uu for all specimens. The average value for ∆F is 
7.4% which is significantly less than the 20% load-drop percentage used in the ASTM 
and CEN standards: This behaviour might call for an alternative definition of ductility 
since this connection obviously has a positive over capacity in the sense of load-
carrying capacity at the ductility evaluation point. 
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Figure 5 Typical load-displacement measurement and definition of parameters
exemplified for specimen no. 6

The visible observations of the wood splitting coincided for all specimens with a load-
drop later found from the load-displacement curves. Load-drops are evident before and 
after the maximum load but the first visible macro-crack always initiated after the 
maximum load. Generally the cracks propagated from one of the outer nails and from 
the timber section the nail first passed through during manufacturing, figure 6a. The 
cracks initiated and propagated instantaneously through the whole timber section 
thickness (t = 29 mm), which is why they were possible to detect, even if the initiation 
occurred near the steel plates. None of the specimens experienced a shear-plug failure 
since the nail group length (111 mm) parallel to the loading direction joint was too 
small. 

(a)  (b) 

Figure 6 a) Crack propagation and b) failure mode

K1

K2

No. 6

No. 10
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Specimen no. 1 was not loaded according to ISO 6891, but used a linearly increasing 
load ramp of 3 mm/min. Therefore this specimen is to be regarded as an exploratory 
experiment. Specimen no. 8 had just passed the ultimate load when a power outage 
ended the experiment. Specimen no. 4 was also disregarded since the specimen was 
severely damaged by the nailer during manufacturing of the joint. The data were 
treated statistically with linear regression to examine the supposed relationship between 
ρ–capacity and between DP–capacity. None of these relationships were found to be 
significant on the 5% significance level. This is probably due to the fact that these joints 
were produced with the aim to be as similar as possible and thus the result is that 
density, pith distance and capacity does not vary enough to produce any tendencies in 
the relationships. 

Discussion
By the use of equation (14) it is readily seen that the ductility is (theoretically) increased 
if the timber member thickness and/or density is increased or if the fastener diameter 
and/or yield strength is decreased. This definition of ductility captures the observations 
and statements made by other researchers namely; a ductile behaviour is achieved by 
combining large λ values and harmonised timber/fastener properties. By this definition 
it is possible to estimate the expected change in ductility from geometrically identical 
joint configurations using the same steel fasteners but with varying timber properties. 
Two identical configurations with multiple-fastener joints and slotted-in steel plates, 
one of softwood (spruce) and one of hardwood (beech), has been investigated 
(Mischler 1998). The study attributes the observed increase in both load-carrying 
capacity and ductility for the hardwood specimens to higher embedding strength and 
tension strength perpendicular to the grain. Employing the definition in equation (4) to 
the load-deformation results presented in Mischler gives an experimentally found ratio 
between the ductility of beech to the ductility of spruce to Df

beech/Df
spruce = 1.27. Using 

equation (14) and the mean value of ρ from five tests in Mischler yields a ratio of the 
engineering ductility of beech to spruce to De

beech/De
spruce = [647/480]1/2 = 1.16. The 

difference is only roughly 9%. This small difference gives information that speaks in 
favour for the model. First, the engineering ductility De using the proposed model is in 
good compliance with experimentally observed ductility Df. Secondly, the calculated 
ratio based on ρ displays a smaller and therefore conservative figure following the 
argumentation that higher ductility should be associated with higher structural 
reliability. 
Figure 7 depicts ductility results from 57 experiments on different types of slotted-in 
joint designs presented in the literature together with the results from this study. 
Dowels were investigated by (Siem 1999 and Pedersen et al. 1999) and so-called 
modified Multiple Nail Connectors by (Burstrand and Salmonsson 1996). The data for 
the experimentally observed ductility Df = uf/uy is plotted against De = t/ty. 
Dowels are not produced from steel wire the way nails are and no strain hardening 
effect, α in equation (9), is expected. Hence, for dowels, equation (13) and (14) must 
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be multiplied with d0.15. This was performed on the data in (Siem 1999 and Pedersen et 
al. 1999).  
The average value of De in this study is 1.42. Concerning the boundary, De > 1 
presented in equation (9), a mode II failure is expected. Evidences of mode II failure 
were likewise found when examining the fractured specimens, figure 6b. The photo 
was taken after a displacement of 30 mm. At this moment the rotation angle is 20º for 
all nail parts except the upper right in figure 6b where the rotation angle is 45º. From 
figure 7 it is possible to extract values for equation (9), as D0 = 16.5 and KD = 7, albeit 
with low statistical validity. However, the results indicate a positive slope of ductility, 
KD, in the Df vs. De curve with the obvious interpretation – an increased engineering 
ductility will result in an increase in ductility behaviour of the joint. Indeed, some of 
the failures reported in (Burstrand and Salmonsson 1996) for De = 2.62, close to the 
upper theoretical mode III limit where more plastic ductility can be mobilized, were 
due to extensive nail bending followed by a nail withdrawal with structural instability 
promoting the failure rather than embedding - wood splitting failure. None of these 
failures were observed in these experiments. Thus, the experimental validations points 
to the conclusion that a connection with a larger De value, say 2.62, is more ductile in 
the sense of failure mode than the connection having a smaller value, say De = 1.42. 
However, as pointed out earlier the overall brittleness of the connection is also 
governed by the end distance etc. 
 

 

Figure 7 Df versus De plot, results from literature and experiments

Today, an engineering utilization of equation (9) and (14) is limited in practical timber 
frame design. Without knowledge about the ductility demand coupled to an accepted 
risk of failure/reliability for structures D0 = 16.5 and KD = 7 should not be used. If 
proper statistical and structure reliability investigations are performed with the aim to 
determine a ductility demand, D0 and KD could be associated to a safety level. The 
model could then be used to estimate the material safety factor γm ensuring that the 
ductility capacity in a critical region is larger then the ductility demand. By 
incorporating the yield behaviour into the reliability/safety reasoning in EC5, as it has 
been done in the NDS/UBC, a more ductile behaviour would yield a smaller γm factor 
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and hence a higher resistance value according to equation (2). But, again, this requires a 
determination of acceptable values for the ductility demand. 
To demonstrate the usefulness of the approach the results from figure 7 are applied to 
calculate the minimum thickness to achieve mode II and mode III failures. This implies 
that De = 1 for mode II failure and De = 2.82 for mode III failure. Using values for ρ = 
423 ± 30 kgm-3 from table 1 and fy = 2216 ± 46 MPa from the yield moment tests of 
the nails gives: 

 d
f

dt y
II 9.4

1.4
1 =⋅⋅≥

ρ
,          d

f
dt

y
III 7.13

1.4
82.2 =⋅⋅≥

ρ
   

 
For larger D0 values a thicker timber member or embedding length are required. 
It is recognised that due to the large scatter (variability) in the results, few specimens, 
and only a limited number of comparable experiments in the literature, this 
investigation is not sufficient to state that Df can be described by De. The least-square fit 
line in figure 7, has a correlation coefficient of R2 = 0.28. Hence a statistically strong 
enough proof of the validity of the engineering ductility model is not yet achieved. 

Conclusions
A developed glulam connection system consisting of slotted-in steel plates with shot-
through nails was utilized to verify an engineering ductility model.  The aim was to 
define a suitable ductility measure based on the displacement of the joint. Based on the 
plasticity theory of the European Yield Model for dowel type-connections, theoretical 
reasoning and experimental results, a model is proposed describing the ductility 
behaviour of mechanical joints. 
The model is exemplified and verified for the slotted-in steel plate connection. The 
model is based on “engineering” parameters and estimates the engineering ductility, De 
= λ [ρ/(4.1 fy)]

1/2, from the slenderness ratio, λ = t/d, timber density, ρ, and the 
fastener yield strength in bending, fy. The model is robust and transparent but was 
developed only for slotted-in connections. The De philosophy can be adapted to 
compare the ductility of different structural connections. To this end it is necessary and 
sufficient to know basic geometrical and physical properties of timber and mechanical 
fastener and perform calculations based on force equilibrium. The engineering ductility 
will be useful to an engineer for a direct comparison between the ductility of different 
types of joints without direct information of the load-displacement behaviour. 
For the proposed model to be further developed as an accepted ductility assessment 
tool different complementary studies should be performed: 

• An extended experimental verification of the influence of geometry design 
(end and side distances, timber member thickness etc.), timber and nail 
properties and grain angle so that a larger regime of De = t/ty is covered. 

• A statistical system effect simulation, incorporating effects of force 
redistribution, linked to statistical strength variation and the De of the joint to 
investigate acceptable levels of ductility demand. This investigation must be 
coupled to the verification of safety limits and structural reliability in the 
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ultimate limit state. This work is necessary if adapted γm factors in combination 
with a kmod factor based on different failure modes/level of engineering ductility 
are to be introduced in EC5. 
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Notations
Du Ductility associated with the maximum load 
Df Ductility associated with the final failure 
De Engineering ductility 
D0 Initial elastic ductility 
DP Distance from pith [mm] 
d Fastener diameter [mm] 
Fu Maximum load/capacity [N] 
fh Timber embedding strength [Nmm-2] 
fu Ultimate steel strength [Nmm-2] 
fy Yield strength of steel [Nmm-2] 
KD Slope of ductility in the Df vs. De curve 
K1, K2 Stiffness of load displacement curve [Nm-1] 
kmod Modification factor in Eurocode 5 
MC Moisture content [%] 
My Fastener yield moment [Nm] 
R Load-carrying capacity [N] 
Rd Design load-carrying capacity [e.g. N] 
Sd Design value of the effects of loads [e.g. N] 
t  min(timber thickness; fastener embedded length) [mm] 
teff Effective thickness [mm] 
ty Elastic effective thickness required for mode II failure [mm] 
uu Deformation corresponding to the maximum load [mm] 
uy Elastic deformation [mm] 
uf Ultimate deformation/load-drop ass. with wood splitting [mm] 
ul Deformation associated with the embedding strength [mm] 
α Strain hardening and variability effects in steel wire nails 
γm Partial safety factor for the material property in Eurocode 5 
λ Slenderness ratio (t/d) 
ρ Timber density [kgm-3] 
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Abstract
Brittle failures in mechanical timber joints should be avoided, because this often results 
in a brittle failure of the structure and thus lead to a lower overall safety. Nailed joints 
experience three failure modes; embedding failure, splitting or shear-plug failure. To 
avoid shear-plug failure short and wide joints are preferred, which limits the number of 
fasteners in line with the load and grain direction. In this paper shear-plug failure is 
examined in short-term experiments on nailed steel-to-timber joints in glulam loaded 
in tension parallel to the grain. Five different joint geometries were studied. Joints with 
fasteners placed in groups and joints with varying number of nails in the direction 
perpendicular to grain were tested. The aim with the study is to examine if the fastener 
group layout can be adjusted to produce a more ductile behaviour of the joint without 
changing fastener spacing. One cause for failure initiation can be the uneven load 
distribution among fasteners. Using spring models it is shown that the load distribution 
creates pronounced stresses at the last nail in the joint, which initiates the shear-plug 
failure. Test results are compared with prediction models found in literature. It is found 
that grouping fasteners is not a successful way of reducing the risk for shear-plug failure. 

Keywords: Shear-plug, Nailed steel-to-timber joints, Timber joints, Nailed joints, Block
shear

Introduction
Mechanical timber connections of dowel-type are commonly used to join elements in 
timber structures. They most often carry load through shear action in the dowel. 
Timber joints loaded in tension parallel to the grain can fail in four different failure 
modes a)-d) [1]: 
 
a) row-shear 
b) shear-plug / group tear-out / block shear / peeling off 
c) embedding, described by Johansens theory for dowelled joints [2] 
d) splitting 
 
Figure 1 illustrates the difference between these failure modes on a bolted connection. 
In nailed connections only failure modes b), c) and d) occur, Figure 1 i). Experimental 
evidence from large nailed joints tested in tension parallel to the grain [3] showed only 
two failure modes: shear-plug failure and embedding. For smaller joints splitting should 
also be possible. 
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(i)                                                                      (ii) 

Figure 1 i) Possible failure modes for bolted connections [1] and ii) Schematic
shear-plug failure

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, Figure 1 ii) where the 
bottom and side areas are in shear. The joint resistance is the lowest value of the 
embedding failure and the shear-plug capacity, which involves tensile Rt and shear Rv 
capacities, Figure 1 ii). In [3] a model is proposed for predicting the shear-plug 
capacity, equation (1), Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Parameters used in equations predicting shear-plug failure, [4]
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In equation (1) nr is the number of nails in a row, nc is the number of rows and Rd is 
the resistance of one nail calculated from [2]. Furthermore, bef is the nominal width of 
the joint reduced by the diameter of the fastener holes and hef is the distance from the 
wood surface to the second plastic hinge in the fastener. l includes both the length of 
the joint and the end distance. The model in equation (1) fit test results performed in 
[3] and [5] well.  
 
