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Abstract 
Strength and stability of any engineered structure rely heavily on the connections that link its structural 
members together. Even though current Canadian code provisions for the design of timber bolted 
connections were essentially developed based on connections showing a ductile behaviour (based on the 
so-called European Yield Model), such provisions do not provide any reliable guidance towards 
predicting deformations attributed to a given loading state. Displacement-related properties, such as 
stiffness, ductility cannot be determined using the EYM approach. Such information is crucial for 
designers who are interested in designing for high wind and earthquakes, where stiffness and ductility, in 
addition to other serviceability issues, become a major issue.   
 
This study provides critical information on the stiffness and ductility of bolted timber connections. 
Results from analysis made on available sets of bolted timber connections data that has been generated 
over the last 15 years at the Royal Military College of Canada (RMC) and at Forintek is presented in this 
report. Analysis results indicate that ductility ratio (μ) is strongly dependent on the yield point estimate 
and the ultimate displacement used to calculate the ratio. The method developed by Yasumura & Kawai 
for the estimation of yield load and deformation was found to be more suitable for ductility calculations 
of bolted timber connections. Moreover, analysis have indicated that stiffness equation given in Eurocode 
5 for bolted timber connections does not adequately predict the initial stiffness of bolted timber 
connections as the equation is expressed as a function of wood density and fastener diameter only. There 
is a need to incorporate other parameters such as the slenderness ratio and the connection geometric 
configuration which could improve predictions. Ductility ratio of bolted timber connections can be 
predicted reasonably well using the “Reserved Capacity” concept which is described as the ratio between 
the governing brittle failure resistance (i.e., RS, GT, T) and the ductile capacity of the connection as 
predicted by the new proposed design equations in CSA O86. Further verification of the proposed 
expression is needed to make sure that it is applicable to all bolted timber connection configurations and 
explore its applicability to other types of timber connections. 
 
This work was launched in support of the new proposed Section on the “Lateral Load Resisting Systems 
Design” and the new design approach for fastenings in the Canadian Timber Design Code (CSA Standard 
O86). Efforts will be invested in the future in refining both the current Eurocode 5 formula for prediction 
of initial stiffness and the proposed expression for prediction of ductility ratio. Ultimately, there is a need 
to link the new proposed Lateral Load Resisting Systems Design Section to the Fastenings Section in 
terms of connections’ stiffness and ductility required to satisfy the specified system response.  
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1 Objectives 
• Develop technical information on the stiffness and ductility of bolted connections on support of the 

new CSA O86 proposed Section on Lateral Load Resisting Systems Design that FPInnovations is 
currently working on.  

• Assist the wood industry by enabling the structural engineering community to design and construct 
more economical, effective and innovative non-residential structures utilising wood-based products 
and systems. 

 
 

2 Introduction 
Strength and stability of any engineered structure rely heavily on the connections that link its structural 
members together. Thus, while connections provide the load transfer mechanism which transforms an 
arrangement of individual members into a composite structural assembly, connections are often the 
weakest link in structural systems and often govern the design.  
 
Though innovative timber connection systems have been developed over the years, those systems have 
proven to be either too expensive or difficult to fabricate. Bolted connections remain very popular in 
timber structure design due to their cost-effectiveness and ease of fabrication. Previous and current 
research on bolted connections at Forintek, RMC, UNB, University Laval and elsewhere has been 
focused on investigating the behaviour of such connections with a single or multiple bolts, in timber and 
engineered wood products. This has led to the recent development of generalized design methodologies 
for doweled connections currently proposed for the Canadian Timber Design Code (CSA O86) 
(Quenneville et al. 2006). The proposed design approach takes into account the actual failure modes (e.g., 
ductile and brittle failure modes). However, such research efforts were mostly concentrated on predicting 
the ultimate strength of the connection and provided observations on the type of failure modes.  
 