Another model was proposed in [4] where the capacities of the tensile and the shear 
areas were not added, equation (2). In equation (2) h is the entire length of the nail, b 
is the nominal width of the timber member and dy is the edge distance. The 
phenomenological differences between equations (1) and (2) are; i) whether the 
capacities of shear and tension can be added and ii) if it is the shear area along the sides 
or the bottom (or both) of the joint that should be taken into account. 
 
In joints with many fasteners in a row (one row is parallel to the load and grain 
direction) the load distribution is uneven along the row. In an analytical model 
developed by [6] and somewhat simplified by [7] it was shown that in timber-to-timber 
joints the first and the last fastener are most heavily loaded. Both researchers assumed 
linearly elastic properties for bolts and wood. This is true for very stocky dowels where 
the ratio length/diameter is around 2. When dealing with ductile fasteners as nails there 
is a possibility for redistribution of forces in the row of fasteners if the joint can deform 
enough so the fasteners reach the plastic regime. This behaviour evens out the load 
distribution and the capacity of nailed connections can be calculated as the sum of the 
individual fastener capacities [8]. The redistribution of forces can however not take 
place if the shear-plug capacity of the connection is exceeded first. The aim with this 
study is to examine if fastener placement layout affects the shear-plug failure 
mechanism. This is done by testing joints with fasteners placed in groups and joints 
with different number of fasteners perpendicular to the grain. 

Test set-up and specimens
Full size joints in glulam (spruce) were tested in tension parallel to grain according to 
figure 2. The timber member cross section was 90 × 225 mm2 from glulam of the 
Swedish strength class L40 (corresponding to GL32 in Eurocode 5, [9]). The timber 
member length varied between 650…850 mm. One joint consisted of one steel plate 
10 mm thick with yield limit fy = 355 MPa and annular ringed shank nails with 
diameter, d = 4.0 mm and length 50 mm, Figure 3.  
 
The investigation comprised five series with a grand total of 28 specimens, Table 1. 
The nail patterns were varied between the different series. The basic nail pattern 
originates from [9], where distances between nails parallel to grain of 10d and 
perpendicular to grain 5d are given. Furthermore in [9], a reduction of the distances 
with a factor 0.7 is allowed in steel-to-timber joints. Therefore, the basic pattern used 
in this study has a distance between nails parallel to the grain of 7d and perpendicular to 
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the grain 3.5d. The variation between the series is obtained by placing nails according 
to table 1 within the basic pattern. 
 

8 bolts
M16

Trans-
ducer

Nails,
4.0 x 50

Steel plate,
10 mm thick

80 mm

Support

Position of
transducer for

determination of
"single" load-slip

curve

Figure 3 Test setup and specimen geometry

An estimation of the shear-plug resistance in the experiments was obtained by using 
equation (1) with fv = 3MPa and ft0 = 26.5 MPa. The geometry of the joints yielded lj 
= 228…412 mm and bef = 52…102 mm. The effective thickness, hef = 
(2×My/(fh×d))0.5, was calculated using My = 6.86 Nm and fh = 32.3 MPa (based on 
actual nail and wood properties). Nail resistance was estimated using Rnail = 150d1.7 
from [10]. All strength values used for theoretical prediction are 5th percentile strength 
values so the expected failure load in the experiments is too low. However, the load 
estimate relationship between the different series holds. In parenthesis in table 1, shear-
plug capacities using values for clear wood, ft0 = 90 MPa and fv = 7 MPa [11], are also 
reported. 
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Table 1 Nail patterns and estimated characteristic (5th percentile) resistances

 
Nail pattern 

 
Design-
ation  
 

No. 
of 

speci-
mens

Nails / 
speci-
men 

Nail 
resi-

stance 
[kN] 

Shear-
plug 
resi-

stance 
[kN] 

Nail 
res. / 
shear-
plug 
res. 

 

 
 
DUCT 

 
 
5 

 
 

20 

 
 

31 

 
 

92 
(242) 

 
 

0.34 

 
RECTS 

 
5 

 
63 
 

 
100 

 
55 

(143) 

 
1.8 

        

 
RECTL

 
5 

 
143 

 
226 

 
112 

(291) 

 
2.0 

 

 
 
TRI 

 
 
3 

 
 

101 

 
 

160 

 
 

112 
(291) 

 
 

1.4 

 
GRPS 

 
5 

 
143 

 
226 

 
131 

(335) 

 
1.7 

 
GRPL 

 
5 

 
143 

 
226 

 
154 

(389) 

 
1.5 

The motivation for choosing the different nail patterns in table 1 is: 
• DUCT is a ductile series tested with the aim to obtain load-displacement curves 

for nails without risk for shear-plug failure 
• RECTL and RECTS are series with ordinary rectangular nail pattern. They 

serve as reference cases for comparison with the other series. 
• TRI is based on the concept of having different lengths of rows in the joint. 

The aim is to examine if the outmost nails plasticise enough to redistribute load 
to the inner nails before shear-plug failure is initiated. 

• GRPS and GRPL have nails in two groups and is essentially the RECT design 
drawn apart in the middle. The aim here is to investigate if stress concentrations 
can be avoided by distributing load to groups of fasteners. 
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The specimens were conditioned to a temperature of 20°C and a relative humidity of 
65 % according to the requirements in ISO 6891 [12]. The tests were conducted with a 
time to failure between 8 and 15 minutes, [12], using a servohydraulic testing machine 
with a maximum load of 600 kN and a maximum error of 1 % over the entire 
measuring range. During the tests displacements were measured by displacement 
transducers (LVDT, 0 - 50 mm, Vishay) placed centrally in the joint region. Data was 
sampled with a frequency of 2 Hz. The density and the moisture content of the wood 
were determined according to ISO 3131 [13] and ISO 3130 [14] respectively, table 2. 
Measurements were made on two samples taken in the inner lamellae from each of the 
joints. The size of the samples were 40 × 40 × 40 mm3.   

Results
Table 2 presents the test results, where Fu is the maximum load and uu is the 
corresponding deformation. 

Table 2 Test results

 
Series 

Fu 
Resistance  (st.dev.) 

[kN] 

uu 
Displacement at failure (st.dev.) 

[mm] 
DUCT 63.9  (3 %) 10.1  (8 %) 
RECTS 88.3  (9 %) 1.57  (13 %) 
RECTL 161  (5 %) 1.45  (21 %) 
TRI 145  (10 %) 1.19  (8 %) 
GRPS 181  (7 %) 1.88  (37 %) 
GRPL 218  (6 %) 2.41  (17 %) 

The deformation values in table 2 are the average from the two displacement 
transducers. The density was determined to 454 kg/m3 and the moisture content was 
11.2 %. Shear-plug failure was observed in all test series except the series DUCT, 
Figure 4 i) and ii). The average resistance per nail in the ductile tests was 3 kN/nail 
with an average uu of 10 mm, see Figure 4 ii). The average resistance Fu for the shear-
plug tests varied from 88 kN (1.4 kN/nail) to 218 kN (1.52 kN/nail) with uu values 
ranging from 1.2 to 2.4 mm, Figure 4 i). 
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Figure 4 Typical load-displacement curves from tests, i) shear-plug failure,
ii) ductile

 
Figure 4 ii) shows a linearly elastic behaviour up to a “yield load” (2.2 kN/nail 
displacement 2.4 mm) where the formation of plastic hinges in the nail starts. After that 
the load increases again when tensile action in the nail is engaged due to the inclination 
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of the nail. After the failure load is reached the joint fails in splitting. Some of the nail 
heads were sheared off in the final state. 

The load-displacement curves from the shear plug tests show a nearly linear elastic 
behaviour until failure is reached. An estimation of the “yield load” for the shear-plug 
specimens from the RECTL series is 143×2.2 = 315 kN. The RECTS, RECTL, TRI 
and GRPS series show uu in the range of 1.2-1.9 mm and the “yield load” is clearly 
not reached before failure. Series GRPL has uu = 2.4 mm which is at the limit 
deformation for the “yield load”. A visual examination of the fractured specimens in 
GRPL series showed that the first and last nails in the sub-groups had begun to yield.  
 
Shear-plug failure is a sequential failure involving cracking along several shear planes. 
From experimental observations (RECT, TRI and GRP series) the general behaviour 
can be described: 

1. A crack develops along one of the sides of the joint, Figure 1 ii). Probably the 
failure starts at the nail farthest from the free end. This occurs 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 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. 

In RECTS series the behaviour was somewhat different. Instead of one large plug, 
many smaller plugs were formed resulting in 10 % lower resistance in these specimens. 
Especially, the depth (z-direction in Figure 2) of the first plug was small, about 10 mm. 
The average depth of the plug in the other specimens was about 30 mm.  

Discussion
Experimental observations suggest that initiation of the shear plug failure occurs at the 
nails placed farthest from the free end. A possible explanation is uneven load 
distribution in the joint. To verify this the load distribution in series RECTL was 
analysed using the model in [8]. As input data to the model, load-displacement curves 
from the series DUCT were used. In two of the DUCT joints tested, displacements 
were measured over one nail column only, Figure 3, producing the piecewise linear 
load-displacement curve in Figure 5 i). 
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Figure 5 i) Piecewise linear load-slip curve ii) Load distribution from model iii)
System of springs analysed iv) Fractured joint TRI001 from the TRI series

The model [8] is a FE formulation of the spring system shown in Figure 5 iii), with 
linearly elastic springs for the members and non-linear springs for the nails. Loads and 
displacements for each nail in a row are calculated iteratively. Elastic modulus for wood 
was estimated as Ew = 13 GPa and for steel Es = 210 GPa. The wood affected by the 
load was assumed to be Aw = 14×40 mm2 corresponding to the width of one nail row 
and the depth of the nail. The steel area was taken accordingly as As = 14×10 mm2 and 
L = 35 mm (7d). Nearly all joints failed in shear-plug failure before reaching the “yield 
load” of the nails. Thus, the load distribution in this part (displacement < 2.4 mm) of 
the load-slip curve in Figure 5 i) is of particular interest since failure occurs there. With 
eight nails in a row the load distribution is shown in Figure 5 ii). 

The distribution in Figure 5 ii) clearly shows that the load distribution differs from 
timber-to-timber joints where the load is most severe on the outmost nails and smaller 
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in the middle [7]. For this connection the nail farthest from the free end is most heavily 
loaded. The explanation is the large difference in stiffness between steel and wood, 
causing larger deformations in wood than in steel. The model prediction was 
confirmed in the TRI series where the last nails in a row started to fail in embedding, 
while the inner nails were almost undeformed, see Figure 5 iv). Another conclusion 
that can be drawn from the photograph in Figure 5 iv) is that there seems to be no 
load-sharing between the nail rows. One argument for testing the TRI series was to 
show that if the outer nails plasticised, the inner nails in the direction perpendicular to 
the grain would follow this behaviour. This was not found in the experiments. 
 
Based on experimental observation of the course of the shear-plug failure (see Results), 
the model in [3] and [5], equation (1) seems to capture the behaviour correctly, 
neglecting the side shear areas and summing the tensile and bottom shear areas. When 
comparing estimated shear-plug resistance ranges in Table 1 with measured resistances 
in Table 2 all measured resistances fall within the range. The lower value in Table 1 
corresponds to the 5th percentile of the resistance distribution and the higher value is an 
upper limit using clear wood strengths. It is necessary to obtain a more precise measure 
of ft0 and fv in order to verify equation (1) or (2). Since shear-plug failure is local, 
knowledge of the local strength parameters is necessary. The use of clear wood values 
might be appropriate, but the failure is distributed over some distance as described in 
the discussion above. 

The joints in GRPL series were more ductile than the other series. The displacement at 
failure was 2.4 mm on the average, which is in the region where nails start to yield, 
Figure 5 i). This was confirmed from examinations on fractured specimens where the 
nails in the outer rows of the two sub-groups had begun to form plastic hinges. It 
might therefore be possible to achieve a ductile behaviour by increasing the distance 
150 mm between the two groups. This might be of limited interest in practical 
applications where it is more straightforward to increase the distances between the nails 
to achieve a ductile failure. 

Conclusions
Shear-plug failure is a brittle failure and should be avoided. From these experiments the 
following conclusions can be drawn: 
 

• Grouping fasteners is not a successful way of reducing the risk for shear-plug 
failure 

• There is no interaction between rows even though the nail pattern is dense 
• Shear-plug failure is initiated at the nail farthest from the free end of timber 
• The model [3] seems to capture the behaviour of shear-plug failure correctly. 
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Further research
For further understanding of the shear-plug failure it would be beneficial with testing 
of the timber material to validate existing models. A scanning method for 
characterisation of the strength (density) distribution would also be helpful. It would 
also be desirable to detect exactly where the failure is initiated e.g. through X-ray 
methods. 
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Abstract
Brittle failures in mechanical timber joints should be avoided, because this often results 
in low capacity and brittle failure of the structure. Nailed joints experience three 
ultimate failure modes: embedding, splitting or shear-plug failure. To avoid shear-plug 
failure, short and wide joints are preferred, limiting the number of fasteners in line with 
the load and grain direction. Shear-plug failure was examined in short-term 
experiments on nailed steel-to-timber joints in glulam loaded in tension parallel to the 
grain with five different joint geometries. The aim of the study was to examine if the 
fastener group layout can be adjusted to avoid shear-plug failure and to gain an insight 
into the causes of failure initiation. Using spring models, it is shown that the load 
distribution creates pronounced stresses at the last nail in the joint, which probably 
initiates the shear-plug failure. Test results are compared with prediction models found 
in the literature. It was found that fasteners placed in groups can be a successful way of 
reducing the risk of shear-plug failure. The failure is probably initiated at the nail 
farthest from the free end, where tensile stresses perpendicular to grain occur. 

Keywords: timber connections, timber joints, shear-plug failure, nailed joints, load
distribution in joints

1 Introduction
Mechanical timber connections of dowel-type are used to join elements in timber 
structures. They often carry load through shear action in the dowel. Such timber joints 
loaded in tension parallel to the grain can fail in four different failure modes a)-d) as in 
Fig. 1, Quenneville and Mohammad (2000).  
In nailed connections only failure modes b), c) and d) occur, Fig. 1. Experimental 
evidence from large nailed joints tested in tension parallel to the grain, Kangas and Vesa 
(1998), showed only two failure modes: shear-plug failure and embedding. For smaller 
joints splitting might also be possible. When timber is stressed by a group of fasteners 
loaded in tension parallel to the grain this results in both tensile and shear stresses 
parallel to the grain. The bottom and side areas in Fig. 1e are subjected to shear and the 
end area is subjected to tension. 
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Figure 1 Failure modes: (a) row-shear (b) shear-plug / group tear-out / block shear
/ peeling off (c) embedding, described by Johansen (1949) (d) splitting (e)
schematic shear-plug failure

The resistance of the joint is the lowest value of the total nail embedding failure and 
the shear-plug capacity. Kangas and Vesa (1998) proposed a model for predicting the 
shear-plug capacity, Eqn. 1, which involves the tensile, Rt, and shear, Rv, capacities. 

 

Figure 2 Definition of parameters, after Foschi and Longworth (1975)
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In Eqn. 1 Rnail is calculated according to Johansen (1949) assuming failure mode III, 
which also gives the distance between the two plastic hinges, hef as 2(My/(fhd))1/2, 
Kangas and Vesa (1998). 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 is the width b 
reduced by the edge distance and the nail diameters. The model in Eqn. 1 fit test results 
in Kangas and Vesa (1998) and Kangas (1999) well. The timber is described through its 
tensile strength ft0 and its shear strength fv, which also appear in Eqn. 2 proposed by 
Foschi and Longworth (1975). The numerically derived factors K, β, α and γ account 
for the number of nail rows and columns, nail spacing, timber thickness and 
penetration depth, h, respectively. In Eqn. 1 the tensile and the shear capacities are 
assumed to be additive, while Eqn. 2 separates them. It was argued, when Kangas and 
Vesa (1998) presented their work, that the tensile and shear capacities cannot be added 
due to differing stiffness. In Eqn. 1 the shear area along the bottom of the joint is 
assumed to carry the shear load, while in Eqn. 2 it is the side areas of the joint.  
In joints with many fasteners in a row the load distribution is uneven along the row. In 
an analytical model developed by Cramer (1968) and somewhat simplified by Lantos 
(1969), it was shown that in timber-to-timber joints the first and the last fasteners are 
most heavily loaded. Both researchers assumed linearly elastic properties for both bolts 
and wood. This is true for very stocky dowels with λ, length/diameter ratio, around 2. 
When dealing with ductile fasteners such as nails with higher λ-values, there is a 
possibility for redistribution of forces in the row of fasteners, if the joint can deform so 
the fasteners reach the plastic regime. This behaviour evens out the load distribution 
and the capacity of nailed connections can be calculated as the sum of the individual 
fastener capacities, Blass (1990). The redistribution of forces cannot, however, take 
place if the shear-plug capacity of the connection is exceeded first. The aim of this 
study is to examine if fastener placement layout affects the shear-plug failure 
mechanism and to gain insights into the failure initiation. This is done by testing joints 
with fasteners placed in groups and joints with different numbers of fasteners 
perpendicular to the grain. The load distribution before failure is studied using the 
model from Blass (1990) and a simple equation for the prediction of failure initiation is 
derived. 
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2 Materials and methods
Full size joints in glulam (spruce) were tested in tension parallel to grain, Fig. 3. The 
timber member cross section was 90 × 225 mm2 from glulam of the Swedish strength 
class L40 (corresponding to GL32 in Eurocode 5 (1998)). The timber member length 
varied between 650 and 850 mm. One joint consisted of one steel plate 10 mm thick 
with yield limit fy = 355 MPa and annular ringed shank nails with diameter, d = 4.0 
mm and nail penetration depth, h = 40 mm, Fig. 3.  

 

Figure 3 Test setup and specimen geometry

The investigation comprised five series with a grand total of 28 specimens, Table 1. 
The nail patterns were varied between the different series. The basic nail pattern 
originates from EC 5 (1998), where distances between nails parallel to grain of 10d and 
perpendicular to grain of 5d are given. A reduction of the distances with a factor 0.7 is 
allowed in steel-to-timber joints, EC 5 (1998). Therefore, the basic pattern used in this 
study has a distance between nails parallel to the grain of 7d and perpendicular to the 
grain 3.5d. The variation between the series is obtained by placing nails according to 
Fig. 4 in relation to the basic pattern. 
The motivation for choosing the different nail patterns in Fig. 4 is: 

• DUCT is a ductile series tested with the aim of obtaining load-displacement 
curves for nails without risking shear-plug failure 

• RECTL and RECTS are two series with ordinary rectangular nail patterns. 
They serve as reference cases for comparison with the other series. 

• TRI is based on the concept of having different lengths of rows in the joint. 
The aim is to examine if the outmost nails plasticise enough to redistribute load 
to the inner nails before shear-plug failure is initiated. 
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• GRPS and GRPL have nails in two groups and is essentially the RECT design 
drawn apart in the middle. The aim is to investigate if stress concentrations can 
be avoided by distributing load to groups of fasteners. 

 

 

Figure 4 Nail patterns in the different test series

The specimens were conditioned to a temperature of 20°C and a relative humidity of 
65 % according to ISO 6891 (1983). The tests were conducted with a time to failure 
between 8 and 15 minutes using a servohydraulic testing machine with a maximum 
load of 600 kN and a maximum error of 1 % over the entire measuring range. During 
the tests, displacements were measured by displacement transducers (LVDT, 0 - 50 
mm, Vishay) placed centrally in the joint region. Data was sampled with a frequency of 
2 Hz. 
The density and moisture content of the wood were determined according to ISO 
3131 (1975) and ISO 3130 (1975) respectively. Measurements were made on two 
samples taken in the inner lamellas from each of the joints. The size of the samples was 
40 × 40 × 40 mm3. The density was determined to 454 kg/m3 and the moisture 
content was 11.2 %. The shear strength of the glulam was determined according to SS-
EN 392 (1995) on 17 samples. The result showed an average value fv = 9.6 MPa with a 
coefficient of variation, COV = 0.89 MPa. Efforts were made to measure also the 
tensile strength, ft0, of the glulam, but due to difficulties with the experimental set-up 
these experiments were not successful. However, the average tensile strength of glulam 
laminations in the outer lamellas of Nordic glulam beams is ft0 = 37.7 MPa, Johansson 
(1998) with a COV of 31 %. The tensile strength of a single lamination is, however, 
lower than the tensile strength of a lamination within a glulam beam. This is partly due 
to the laminating effect in glulam beams, Serrano and Larsen (1999), which provides 
alternative load paths around a defect in the surrounding laminations, and partly due to 
the test method in tensile strength tests where bending moments are introduced around 
knots since the cross section is free to deflect laterally. An average strength value of 
clear wood, ft0 = 90 MPa, is reported by Götz et al. (1978).  

3 Results
Table 1 presents the test results, where Fu is the maximum load and uu is the 
corresponding deformation. 
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Table 1 Test results, average from 5 specimens.

 
Series 

Resistance, Fu  
(st.dev.) Resistance / nail Displacement at failure, uu 

(st.dev.) 
DUCT 63.9 kN (3 %) 3.20 kN/nail 10.1 mm (8 %) 
RECTS 88.3 kN (9 %) 1.50 kN/nail 1.57 mm (13 %) 
RECTL 161 kN (5 %) 1.13 kN/nail 1.45 mm (21 %) 
TRI 145 kN (10 %) 1.44 kN/nail 1.19 mm (8 %) 
GRPS 181 kN (7 %) 1.27 kN/nail 1.88 mm (37 %) 
GRPL 218 kN (6 %) 1.52 kN/nail 2.41 mm (17 %) 

 
The deformation values in Table 1 are the average from two displacement transducers. 
Shear-plug failure was observed in all test series except the series DUCT, as expected. 
The average resistance per nail in the ductile tests was 3 kN/nail with an average uu of 
10 mm, Fig. 5b. The average resistance Fu for the shear-plug tests varied from 88 kN 
(1.4 kN/nail) to 218 kN (1.52 kN/nail) with uu values ranging from 1.2 to 2.4 mm, 
Fig. 5a. The standard deviation for the displacement at failure uu is large, which is a 
common feature, Börjes and Stehn (2003). 
The ductile load-displacement curve in Fig. 5b shows a linearly elastic behaviour up to 
a “yield load”, Fy = 44 kN (2.2 kN/nail, u = 2.4 mm) where the formation of plastic 
hinges in the nail starts. After that the load increases when tensile action in the nail is 
engaged due to the inclination of the nail. Finally, the joint fails in splitting. Some of 
the nail heads were sheared off in the final state. The observed failure mode was clearly 
characterised as mode III according to the European Yield Model, EC 5 (1998).  
The load-displacement curves from the shear plug tests, Fig. 5a, show a nearly linear 
elastic behaviour until failure is reached. The RECTS, RECTL, TRI and GRPS series 
show uu in the range of 1.2-1.9 mm and Fy is clearly not reached before failure. 
However, the GRPL series experience on average uu = 2.4 mm which is at the limit 
deformation for Fy. A visual examination of the fractured specimens in GRPL series 
also confirmed that the nails farthest from the free end had begun to yield.  
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Figure 5 Load-displacement curves from test: (a) shear-plug failure (b) ductile
failure

These experiments confirmed, Blass et al. (1995), that shear-plug failure is a sequential 
failure involving cracking along several planes. During the tests, cracking events were 
recorded by simply listening to the formation of cracks. Crack detections were 
indicated in the data file and sorted into two groups; cracks that were only heard and 
those that were both seen and heard. In all specimens audible cracks were detected 
before being visually confirmed. On the average, five distinct audible crack events were 
recorded prior to the first visible crack. The first audible crack was detected at 
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approximately 60 % of ultimate load. As the length of the joint increases, so does the 
load level when the first audible crack is detected, Fa, even though the same number of 
nails are present in the joint, Fig. 6. 
 

 

Figure 6 Crack load Fa and ultimate load Fu versus joint length

The width of the connection also has an impact on the crack load. For the RECTS 
series (b = 56 mm, l = 182 mm) Fa is roughly 63 kN while RECTL (b = 126 mm, l = 
196 mm) shows Fa around 95 kN. Visible cracks formed first on the end surface of all 
specimens and were parallel to the side areas of the joint. In one third of all specimens 
cracks along the side areas were visible on the end surface before ultimate load was 
reached. The remaining two thirds showed the same type of cracks either on ultimate 
load or directly after.  
Joints in the GRPL series were more ductile than the other joints. In Fig. 6 the 
relationship between the length of the joint and the ultimate load, Fu, is experimentally 
shown to be non-linear. This behaviour is likely to be caused by the longest joint 
GRPL being more ductile and thus the ultimate load differs from the linear relationship 
proposed by both Eqn. 1 and 2. It might be possible to achieve a ductile behaviour by 
increasing the distance between the groups. 
From experimental observations (RECTL, TRI, GRPS and GRPL series) the general 
behaviour can be described: 
 

1. A crack develops internally along one of the sides of the joint, Fig. 2b. The 
crack probably initiates at the nail farthest from the free end.  

2. The crack propagates along the grain, reaches the free end and is visible on the 
end face. The same development goes for the other side of the joint. 
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3. The final failure occurs when a crack along the bottom face joins the two side 
cracks. 

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

In the RECTS series the behaviour was somewhat different. Instead of one large plug, 
many smaller plugs were formed resulting in 16% lower resistance Fu compared to 
specimens of the same geometry where one plug formed. Especially, the depth (z-
direction in Fig. 2) of the first plug was small, about 10 mm. The average depth of the 
plug in all other specimens was about 30 mm. In narrow joints, such as the RECTS 
series, the local material properties have a large impact on the resistance and if weaker 
wood was present in the joint area this might explain the formation of the shallow 
plugs. 

4 Analysis

4.1 Analysis of the depth of the plug

The depth of the shear plug enters both Eqn. 1 through hef and Eqn. 2 through h. 
Experimental observations showed that the depth of the shear plug in all cases where a 
single plug formed was hp = 25-30 mm. Eqn. 1 predicts hp = hef = 2(My/(fhd))1/2 = 17 
mm (following EC 5 (1998)) while Eqn. 2 assumes the nail penetration depth, hp = h = 
40 mm. Since shear-plug failure occurs before yielding, elastic conditions apply and an 
analysis of the situation modelling the nail as a beam on elastic foundation could give 
an insight into the value of hp.  
In Fig. 7 kh is taken from tests on the embedding strength in both the perpendicular 
direction and the one parallel to the grain, Börjes and Stehn (2003), Es = 210 GPa and 
I = πd4/64. Shear deformations in the nail are neglected. In Fig. 7 the wood surface is 
at x = 0 mm and the nail tip at x = 40 mm. The deformation of the nail in Fig. 7 
shows a change in sign at hp = 23-26 mm depending on the load direction in relation 
to the grain. This value is of the same magnitude as the experimentally found hp value 
and is therefore believed to serve as an estimation of the depth of the shear plug. 
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Figure 7 Deformation of nail modelled as beam on elastic foundation.

4.2 Modelling of crack initiation

The experimentally observed premature cracking along the sides of the shear-plug can 
be partly explained by a simple equilibrium analysis of the joint. Consider a plane 
analysis of the joint as in Fig. 8. 
 

 

Figure 8 Plane analysis of joint (a) Joint layout (b) Analysed part (c) Moment

The shaded rectangle in Fig. 8a is the steel plate, nailed to the glulam. The load qs acts 
in the steel plate while q acts in the glulam member. In Fig. 8b equilibrium for the 
timber part to the left of the joint is considered. The load q acting on the upper 
surface, causes the internal forces V = q⋅s and M = q⋅s2/2. The moment M causes 
loading in tension perpendicular to the grain. Assuming that the moment M is 
distributed over the length of one nail row, lr and modelling the distribution of M as in 
Fig. 8c, Eqn. 3 is derived: 
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For the calculation of the stress perpendicular to grain, σ90max, an assessment of the 
contributing depth along the nail in section 4.1 showed that hp = 25 mm is a valid 
assumption. Using the crack load from the RECTL series with 7 nails in a row (Fa = 
95 kN) and the geometry from the test specimen (s = 50 mm and lr = 196 mm), σ90max 
is estimated to 3.3 MPa. An average value of the tensile strength perpendicular to grain 
is ft90 = 1.9 MPa, Blass and Schmid (1998). The result is easily extended to the GRPS 
and GRPL series, where σ90max is more than ft90 also. The simple model in Eqn. 3 
supports the experimental observation that cracking first occurs at the nail farthest from 
the free end and the result in Fig. 6 where increasing lr leads to an increase in the crack 
load Fa. Widening the joint results in a decrease of the load q. If lr is greatly increased 
the model must be revised since the load distribution among nails in a row is uneven, 
section 4.2, which affects the distribution of M. The internal shear force V causes shear 
stresses along the right edge of Fig. 8b. Assuming that the shear stresses are evenly 
distributed (which is approximately true in regard of the analysis in Fig. 10 using 7 nails 
in a row) the shear stress can be calculated as τ = V / (l⋅hp) = 3.0 MPa (l now including 
the end distance). The shear strength was measured earlier at 9.6 MPa, which shows 
that the shear failure is not governing. In the design of ring connector joints a “volume 
effect” is applied to the shear strength, Blass et al. (1995). This might be applicable to 
shear-plug failure too and is actually suggested in Foschi and Longworth (1975). 
However, the presence of tensile stresses on the end face of the shear plug, Fig. 1, 
could make any volume effect difficult to quantify and it is therefore neglected. In 
conventional design, no interaction criterion exists between tensile stresses 
perpendicular to grain and shear stresses. It is thus probable that the tensile stresses 
perpendicular to grain initiate the shear-plug failure. 

4.3 Analysis of load distribution

Experimental observations suggest that initiation of the shear plug failure occurs at the 
nails placed farthest from the free end. Another factor affecting the conditions around 
this nail is uneven load distribution in the joint. To verify this, the load distribution in 
nailed steel-to-timber joints was analysed using the model in Blass (1990). This model 
is a FE formulation of the spring system shown in Fig. 9a, with linearly elastic springs 
representing the timber and steel members and non-linear springs representing the 
nails. Loads and displacements for each nail in a row are calculated iteratively. The 
elastic modulus for wood was taken as Ew = 13 GPa and for steel Es = 210 GPa. The 
wood area affected by the load was assumed to be Aw = 14×40 mm2 corresponding to 
the width of one nail row and the penetration depth of the nail. The steel area was 
taken accordingly as As = 14×10 mm2. As input data to the model, load-displacement 
curves from the DUCT series were used. In two of the DUCT joints tested, 
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displacements were measured over one nail column only, Fig. 3, producing the 
piecewise linear load-displacement curve in Fig. 9b. 
 

 

Figure 9 Load distribution model: (a) Spring system analysed
(b) Piecewise linear load-slip curve

Nearly all joints failed in shear-plug failure before reaching the yield load Fy of the 
nails. Thus, the load distribution in this part (displacement < 2.4 mm) of the load-slip 
curve in Fig. 9b is of particular interest. The calculated load distributions for nail rows 
of different lengths are shown in Fig. 10. 
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Figure 10 Load distributions before yielding in nail rows of different lengths.

The distributions in Fig. 10 differ from timber-to-timber joints where the load is most 
severe on the outmost nails and smaller in the middle, Lantos (1969). For steel-to-
timber joints the nail farthest from the free end is most heavily loaded. The explanation 
is the large difference in stiffness between steel and wood, causing larger deformations 
in wood than in steel. From a parameter study some conclusions can be drawn: 
 

• Increasing the along and cross grain distances between the nails proportionally 
does not affect the load distribution according to the model.  

• Changing the thickness of the steel plate to 5 mm, which is used in practice, 
lessens the effect by around 5 %.  

• For the joints in the experiments herein, the ratio between the most heavily 
loaded and the least loaded nail is merely 6 %, but with 15 nails in a row, the 
ratio is 35 %.  

An analysis of the grouped joints showed that the individual groups do not carry equal 
parts of the load. Group no. 1, Fig. 11a, carries more load than group 2. The distance 
between the groups affects the amount of skewness in the load distribution, Fig. 11b. 
The longer the distance e between the groups, the more load is carried by group 1. 
This means that the nails in group 1 will plasticise before the nails in group 2. In Fig. 
12, the load distribution in one row of 7 nails is calculated for a grouped joint distanced 
at 300 mm during the course of loading up to the yield load. 
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Figure 11 (a) Grouped joint (b) Load distribution depending on distance, e, between
the groups. Percentages denotes the ratio Pmax/Pmin in the nail row.

Figure 12 Development of load distribution during loading. Loads given are total
load in the entire nail row, percentages show the difference in load
uptake between groups.
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In the uppermost curve in Fig. 12, some nails in group 1 have begun to plasticise and 
thus the uneven load distribution starts to flatten out. When all nails have plasticised the 
load distribution is perfectly even as stated by Blass (1990). 

4.4 Model for the distance between groups

An estimation of e can be established through the use of Eqn. 1 and 2. The basic 
assumption is that Rv ≥ Rt for the volume between the groups otherwise it will fail in 
shear forming a long shear plug of the entire joint. The foundation of grouping lies in 
preventing the groups from interacting with each other, forcing two ductile failures 
instead of one brittle. In other words, the load from group 1 must be carried in shear to 
group 2. Using Eqn. 1 and 2 one can arrive at the four conditions in Table 2 for the 
distance e between the groups. 

Table 2 Conditions for the distance e between groups

No. Rt Rv Condition Evaluation

1 ft0hefbef fvebef
t 0

ef

v

f
e h

f
≥ e ≥ 184 mm

2 ft0h(b-2dy) 2fvhe
( )y t 0

v

b 2d f
e

2 f

−
≥ e ≥ 630 mm

3 ft0hefbef
2fvhefe +
fvebef ( )

ef ef t 0

ef ef v

b h f
e

2h b f
≥

+
e ≥ 135 mm

4 ft0h(b-2dy) 2fvhe + fveb
( )

( )( )
y t 0

y v

b 2d h f
e

2h b 2d f

−
≥

+ −
e ≥ 245 mm

In Table 2 conditions 1 and 2 employ Eqn. 1 and 2 in their original respect. 
Conditions 3 and 4 are based on Eqn. 1 and 2 respectively, but are augmented with the 
shear area left out in the original models. Both the side shear area and the bottom shear 
area are taken account of in conditions 3 and 4. By inserting the relationship ft0/fv = 7, 
EC 5 (1998), and the geometry of the RECTL series, an estimated value for e is shown 
in the evaluation column. Comparing estimated e-values to the experimental results 
yields the result that conditions no. 1 and 3 are probably not applicable for achieving a 
ductile failure. In the GRPL series an e-value of 150 mm was used and shear-plug 
failure occurred. Allowing for some latitude regarding the variation in timber 
properties, e probably needs to be more than 200 mm. If testing with grouped 
specimens is to be carried out e = 250 mm is suggested.  
The uneven load distribution between the groups, Fig. 11b, affects the con-ditions in 
Table 2. As an example, assume a joint with 10 (5 + 5) nails in a row and e = 250 mm. 
Group no. 1 carries on the average 19 % more load than group no. 2 according to the 
model in section 4.3. This means that the tensile area needed to carry the load to group 
no. 2 is reduced to 0.81Rt and consequently e can be taken as 81 % of the conditions 
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given in Table 2. To minimise the total length of the joint, an iteration between the 
load distri-bution and condition no. 4 shows that the final distance e needed is about 
205 mm. Restraining the length of the joint can be important if space is limi-ted. Since 
neither the load distribution, nor the effect of grouping are estab-lished experimentally 
the conditions in Table 2 should be used with care. 

5 Discussion
The average ultimate loads from the tests herein and from Kangas (1998) and Foschi 
and Longworth (1975) are compared to the load predictions of Eqn. 1 and 2 in Fig. 13. 
The lower end of the bars in Fig. 13 shows the prediction using characteristic (5th 
percentile) strength values and the upper end shows the prediction using the average 
strength values, Table 3. EC 5 (1998) was used for estimation of parameters such as 
embedding strength and yield moment of nails. 

Table 3 Strength values used for the predictions in Fig. 13.

ρk [kg/m3] ρm[kg/m3] ftk [MPa] ftm [MPa] fvk [MPa] fvm [MPa]

Light spruce 350(a) 380(h) 20(i) 37.7(c) 3(i) 7(d)

Glulam 410(i) 454(g) 26.5(i) 37.7(c) 4(i) 9.6(g)

LVL-S 480 (b) 520(h) 27(b) 33(b) 1.5(b) 5.2(b)

LVL-Q 480(b) 520(h) 38(b) 44(b) 4(b) 6.9(b)

Douglas Fir 450(e) 480(e) 24(a) 38.6(f) 2(a) 4.5(f)

a Estimated; b Finnforest (2003); c Johansson (1998); d Götz et al. (1978); e Koll-mann (1968); f 
Foschi and Longworth (1975); g Measured; h Kangas (1999); i BKR (1999) 

In Fig. 13 4BS-6CT (average of 3 specimens) were performed by Kangas and Vesa 
(1998) and UA1-UA9 (average of 3 specimens) by Foschi and Longworth (1975). For a 
good prediction one would expect the test results to fall close to the upper end of a bar, 
since experimental values represent average values in a statistical distribution. Fig. 13 
shows that both models seem to predict the shear-plug capacity better when using 
characteristic strength values. In terms of the ability to predict test results it is difficult 
to separate Eqn. 1 and 2 when looking at Fig. 13. One remark is that many tests have 
been performed in the range of Fu = 100-200 kN. In a larger and stronger joint, the 
prediction span from characteristic to average value increases, because of the linear 
dependence on joint length in both Eqn. 1 and 2. Two failure modes for the shear plug 
are possible in Eqn. 2, tension and shear. This causes in some cases a change in failure 
mode, when shifting between characteristic and average strength values. This 
phenomenon is undesirable in a consistent model. Eqn. 1 seems to capture the 
experimental behaviour well, since the course of the shear-plug failure indicates that 
side shear areas might not contribute to the ultimate shear-plug capacity at all, chapter 
3.  
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Figure 13 Comparison between test results and prediction models

A volume effect is included for the shear strength of wood in Foschi and Longworth 
(1975). This effect has been neglected in Fig. 13 due to difficulties in transferring the 
calculations to e.g. another timber species. In the design of ring connector joints a 
“volume effect” is applied to the shear strength, Blass et al. (1995), Eqn. 4.  
 
 -0.25

v sf = K A⋅  (4) 

The volume effect might be applicable to shear-plug failure in nailed connections too. 
Eqn. 4 was developed when testing ring connectors and the result cannot be transferred 
directly to the shear-plug failure in nailed connections. A tentative calculation of the 
shear strength using Eqn. 4 calibrated to the measured shear strength 9.6 MPa at As = 
2025 mm2, yields the result fv = 3.7-4.1 MPa for the connection areas in this 
investigation. This leads to a high stress/strength utilisation not only in tension but also 
in shear, section 4.2, where shear stresses were estimated to 3.0 MPa. Shear-plug failure 
is thus likely identified as a mixed mode failure and should be treated as such. 
An approach where mixed mode, brittle failures can be treated is the field of fracture 
mechanics. This should be possible since the failure mode is brittle and wood can be 
treated as a brittle material, Thelandersson et al. (2003). Shear-plug failure is, in terms 
of fracture mechanics, a mixed mode failure in modes I and II. The splitting failure in 
dowelled joints (mode I) was modelled by Schmid et al. (2002) with a fracture 
mechanics approach. The use of fracture mechanics would give a deeper understanding 
of the failure initiation and perhaps lead to a new prediction model, which might be 
motivated since existing models seemingly predict the shear-plug capacity on a 
characteristic value basis. 
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6 Conclusions
Shear-plug failure is a brittle failure, which occurs before the nails in the connection 
form plastic hinges. Analyses of the joint under elastic conditions lead to the following 
conclusions: 
 

• Shear plug failure is probably initiated at the nail farthest from the free end of 
timber. The load distribution within one row of nails is shown to be uneven 
causing the highest load in that nail. Furthermore, tensile stresses perpendicular 
to the grain occur as a result of eccentricities in the joint and are likely to 
initiate the failure.  

• Shear stresses caused by the nails and tensile stresses perpendicular to grain 
identify the shear-plug failure as a mixed mode failure. 

• Grouping nails can be a successful way of reducing the risk of shear-plug 
failure. The distance between groups was estimated analysing the load transfer 
between the groups. If further testing is to be performed with grouped joints, a 
distance of 250 mm is suggested between the groups.  

• The depth of the shear plug was modelled using the theory of beam on elastic 
foundation. The results showed good agreement with the experimental value 
and give an estimation of the depth that should be incorporated in a prediction 
model.  

In the experiments cracking was observed prior to ultimate load along the side areas of 
the joint, which thus do not contribute to the shear-plug capacity. The model of 
Kangas, Eqn. 1 captures the behaviour of shear-plug failure correctly, although the 
prediction of test results is best using characteristic strength values, which is surprising. 
This is one motive for a suggestion to apply fracture mechanics to the problem; another 
motive is the understanding of the failure initiation. In future studies the detection of 
failure initiation should be done more carefully than in this exploratory study, e.g. 
through using acoustic emission techniques. Furthermore, a better characterisation of 
the timber material properties is needed, combined with a statistical sensitivity study 
focused on safety levels. Finally, testing of larger joints is proposed to widen the 
knowledge base and to confirm the modelled uneven load distribution. 
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Abstract
Brittle failures in mechanical timber joints should be avoided, because this often results 
in low resistance and brittle failure of the structure. Nailed joints experience three 
ultimate failure modes: embedding, splitting or plug shear failure. Plug shear failure 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 the study is to evaluate 
existing prediction formulas. Furthermore, knowledge of the parameters governing the 
plug shear failure is sought. Plug shear failure was examined in short-term experiments 
on nailed steel-to-timber joints in glulam loaded in tension parallel to the grain with 
varying joint geometries. Test results from four different test series are presented. Using 
hypothesis testing, a suitable prediction formula is derived based on more than 70 
experiments. It is concluded that for engineering purposes the existing modelling 
approach is sufficient and plug shear resistance for the shear failure mode is modelled by 
the shear resistance of the bottom area of the joint. 

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, where the bottom and side areas are 
in shear. The resistance of the joint is 
the lowest value of the nail 
embedding and the plug shear 
resistance, which involves tensile, Rt, 
and shear, Rv, capacities. In Kangas 
and Vesa (1998) a model is proposed 
for predicting the plug shear 
resistance, Eqn. 1. In Eqn. 1 tef is the 
distance between the two plastic 
hinges and is calculated according to 

Eurocode 5 (2003) assuming failure mode III, tef = 2(My/(fhd))1/2, Kangas and Vesa 
(1998). 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 is the width b reduced by the 
edge distances dy and the nail diameters in one column, nc. All other parameters are 
defined in Fig. 2. 
 
 

Tensile
area

Side of
joint

Bottom
of joint

Figure 1 Schematic plug shear failure
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Figure 2 Definition of parameters (after Foschi and Longworth (1975))

Timber is described through its tensile strength parallel to grain, ft, and its shear 
strength, fv, which also appear in Eqn. 2 proposed by Foschi and Longworth (1975). 
The numerically derived factors K, β, α and γ account for the number of nail rows and 
columns, nail spacing, timber thickness and penetration depth, h, respectively.  
 
 ( )plug ef ef t vR = b t f + lf  (1) 
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Finally, Eqn. 3 is a proposal for Eurocode 5 (2003), Annex A. In Eqn. 1 the tensile and 
shear capacities are assumed to be additive, while Eqn. 2 and 3 separates them and it is 
natural to speak about a shear failure mode and a tensile failure mode. In Eqn. 1 the 
shear area along the bottom of the joint is assumed to carry the shear load, while in 
Eqn. 2 it is the side areas of the joint. Eqn. 3 assumes both shear areas to be effective. 
The phenomenological difference between the models in describing the plug shear 
failure is apparent. The aim with this paper is to compare the models in Eqn. 1, 2 and 3 
using a statistical approach and propose a suitable prediction model. 
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2 Materials and Methods
Full size joints in glulam (Picea Abies) were tested in tension parallel to grain. The 
timber member cross sections were 90 × 225-360 mm2 from glulam of strength class 
GL32, Euro-code 5 (2003). The timber member length varied between 650 and 1100 
mm. In the RECTX series the thickness of the specimen was varied between 66, 78, 
90 and 140 mm. 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, Fig. 3b. In the other series, one joint consisted of one steel 
plate 5 or 10 mm thick with a yield strength, fy = 355 MPa, and annular ringed shank 
nails with diameter, d = 4.0 mm, and nail penetration depth, t = 35 or 40 mm 
respectively. Nail holes were pre-drilled in series RECT-, GRP-, SPREAD and 
NORM. The investigation comprised 14 series with a grand total of 74 specimens. 
The nail patterns varied between the different series, Table 1. The GRP- series had 
nails placed in groups with a distance e between them. The basic nail pattern is 
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 in Table 1 were conducted by Bark and 
Martinsson (1991) and the ASP series by Burstrand and Salmonsson (1996).  

Figure 3 (a) Experimental set-up and (b) Multiple Nail Connectors

8 bolts
M16

Trans-
ducer

Nails,
4.0 x 50

Steel plate,
10 mm thick

80 mm

Support

(a) (b)
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The specimens were conditioned to a temperature of 20°C and a relative humidity of 
65 % according to ISO 6891 (1983). 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. During 
the tests, displacements were measured by displacement transducers (LVDT, 0 - 50 
mm, Vishay) placed centrally in the joint region. Data was sampled with a frequency of 
2 Hz. The density and moisture content of the wood were determined according to 
ISO 3131 (1975) and ISO 3130 (1975) respectively. Measurements were made on two 
samples taken in the inner lamellas of the joints. The size of the samples was 40 × 40 × 
40 mm3. 

Table 1 Specimen characteristics (bef includes/excludes the nail diameters, l
includes the edge distance)

Series No. of
speci-
men

nc nr No. of
nails

bef

[mm]
l

[mm]
t

[mm]
tef

[mm]
Nail pat-

tern

P2 2 3 7 12 60/48 80 55 20 5d/2.5d
L6 6 10 14 70 130/102 240 55 20 10d/5d

T3 1 10 5 25 40/32 240 55 20 10d/5d

T5 5 10 7 35 60/48 240 55 20 10d/5d

ASP80 3 24 7 84/side 60/48 540 35 19 10d/5d

ASP120 4 15 11 82/side 100/80 360 35 19 10d/5d

RECTS 5 14 9 59 56/40 248 40 16-17 7d/3.5d

RECTL 5 15 19 143 126/90 276 40 15-17 7d/3.5d

RECTX 20 29 19 276 126/90 452 40 16-18 7d/3.5d

GRPS 5 15 19 143 126/90 337 40 16 7d/3.5d

GRPL 5 15 19 143 126/90 412 40 16-17 7d/3.5d

GRPX 5 15 19 143 126/90 482 40 16-18 7d/3.5d

SPREAD 5 15 19 143 126/90 336 40 15-16 10d/3.5d

NORM 3 21 15 157 136/108 460 40 16-17 10d/5d

3 Results
The ultimate load from all 14 test series are presented in Table 2 together with results 
from the determination of density and moisture content. All tests experienced the shear 
failure mode, apart from the RECTX1 series where tensile failure was governing. 
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Table 2 Test results (values are placed in corresponding order within cells)

Series Ultimate        
load, R [kN] 

Ult. 
displace-
ment [mm] 

Density, ρ 
[kg/m3] 

Moisture 
content, 
w [%] 

Note 

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 Samples 
taken  

T3 60.5 8.0 480 13.6 randomly 
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 

c = 66 mm 

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 

c = 78 mm 

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 

c = 140 mm 

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 

e = 75 mm 

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 

e = 150 mm 

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 

e = 300 mm 

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 

 

NORM 276, 297, 305 2.8, 3.5, 3.9 414, 444, 
487 

9.10, 9.53, 
10.56 

 



6 

From experimental observations (RECT-, SPREAD- and GRP- series) the general 
behaviour can be described: 
 

1. A crack develops internally along one of the sides of the joint, Fig. 1. Probably 
the failure starts at the nail farthest from the free end. 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. 

Points 3 and 4 in the list of events occur almost simultaneously. It is possible that the 
ten-sile area fails before the bottom shear area. This is difficult to observe during the 
experi-ment. In the case of a thin member, such as series RECTX1 where c = 63 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. Bark 
and Martinsson (1991) measured the plastic moment of nails My = 9.16 Nm for annular 
ringed shank nails used in all test series in Table 3. The value is used to obtain tef in 
Table 1. 

4 Analysis

4.1 Strength values for wood

Test results should be compared to predictions made on the average strength level, not 
on the characteristic level. Gathering of appropriate strength data for glulam of Nordic 
origin (Picea Abies) is therefore necessary. 

4.1.1 Shear strength
In Johansson and Stehn (2002) 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 Kuipers and Vermeyden 
(1964) an 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, 
Eqn. 4. 
 
 ⋅ ⇒-0.25

v sf =K A  

 1.5v
-0.25 -0.25
s

f 9.62
K = = =64.5 N/mm

A 2025
 (4) 
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The parameter K is suggested as K = 20 on the characteristic level. Using the test result 
fv = 9.6 MPa and As = 45×45 = 2025 mm2, K = 64.5 is calculated. Eqn. 4 is used with 
K = 64.5 in the evaluation of the shear strength for the hypothesis testing. 

4.1.2 Tensile strength
Johansson et al. (1998) 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. All joints reported in Table 2 are mounted in the inner 
laminations. When the laminations are assembled to a glulam beam, the apparent tensile 
strength increases, Colling and Falk (1993). In their study, Colling and Falk (1993) 
separates the different constituents of the lamination effect, λ, into; i) the effect of test 
procedure, ii) the reinforce-ments of defects and iii) the dispersion of low-strength 
lumber, Eqn. 5.  
 

 λ ⋅ ⋅ ⇒m,beam
test reinf disp

t,lam

f
= =k k k

f
  

 ⋅ ⋅ ⋅ ⋅t t,lam test reinff =f k k =28.4 1.2 1.2=40.9 MPa  (5) 

Tensile failure in the outmost lamination is most often governing in bending failures 
and therefore λ = ft,lam / ft is tentatively valid. Most of the joints tested in this study 
have only 3-4 laminations loaded in tension, why the dispersion effect does not apply. 
Guidelines for selecting the factors ktest and kreinf are presented in Colling and Falk 
(1993) and leads to the determination of ft = 40.9 MPa, Eqn. 5, which is used in the 
hypothesis testing procedure. 

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 G = ρdry wood/ρwater, and the elastic modulus is 
calculated for softwoods as E = 25.156⋅G0.9454, Dinwoodie (1981). The tensile strength 
ft of wood is related to the elastic modulus through ft = 0.0038⋅E – 13.09, Johansson et 
al. (1998). 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 by Bark and Martinsson (1991) corresponded closely to 
the strength values in Eurocode 5 (2003). The variation in fv with density is ignored 
since Glos (1995) reports fv = 0.2fm

0.8, which for the present range produces a variation 
of 6 %, whereas the variation in ft is 25 %. 

4.3 Analysis of variance

The aim of the analysis of variance, ANOVA, is to determine a prediction model for 
plug shear failure through hypothesis testing using the experimental data in Table 2. 
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The hypo-theses are based on different assumptions regarding active load-carrying 
areas, Table 3. 

Table 3 Hypotheses used in the analysis of variance

Hypothesis [kN] Normalised unit 
of analysis 

Comment 

H1: 2⋅tef⋅l⋅fv D1 = (H1-R)/100 Only side shear areas, Eqn. 1 
H2: bef⋅tef⋅ft D2 = (H2-R)/100 Only tensile area, Eqn. 1 and 3 
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, Eqn. 3 
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, Eqn. 2 
H7: bef⋅tef⋅ft + b⋅l⋅fv + 2⋅tef⋅l⋅fv D7 = (H7-R)/100 All enclosing areas 

 
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. The hypothesis 
testing could be performed on the separate test series, but the variation between 
samples would be ignored and valuable information lost. The ANOVA, is based on the 
assumptions of equal within samples variance, which is correct on the 95 % confidence 
level. A good prediction model shows up in the ANOVA as a model with small 
between samples variance equally distributed around zero. The between samples 
variation is however large and strictly statistically speaking one cannot state that all test 
series belong to the same distribution. It is probable that the large natural variation of 
wood strength is the cause for the large scatter. In the analysis, series RECTX1 and 
RECTX2 were ignored since these series did not experience the exact same course of 
failure as the others. Some general conclusions from the ANOVA analysis are presented 
together with reflections from the experimental behaviour: 
 

• Hypothesis H1 underestimates the capacity. This is in line with the observed 
course of the plug shear failure where the side shear areas fail 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 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. Combining H1 and H2 still leads to 
an underestimation. 

• Hypothesis H6 and H7 overestimates the capacity heavily. 
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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 ANOVA two 
hypotheses remain and a plot of predicted resistances versus experimental values is 
constructed, leading to clarification on separa-ting H3: R = blfv and H4: R = 2teflfv + 
blfv. H4 is the approach in Eurocode 5 (2003), Annex A. In Fig. 4 one can see that both 
H3 and H4 seem to be good predictors, but the prediction by H4 falls mainly on the 
unsafe side.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Test results versus predicted resistances

Therefore, H3: R = blfv is suggested as a suitable prediction model based on 
experimental observations. In Eurocode 0 (1990), Annex D, a method is presented 
where the characteristic value of a prediction model can be determined. This leads to 
Eqn. 6 for the shear failure mode in plug shear failure: 

 Rvk = 0.81blfvk (6) 

The difference between Eqn. 6 and Eqn. 3 (H4) is that only the bottom shear area is 
incorporated and the effective width and length are not used since nail holes are small 
and can be neglected (6 % of the bottom area). However, the use of effective width 
and length is an assumption on the safe side. 
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5 Discussion
 It is of course interesting to compare the suggested model for the shear failure mode 
with results from other researchers. Both Kangas and Vesa (1998) and Foschi and 
Longworth (1975) report failure modes in shear not in tension.  

Table 4 Material properties

 
 
 
 
 
 
 
 
The shear strength was not measured by Kangas and Vesa (1998) so average strength 
values were obtained from Finnforest (2003). Foschi and Longworth (1975) report 
strength values for shear and an approach for incorporating the volume effect. The 
material properties are gathered in Table 4 and used for producing Fig. 5.  

Figure 5 Test results versus predicted resistance including other sources (grand
total is 108 experiments)

ρ
[kg/m3]

fv

[MPa] 
As

[mm2]
Douglas Fir 525 17.4 645

Kerto-S-LVL 520 6.9 9894

Kerto-Q-LVL 520 6.9 9894

Spruce 380 9.6 2025
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The experimental data from Foschi and Longworth (1975) and Kangas and Vesa (1998) 
are presented in Fig. 5 plotted against the prediction by R = blfv. The scatter is larger 
than in Fig. 4, which is understandable since the material properties are assumed 
average values, not measured quantities. A regression line fit for the data in Fig. 5 
reveals that Test = 1.12×Predicted. The hypothesis that Test = Predicted (the 45° line 
in Fig. 5) is rejected on the 95 % confidence level since the major part of the values fall 
on the safe side in Fig. 5. 
To increase the understanding and the knowledge on plug shear failure an approach for 
a prediction model based on fracture mechanics would be beneficial. Linear elastic 
fracture mechanics combined with 2D FE analysis is a natural first approach. 

6 Conclusions
64 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 Eqn. 7. 
 
 Rvk = 0.81blfvk (7) 
 
This model differs from the one suggested in Eurocode 5 (2003), Annex A, and leads 
to a safer design. 
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Abstract
Plug shear failure was examined in short-term experiments on nailed steel-to-timber 
joints in glulam that was loaded in tension parallel to the grain with varying joint 
geometries. The aim of the study was to gain insight into the causes of failure initiation 
and form an experimental database for the development of a linear elastic fracture 
mechanics model. Plug shear failure is probably initiated at the nail farthest from the 
free end, since the stress state indicates that stresses both perpendicular and parallel to 
grain act at this location. Plug shear failure is a sequential failure, which starts with 
mixed mode (tension + shear) failure of the sides of the plug, followed by tensile failure 
of the end face of the plug, and finally another mixed mode failure of the bottom face 
of the plug. A linear elastic fracture mechanics model for plug shear failure is 
developed. The comparison between experiment and theory shows that the model 
predicts failure loads on the unsafe side, but models the tendencies correctly. 

Keywords: plug shear failure, nailed timber joints, fracture mechanics in wood,
mixed mode failure in wood

1 Introduction
Wood is a material built up of long cellulose fibres oriented along the stem of the tree. 
The fibres are joined by an “adhesive” called lignin, which is considerably weaker than 
the fibre itself. Due to differing growth rates, the fibres arranged in annual rings belong 
to either earlywood or latewood. The result is an anisotropic material with material 
properties in three principal directions: parallel to grain, tangential to the annual rings, 
and radial to the annual rings. Tangential and radial directions have similar structural 
properties and can be given the same properties for most structural applications. Thus, 
wood can be described as an orthotropic material with two principal directions, parallel 
and perpendicular to the grain. When stressed in tension, wood is a brittle material, 
while compressive failures are ductile. Due to the weak adhesive between the fibres, 
tensile strength perpendicular to the grain is low, ft90 ≈ 2.9 MPa, Riberholt et al. 
(1992). The relation between tensile strength parallel and perpendicular to the grain is 
ft/ft90 ≈ 10. Because of this, shear failures in members that are loaded in bending occur 
as crack propagation parallel to grain, though the stresses act perpendicular to grain. In 
timber joints, stresses acting perpendicular to grain are often introduced and will often 
cause a brittle failure of the joint. 
Timber joints with dowel-type fasteners experience four ultimate failure modes: 
embedding, splitting, row shear, or plug (block) shear failure, Fig. 1.  
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(a) Row shear
(b) Plug shear or block shear
(c) Embedding
(d) Splitting

Grain direction

Figure 1 Failure modes in mechanical timber joints, after Mohammad and
Quenneville (1999)

Embedding failure is a ductile failure mode and gives the highest resistance of the 
possible failure modes. First theoretically described by Johansen (1949), embedding 
failure for dowel-type fasteners in wood involves the forming of plastic hinges in the 
dowel caused by the pressure from the surrounding wood, providing the penetration 
depth is sufficient. Splitting, row shear and plug shear are all brittle failure modes. 
Splitting has been studied by Schmid et al. (2002), where a beam on elastic foundation 
model is used to build a fracture mechanics model describing the behaviour. Row shear 
and plug shear failure modes were studied by Mohammad and Quenneville (1999) and 
Quenneville and Mohammad (2000). The derived models were based on solid 
mechanics and described the resistance of the different faces of the plug that formed, 
similar to Fig. 2.  
For nailed joints, embedding and plug shear failure modes dominate in joints loaded in 
tension parallel to the grain. Earlier prediction models were presented by Foschi and 
Longworth (1975) and Kangas et al. (1997). Both strength based prediction models 
describe the resistance of the faces that limit the plug, Fig. 2. 

 
(a) 

 
(b) 

Figure 2 Plug shear failure (a) Schematic (b) Photo from experiments
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Four faces of the timber plug are stressed when the joint is loaded in tension parallel to 
the grain: the bottom face in shear, the side faces in shear and the end face in tension. 
Earlier investigations, Johnsson (2003) and Johnsson and Stehn (2004), describe the 
course of the plug shear failure: 
 

1. A crack develops internally along one side of the joint, Fig. 2. The failure is initiated at 
the nail farthest from the free end.  

2. The crack reaches the free end and is visible on the edge. The same development 
happens at the other side of the joint, occurring in two-thirds of the experiments 
before the ultimate load is reached. 

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

The role of the end face area loaded in tension is difficult to determine, but analysis 
from Johnsson (2003) indicated that the tensile area fails early on in the load-slip 
envelope for long joints. The development of a linear elastic strength model has also 
been undertaken in Johnsson (2003) demonstrating that a strength based prediction 
model for the plug shear failure can be described by Eqns. 1 and 2. 
 
 Rplug = βB⋅Lfv (1) 
 fv = KAs

-0.25 (2) 
 
where Rplug is the plug shear capacity, βB is the width and L is the length of the plug 
including the edge distance. Shear strength, fv, is determined from K, a constant 
determined from shear strength tests where As is the area loaded in shear (the bottom 
face). Originally proposed by Kuipers and Vermeyden (1964), the expression for shear 
strength, Eqn. 2, implies a fracture mechanics type volume effect, where the volume of 
the stressed material affects the strength. When plug shear failure occurs, as in Fig. 2(b), 
the plug is always loaded eccentrically, see further Fig. 4. In terms of fracture 
mechanics this type of failure is a mixed-mode failure, where both opening mode I and 
shear mode II occurs at the same time.  
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Figure 3 Mixed mode crack pro-
pagation in wood

Mixed-mode failure criteria in wood have been 
studied by Jernkvist (2001), who also proposed a 
conceptual model for mixed-mode crack growth in 
wood. Jernkvist (2001) describes cracking as a 
process where micro cracks form in front of the 
main crack front, and with the fracture energy 
being the energy consumed in the process of 
joining the main crack front and the micro cracks. 
For pure mode I loading micro cracks form directly 
in front of the main crack front, while in mixed 
mode loading, micro cracks form at the maximum 
principal stress, situated at an angle to the crack 
plane, Fig. 3. The energy consumed in propagating 
the crack front for mixed mode loading is 
substantially higher than for pure mode I loading, 
Jernkvist (2001).  
The aim with this paper is to better understand 
plug shear failure and to describe it as a mixed 
mode failure within the framework of linear elastic 
fracture mechanics. Since understanding the failure 
mode is emphasised, a prediction formula suitable 
for code format is not the main objective. 

2 Materials and methods
Full size joints in glulam (Picea Abies) were tested in tension parallel to the grain, Fig. 
4. The timber member cross sections were 90 × 225-270 mm2 (H × B), from European 
glulam of strength class GL32, Eurocode 5 (1998). The timber member length varied 
between 650 and 1100 mm. In the RECTX series, Table 1, the thickness of the 
specimen varied between 66, 78, 90, and 140 mm.  
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8 bolts
M16

Trans-
ducer

Nails,
4.0 x 50

Steel plate,
10 mm thick

80 mm

Support

P

H

βΒ

δLP
II

p

Figure 4 Experimental set-up

The specimen consisted of one 10 
mm thick steel plate with a yield 
strength fy = 355 MPa, annular 
ringed shank nails with diameter d 
= 4.0 mm, and nail penetration 
depth p = 40 mm. Nail holes were 
pre-drilled with a 3.0 mm drill 
diameter. The investigation 
comprised of 8 series totalling 40 
specimens. The GRP- series had 
nails placed in groups with a 
distance gd between them. Spacing 
between nails was 7d parallel to 
grain and 3.5d perpendicular to 
grain, Eurocode 5 (1998). The end 
distance was 80 mm. The 
specimens were conditioned to a 
temperature of 20°C and a relative 
humidity of 65% following the ISO 
6891 (1983) standard. The tests 
were conducted with a time to 
failure of 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. 
 

Table 1 Specimen characteristics (βB includes the nail diameters)

Series No. of 
speci-
men 

nc nr No. 
of 

nails

βB    
[mm] 

L     
[mm]

p     
[mm] 

H 
[mm]

gd 
[mm] 

RECTL 5 15 19 143 126 276 40 90 - 
RECTX0 5 29 19 276 126 452 40 90 - 
RECTX1 5 29 19 276 126 452 40 66 - 
RECTX2 5 29 19 276 126 452 40 78 - 
RECTX4 5 29 19 276 126 452 40 140 - 
GRPS 5 15 19 143 126 337 40 90 75 
GRPL 5 15 19 143 126 412 40 90 150 
GRPX 5 15 19 143 126 482 40 90 300 
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In Table 1, nc denotes the number of nail columns perpendicular to grain, and nr is the 
number of rows parallel to grain. The number of nails (no. of nails) does not equal nc × 
nr because of the staggered arrangement of the nails, Fig. 4. The effective width, βB, is 
the width B of the specimen reduced by the edge distances. The length, L, of the joint 
includes the end distance 80 mm, Fig. 4. The penetration depth of the nail is denoted 
p, H is the thickness of the cross section, and gd the distance between groups. 
During testing, load-point displacement δLP

II was measured by two displacement 
transducers (LVDT, 0 - 50 mm, Vishay) placed centrally in the joint region. The δII

LP 
measurement is an average value over the joint length and does neither capture crack 
opening displacement, nor differences in the displacement field along the joint length. 
Data was sampled with a frequency of 2 Hz. The density of the wood was determined 
according to ISO 3131 (1975) standard while its moisture content was determined 
according to ISO 3130 (1975) standard. Measurements were made on two samples 
taken in the inner lamellas of the joints. The samples sizes were 40 × 40 × 40 mm3.  

3 Results
The failure loads from all 8 test series are presented in Table 2 together with results 
from the determination of density and moisture content. In Table 2, Pf is the ultimate 
failure load, δLPf

II is the corresponding displacement, ρ denotes the density, and w the 
moisture content.  

Table 2 Test results (values are placed in corresponding order within cells)

Series Failure            
load, Pf [kN] 

Displacement
, δLPf

II [mm] 
Density, ρ 
[kg/m3] 

Moisture con-
tent, w [%] 

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 

In all test series but one, a bottom shear face formed. For the RECTX1 series no 
bottom shear face formed with tensile failure of the end face instead governing the 
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ultimate failure. This is caused by the thinness of the specimen in relation to the nail 
penetration depth. The RECTX2 series showed a partly developed bottom shear face 
and is seen as an intermediate series between having no bottom shear face and one that 
is fully developed. It is concluded from these observations that no bottom shear face 
forms if the p/H ratio is more than about 0.5. 
In Fig. 5, some typical load-displacement curves from the experiments are plotted. 
Their shapes indicate that plug shear failure is not precisely a brittle failure, but that 
some reserve capacity exists after the onset of cracking. In a perfectly brittle failure, the 
load is expected to instantly drop after reaching the failure load. It is possible that 
mechanisms for crack arrest are active and that the joint gradually fails after crack 
propagation starts. In this paper the softening behaviour of the joint is not modelled. 
The softening behaviour differs between the numerous experimental series, causing 
uncertainty when the series are compared with each other. Unfortunately, it was very 
difficult to measure crack opening displacements, CODI and CODII, since the fracture 
takes place within the specimen. 

0 2 4 6 8
Displacement δII

LP [mm]

0

50

100

150

200

250

L
oa

d
P f

[k
N

]

GRPL09

GRPX05

GRPS05

RECTX01

RECTL01

Figure 5 Experimental load-displacement curves

The size of the pulled out plug is determined by the outer limits of the nail group. The 
length of the plug is the distance from the last nail to the free edge including the end 
distance, L. The width of the plug is the width of the last nail column and can be 
described as some portion of the cross section width, βB. For the current width of 270 
mm, β = 0.47. The depth of the plug varies from between 20-30 mm at the last nail 
column to 40-60 mm at the free edge of timber. The depth of the plug increases 
during crack propagation and can probably be explained by the model for crack 
propagation during mixed mode loading presented in Jernkvist (2001). The initial 
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depth of the plug is less than the penetration depth of the nail, p. In Kangas et al. 
(1997), the distance between the two plastic hinges forming in the nail (ηH) is taken as 
a measure of the plug’s depth. This is also adopted here with ηH = (2My/(fhd))0.5, 
where My is the plastic moment of the nail and fh is the embedding strength of timber. 
For the joints presented in Table 1, ηH = 17 mm i.e. η = 0.19. 

4 Analysis
The development of a fracture mechanics model takes place within the framework of 
linear elastic fracture mechanics (LEFM). The LEFM approach is valid provided that 
the crack tip is sharp, the crack length is large compared with the annual ring width of 
the wood, and the specimen size (width, crack length and uncracked ligament) is 
sufficiently large compared to the fracture process zone for the stress and the strain field 
surrounding the crack to be grossly elastic. For mode I failure the fracture zone in 
wood is typically a few mm, Gustafsson (2003), but for mode II failure the fracture 
zone can amount to several centimetres in length, Gustafsson (2003). The size of the 
specimen is typically 90×270×900 mm3, while the crack width is about 126 mm and 
the un-cracked ligament length ranges from 0-540 mm. Therefore, at the onset of 
cracking the LEFM restrictions holds, but for every moment during crack propagation 
the fracture process zone may not be sufficiently small. The developed LEFM model 
uses the energy formulation of linear elastic fracture mechanics, e.g. Broek (1987). 
Through the energy release rate relationship, under quasi-static conditions and for a 
single load, the failure load can be expressed as Eqn. (3) 
 

 c
c

2bG
P

dC

da

=  (3) 

 
Pc is the critical or failure load, b the width of the crack, and Gc the critical energy 
release rate. The linear elastic compliance C(a) = δLP/P, where δLP is the load-point 
displacement due to load P and a is the crack length. The first derivative dC/da is a 
measure of the change in compliance (loss of stiffness) during crack propagation. 
Fracture energy can be regarded as a material property and has been determined for 
wood through testing in the distinct failure  modes I and II. For a sufficiently brittle 
material, the energy release rate G attains its critical value Gc as the load P = Pc and the 
crack initiates. For European softwood, GIc is described based on extensive testing in 
several different laboratories as GIc = -146 + 1.04ρ Nm/m2, where ρ is the density in 
kg/m3, Larsen and Gustafsson (1990). Test results for the shear failure mode are more 
scarce, but GIIc = 932 Nm/m2 is reported by Riberholt et al. (1992) from tests also 
performed on glulam made of European softwood. 
For the mixed mode plug shear failure, where both modes I and II occur 
simultaneously, a failure criterion is necessary. Wu (1967) suggested Eqn. 4(a) based on 
research from balsa wood and fibre reinforced plastics. Here, KI and KII are the stress 
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intensity factors and KIc and KIIc are the corresponding fracture toughnesses. The 
applicability of Eqn. 4(a) for timber structures is examined in Valentin et al. (1991); an 
evaluation by Jernkvist (2001) supports Eqn. 4(a) though it is an empirical relation. 
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Based on the assumption of plane stress and using the LEFM transformation between 
stress intensity factor and energy release rate G = K2/E, where E is the elastic modulus, 
the criterion can also be formulated as in Eqn. 4(b). It is concluded from Eqn. 3 that 
the load P ∼√G and the criterion can thus be formulated as Eqn. 4(c). In Eqn. 4(c), PI 
indicates the mode I opening load acting in the direction perpendicular to grain and PII 
is the mode II shear load. The critical loads can be established through Eqn. (3) and are 
denoted PIc and PIIc. The problem of establishing a model for the plug shear failure load 
Pf is now reduced to finding proper expressions for PI, PII, PIc, and PIIc.  

4.1 Load situation in joint

The eccentric moments introduced in the joint by the placement of the nail group are 
schematically shown in Fig. 6. 
Two different flexural loads can be distinguished, qs and qb, which act on different 
surfaces and do not interact. Eqn. 4(c) must therefore be employed separately for the 
side and bottom surfaces. The course of failure from the experiments was described as: 
1) Cracks develop along the side surfaces; 2) These cracks are visible on the end face 
before the maximum load; and 3) At failure a crack along the bottom face joins the two 
side cracks. These experimental observations indicate that the side surfaces are not 
active in the load uptake when the failure load is reached; therefore the analysis focuses 
on the resistance of the bottom face. Johnsson and Stehn (2004) propose a strength 
model that predicts the load level for early cracking along the sides based on the 
situation in Fig. 6(c). The derivation of the critical load for the side surfaces would 
follow the same methodology as for the bottom face in this paper. 
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Figure 6 Load situation in plug a) 3D view b) Moment acting on the side surfaces(e
= 50 mm) c) Moment acting on the bottom surface

 
The load acting on the bottom face, PI, is the resultant to the distributed load qb that 
can be determined through an equilibrium equation in Fig. 6(b): 
 

 b
I 2

q L 6Pe L 3Pe
P

4 L 4 2L
= = ⋅ =  (5) 

 
The load PII is assumed to be P. PII could be modelled as a fraction of P since some of 
the load is also transferred by the side surfaces in the early stages of the load-slip 
envelope. However, due to the early cracking of the plug shear sides, this is not 
incorporated in the model. 

4.2 Theoretical derivation of failure loads

4.2.1 Critical load for mode I failure, PIc

The critical load for mode I failure, PIc, is established by finding an expression for the 
compliance, C, differentiating this expression with regard to crack length, a, and finally 
entering Eqn. 3. Establishing the compliance implies that an expression for the 
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displacement δ is sought. The wooden part of the joint is modelled as a beam with 
cross-sectional area A = ηH × βB, Fig. 7(a).  

14
3

Ø 4

Assumed
initial crack

(b) 

L

P

P

q
b

q
b

a

δ

Steel plate

Timber

Kink

                         (a) (c) 

Figure 7 (a) Beam model of plug part (b) Arrangement of nails (measurements in
mm) (c) Kink around lower part of nail

The model is based on the initial crack approach, assuming that where and when crack 
propagation starts, a sharp crack already exists. The length of the initial crack, a, is 
taken as the diameter of the nail hole, i.e. a = 4 mm. This assumption is questionable, 
since the nail hole is not continuous along the width of the crack, Fig. 7(b). In 
Jernkvist (2001), the occurrence of a kink at the end of a crack oriented perpendicular 
to the grain is described, Fig. 7(c). The formation of a kink enables a crack to grow 
along the grain, though the initial crack (the nail) is in the direction perpendicular to 
the grain. Even though the nail holes were pre-drilled, they were not as deep as the 
entire penetration depth of the nail, hence a kink is most likely created around the 
lower part of the nail during nailing, Fig. 7(c). The first and second row of nails will 
interact creating a remaining wood section of only 3 mm between each nail 
perpendicular to the grain. Since this is a mixed mode failure, the kink will propagate 
into a crack as soon as the tensile capacity perpendicular to the grain, ft90, is reached for 
the remaining cross section between the nails. Using σt90 = qb/(βB-10d) = 6Pe/(L2⋅(βB-
10d)) estimates when this will occur. For the parameters given in Table 1 and Fig. 6, 
together with ft90 = 2.9 MPa, the load level P where the kink propagates is 48% of the 
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experimental Pf for a 300 mm long joint, while it is 90% of Pf for a 500 mm long joint. 
The initial crack is thus actually created during the load increase, in agreement with 
Jernkvist (2001).  
The crack is assumed to start at a = 0 and propagates towards the free end, a = L. The 
beam modelling the plug is stubby, Fig. 7(a); and therefore, both shear and flexural 
deformations are considered according to the Timoshenko beam theory. The curvature 
of the beam is expressed in Eqn. 6. 
 

 TM(x) k q(x)
v ''

EI GA
= +  (6) 

 
For rectangular cross sections, the factor kT = 5/6. M is the bending moment, I the 
second moment of inertia, G the shear modulus, q the distributed load, and A the cross 
sectional area. Through integrating twice and imposing the boundary conditions, an 
expression for deflection at the free end of a beam of length a is established. The 
compliance of the beam is calculated as in Eqn. 7. 
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Eqn. 7 is entered in Eqn. 3 with I = βB × (ηH)3/12 and A = ηH × βB; this yields Eqn. 
8. 
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4.2.2 Critical load for mode II failure, PIIc

For mode II failure, Volkersen (1938) made one of the first approaches for glued 
timber lap joints, Fig. 8. Volkersen’s theory was reformulated and developed by 
Gustafsson (1987), with the failure load for a single lap joint in shear being given in 
Eqn. 9. 

t 1

t 2

P

P

Figure 8 Lap joint
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 ( )γf 1 1 fP = b 2 1+ t E G  (9) 

 
In Eqn. 9 γ = E1t1/(E2t2) ≤ 1.0, where t is the thickness. For the current application, E1 
= E2 = E. To find the critical load Pf = PIIC, the fracture energy Gf is substituted for the 
critical energy release rate GIIc. Observe that neither the shear strength of the adhesive 
nor the length of the joint affect the failure load. Eqn. 9 can be compared to Eqn. 3, 
where identification of variables leads to an expression for the change in compliance, 
Eqn. 10. 
 

 
( )1

dC 1

da b t E 1
=

⋅ + γ
 (10) 

 
Eqn. 10 shows that dC/da is modelled as a straight line and is independent of crack 
length a.  

4.2.3 Failure load
By inserting the critical loads PIc, Eqn. 8, and PIIc, Eqn. 9, together with PI, Eqn. 5, and 
PII = P into the failure criterion in Eqn. 4(c), and solving the quadratic equation, a 
prediction of the failure load, Pf, is obtained. Assuming that L >> a, the expression for 
Pf is given in Eqn. 11. In Fig. 11 the model is compared to experimental results. 
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4.3 An expression for the failure load using compliance
calibration

The experimental result in Fig. 5 shows typical load-displacement curves from joints 
failing in plug shear failure. A qualitative analysis of the shape of the curve indicates that 
there might be mechanisms for crack arrest, since the capacity from some tests gradually 
decreased stepwise instead of being instantly lost. There is an indication that after crack 
propagation starts, its behaviour is of interest in understanding plug shear failure, 
therefore an FE model that models crack propagation was established.  
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4.3.1 Critical load for mode I failure, PIc

The plug that is torn away from the timber member is modelled as a beam on elastic 
foundation using an FE model. For this purpose a beam-spring model is built, Fig. 9. 
The model consists of Timoshenko beam elements to model the plug and the remains 
of the timber member as well as spring elements to model the shear or tension stiffness 
between the plug and the timber member. Linear elastic theory is used and boundary 
conditions are applied as in Fig. 9. The elastic modulus of wood is assumed to be E = 
14 GPa and the shear modulus G = 800 MPa, Larsen (2003).  

q
b
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= 8.7 MN/mA = η H* β B A = HB - η H* β B

Crack propagation
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I
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P
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kIIA = ηH* βB A = HB - η H* βB

Crack propagation

P

(c) 

Figure 9 Beam-spring model for simulation of crack propagation (a) Mode 1
(b) Mode II (c) Mode II with tension spring

The stiffness of the springs was evaluated from tests to determine the fracture energy in 
mode I, GI, and from tests designed to measure the tensile strength of wood 
perpendicular to the grain, ft90. 
A linear relationship between σ90 and the corresponding displacement was applied in 
evaluating the spring stiffness, Fig. 10(a). The tensile capacity perpendicular to the grain 
was taken as ft90 = 2.9 MPa and the critical fracture energy GI as 304 Nm/m2, both 
from Riberholt et al. (1992). The stiffness in tension perpendicular to the grain was 
evaluated and translated to the current geometry, resulting in kI = 8.7 MN/m. 
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Figure 10 (a) Tensile stress-strain relationship (b) Shear stress-strain relationship

Crack propagation is simulated by successively removing springs from right to left in 
Fig. 9 (a), a so-called numerical compliance calibration. Every time a spring is removed, 
the compliance is calculated through the relationship C = δΙ/PI. For moment loading, 
PI was taken as the resultant to the crack opening load qb, PI = qbL/4.The displacement 
δΙ was calculated at the point where the resultant acts, i.e. 1/3 of the length from the 
crack tip to the change in moment sign, Fig. 9(a). The compressive part of qb does not 
cause crack opening and is left aside. The distribution of the moment is also adjusted 
every time a spring is removed, since it is only the not cracked length that can carry 
any loads. The simulation was run until only two springs remained.  
The points that describe the relationship between C and a are fitted to a curve to arrive 
at a differentiable expression for C(a). It is critical which curve shall be chosen for 
fitting. Bush (1976) studied the effect of curve fitting on tests to determine the fracture 
energy in mode I. The method was further developed in Ouchterlony (1980) and 
Stehn et al. (1995). The best approximating function was determined as Eqn. 11. 
 
 2.5 6.5 16

1 2 3 4C(a) = C +C a +C a +C a  (11) 
 
The coefficients C1-C4 are determined through least squares techniques. To obtain 
numerical stability in the least squares fitting, the variables were normalised to 

dimensionless variables by Ĉ = C⋅E⋅βB and α = a/L. The fitted curve is differentiated 
with respect to α and transformed back to the C-a domain, where the initial crack 
length of a = 4 mm is inserted to give a numerical value to dC/da. By using Eqn. 3 the 
failure load is obtained for mode I loading. The FE model is parameterised so that the 
failure load for different joint lengths, Pf(L), can be obtained. In Fig. 11 PIf(L) obtained 
from the FE simulation is shown. 
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4.3.2 Critical load for mode II failure, PIIc

The critical load for mode II failure is established in a similar manner as for mode I. 
The geometry is shown in Fig. 9(b) and only the stiffness of the springs, and the 
loading and boundary conditions are changed from the mode I case. In this model, the 
beams are substituted for bars, since loading only takes place in the axial direction. All 
nodes are constrained to not move in the direction perpendicular to crack propagation, 
so the analysis is one-dimensional.  
The stiffness of the springs, kII, was evaluated from experiments on shear strength, fv = 
8.9 MPa, and fracture energy for mode II, GII = 932 Nm/m2, performed in Riberholt 
et al. (1992). A linear relationship between strength and displacement is assumed for the 
evaluation, Fig. 10(b). From the test, the stiffness adjusted to the current width was 
determined to 24.1 MN/m. The stiffness of the individual springs, kII, was determined 
by dividing 24.1 MN/m by the number of springs in the model, otherwise the overall 
stiffness would increase with increasing length of the joint. This behaviour is not in 
accordance with the experiments, e.g. Fig. 5 shows that joints with the same width 
have the same initial stiffness. 
The simulation curve fitting procedure of Eqn. 11 developed for mode I loading was 
applied and proved useful even for failure mode II. The result is displayed in Fig. 11. 

4.3.3 Failure load
The result of when the failure criterion in Eqn. 4(c) is used together with either the 
theoretical or the FE simulation predictions of failure load is shown in Fig. 11. In Fig. 
11 the predictions of PIc and PIIc from the separate failure modes are also shown; 
theoretical predictions are the grey curves while FE predictions are in black. The 
predictions for mode I are very similar for both FE simulation and theory. PIc(L) 
obtained through compliance calibration is best described by PIc

FE(L) = 81.99 ⋅ 103 ⋅ 
L0.3. The predictions for PIIc differ substantially between theory and FE compliance 
calibration. Since PIIc

FE(L) = 2.45⋅105 + 2.21⋅105 ⋅ L-0.3 the strength of a zero length 
joint is not zero. This is probably dependent on the stiffness of the springs. It is possible 
that, for shorter joints, the stiffness in shear should be less than the applied stiffness, 
though this is yet to be verified. In Fig. 11 the prediction of failure load for the mixed 
mode plug shear failure is also shown. The prediction based on theory is clearly on the 
safe side, while the prediction of failure load based on FE simulation is somewhat risky. 
Both prediction curves correctly show zero failure loads for zero length. The curvature 
is decreasing with increasing length, which according to the experiments is also correct. 
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Figure 11 Prediction of failure load compared to average value of experimental
series

The deviation is probably caused by the stiffness of the springs in shear kII. It is very 
difficult to determine the stiffness in shear for large specimens, since the stress 
distribution in shear is often uneven. The experiments used here as input data were 
conducted on specimens with a cross section of 20×4.5 mm2, a rather small size 
compared to the joints discussed in this paper (90×270 mm2 in cross section). Such 
small specimens must be regarded as clear wood specimens, where the effect of knots 
and grain deviations are not considered. Including grain deviations would yield a lower 
stiffness, while including knots would yield a higher stiffness. To the author’s 
knowledge, neither of these effects has been quantified, but would affect the stiffness, 
kII, to be applied in a compliance calibration. 

5 Discussion
Plug shear failure in nailed timber connections was modelled as a mixed mode failure 
using LEFM. Both a theoretical model and a model obtained through compliance 
calibration were established. Comparison with experimental results shows that both 
prediction models describe the behaviour correctly, i.e. zero strength for zero length of 
the joint and an asymptotic tendency with increasing length. The benefit of the 
presented approach is the possibility to model virtually any structure and obtain a 
reasonable value for dC/da. The limitations are obvious when one considers the use for 
practising engineers. However, the analysis did show that the bottom face is the only 
face, that is active at failure load, the approach in Eqns. 1 and 2 from Johnsson (2003) is 
then valid.  
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For timber structures, brittle failures are most often governed by tensile stresses 
perpendicular to the grain, i.e. mode I loading. Being a mixed mode failure, the degree 
of mode I loading is of particular interest. In Fig. 12 the relationship between the 
length of the joint and the PI/PII ratio is shown. Fig. 12 shows that the mode I loading 
is much more pronounced for short joints and that longer joints are closer to failing in 
pure mode II. 

Figure 12 Relationship between PI/PII and length

The parameter that affects the results of the FE simulation the most is the stiffness of 
the springs, modelling the tensile, kI, and shear, kII, stiffnesses. Therefore, it is important 
that the properties of the springs be determined from experiments, that give the 
relevant information, i.e. the fracture energy and the strength in both mode I and 
mode II. The other important values are the critical fracture energies GIc and GIIc. The 
stiffness of the springs kII was verified via comparison with the stiffness from 
experiments determining the shear strength of wood, Johnsson (2003): from these 
experiments kII = 36.9 MN/m before adjusting for length.  

5.1 Tensile capacity of the end face

In Fig. 2(a) four surfaces that develop stresses during loading of the joint are shown. 
The plug shear failure description in section 1, based on experimental observations, 
proposes that the side surfaces are inactive in the load uptake when the failure load is 
reached. On the end face, tensile stresses develop. This effect is more difficult to 
observe and measure during the experiment, since visual inspection is impossible and 
3D deformation measurements are difficult to perform. In Johnsson (2003), a statistical 
analysis of experimental data showed that the end face probably fails before the failure 
load is reached and that only the bottom face  resists the load. With the FE model 
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presented here, this statement can be further clarified. The beam-spring model in Fig. 
9(b) is adjusted to incorporate a tensile bar as a continuation of the plug, Fig. 9(c). The 
length of the bar was taken as 0.3 m, a size that was common in the experiments. The 
end face is loaded both in tension parallel to the grain by P and in tension 
perpendicular to the grain by PI = 3Pe/(2L). This means that the elastic modulus is 
somewhere in between E// = 14 GPa (parallel) and E⊥ = 0.8 GPa (perpendicular), 
Larsen (2003). One way of considering this is to use the Hankinson (1921) formula, 
Eqn. 12. 
 

 //
2 2

//

E E
E

E sin E cos
⊥

θ
⊥

=
θ + θ

 (12) 

 
The symbol θ denotes the angle to the grain. Eqn. 12 was originally developed for 
compression strength, but the correlation between elastic modulus and strength is quite 
strong, Johansson (2003); therefore, the compression strength is replaced by the elastic 
modulus here-in. The angle θ depends on the relationship between P and PI and is 
therefore also dependent on the length of the joint. Eθ for each length was thus 
calculated in the FE simulation. The angle θ varies between θ = 37° for a joint with L 
= 0.1 m down to θ = 7.1° for a joint with L = 0.6 m. The result from the FE 
simulation is shown in Fig. 13. 
 

Figure 13 Results from FE simulation with tensile bar to simulate tension on end
face of the joint

From Fig. 13 it is obvious that the FE model with a tension bar overestimates the 
failure load. It is also clear that the curve in Fig. 13 shows an increasing curvature with 
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increasing length, which is not in accordance with the experimental evidence where 
the load-length curve shows a decreasing tendency. Therefore, it is unlikely that the 
end face is active in the load uptake, at least for long joints. For shorter joints, the 
tensile capacity of the end face might be important, as is evident in Foschi and 
Longworth (1975), who incorporate the resistance of the end face in tension in their 
model. The mode I simulation is also affected by the presence of a tension bar i.e. the 
tension bar acts as a beam providing an almost fully constrained support for the mode I 
load case. For shorter joints, this constraint almost completely prevents any δI

LP 
displacement, another indication that the tensional end face is inactive in the load 
uptake, since the mode I part of the plug shear failure is prevented from occurring. The 
indication that it is the bottom face of the joint that is active when the failure load is 
reached, Johnsson (2003), is more likely through this analysis. The course of failure for 
plug shear failure can now be revised: 
 

1. A crack develops internally along one side of the joint, Fig. 2. The failure is 
initiated at the nail farthest from the free end.  

2. The crack reaches the free end and is visible on the edge. The same 
development goes for the other side of the joint. This occurs in two-thirds of 
the experiments before the ultimate load is reached. 

3. The end face fails in tension. 
4. The final failure occurs when a shear crack along the bottom face joins the two 

side cracks. 

Points 1-4 are valid for joints where the penetration depth is not deeper than H/2 (p/H 
< 0.5). For thinner timber members, no bottom face is formed, meaning that point 4 
will never occur and that the tensile resistance of the end face will probably constitute 
the failure load.  
To obtain experimental proof for the course of plug shear failure, measurements with, 
e.g., an acoustic emission system with six channels are suggested. With this approach it 
would be possible to determine the location of a crack in three dimensions. In Fig. 5 
the load-slip envelope from the experiments showed that there might be mechanisms 
for crack arrest in joints failing in plug shear failure. A study of this phenomenon, such 
as by modelling the softening behaviour of the joint, completed with a better 
understanding of the stiffness in shear for large joints would be beneficial in 
understanding plug shear failure. The softening behaviour of adhesive joints has been 
studied by Ottosen and Olsson (1988), who concluded, for example, that if softening 
occurs there will exist a joint length beyond which the failure load will no longer 
increase, i.e. the relationship between length and failure load will be asymptotic. 
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A1 

APPENDIX A – LOAD-DISPLACEMENT CURVES
FOR ALL TEST SERIES
In Appendix A all experimental load-displacement curves are presented, readily 
accessible for the use of other researchers. Units are kN for load and mm for 
displacement in all of the curves. 
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