Even though current Canadian code provisions for the design of timber bolted connections were 
essentially developed based on connections showing a ductile behaviour (based on the so-called European 
Yield Model), such provisions do not provide any reliable guidance towards predicting deformations 
attributed to a given loading state. Displacement-related properties, such as stiffness, ductility or energy 
dissipation, cannot be determined using the EYM approach. Such information is crucial for designers who 
are interested in designing for high wind and earthquakes, where stiffness and ductility, in addition to 
other serviceability issues, become a major issue.  
 
Even though ductility categories and requirements for fastenings (including bolts) are currently being 
considered under the proposed design approach for Fastenings Section in the CSA Standard O86, little 
information is available to support the development of transparent and reliable ductility categories 
proposed, especially for bolted connections.  
 
This study provides critical information on the stiffness and ductility of bolted timber connections. To do 
so, a vast collection of data from tests conducted at RMC and FPInnovations – Forintek Division was 
utilised to determine the initial stiffness and the ductility ratio for various bolted connection 
configurations. At the same time, four methods used to determine the yield point of connections were 
considered in order to identify the most appropriate one for bolted connections and for the calculation of 
the ductility ratio. 
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Findings from this research should assist industry initiatives to promote the use of wood products in 
structural applications. Results will also serve as a useful benchmark for structural design professionals 
and code officials who may be pursuing the idea of using timber in structural systems for non-residential 
buildings, especially with the introduction of 2005 National Building Code of Canada (NBCC). 
Ultimately, results could play a major role in maintaining and expanding the markets for Canadian wood 
products in structural systems for non-residential applications by overcoming the technical barriers arising 
from the lack of data and design guidelines. 
 
 

3 Background 
It has been recognised by designers and codes and standards committees that connections should not only 
be designed to resist the design loads of the members and the elements that they join, but also to absorb 
energy and maintain the integrity of the structural system in the events of overloading. This has been 
triggered by the fact that the behaviour of timber structures under lateral loads generated by seismic and 
wind actions is mainly controlled by the response of the connections under high and low cycle loads, 
respectively. It has been demonstrated by previous studies (Ceccotti 1995) that a structure with plastic and 
dissipative connections, if appropriately designed, can resist higher seismic motions than the same 
structure with rigid and non-dissipative type of connections. In seismic design, the term “ductility” is 
defined as the ability of an assembly or a structure to undergo large deformations in the inelastic range 
without substantial reduction in strength. Most collapses and damages that occur during extreme wind and 
seismic events are attributed to inadequate or inappropriate connections.  
 
The work of the Lateral Load Design Task Group lead by Forintek’s scientist Marjan Popovski is focused 
on developing the fundamental technical information needed to establish a new Section in CSA Standard 
O86 on “Lateral Load Resisting Systems”, which will be consistent with the NBCC. Questions have been 
asked on how to link the new Section to the Fastenings Section in terms of connection stiffness and 
ductility required to satisfy the specified system response.  
 
To estimate ductility, one needs to determine when the assembly begins to yield. Different methods exist 
around the world for the determination of the yield point for timber structures but none has been adopted 
in the Canadian standards yet. In Europe, the CEN bilinear elastic-plastic approach is proposed, whereas 
in the USA the ASTM standards use the 5% diameter offset for connections and the equivalent energy 
elastic-plastic (EEEP) curve for shear walls. Other methods have been proposed in Japan, Australia and 
Canada. The absence of a universal approach for yield point and ductility calculations does not help the 
harmonisation of standard testing and analysis procedures needed for seismic design of timber systems. In 
Europe, three ductility classes for timber connections have been proposed, which depend on the type of 
fastener (e.g., nails, screws, dowel-type fasteners), loading conditions and failure mode (Racher 1995). 
Ductility categories were also put forward under a proposed design approach for the Fastenings Section in 
the CSA Standard O86 (see Table 1), where connections or components could be classified by the failure 
mode as “brittle”, with “low ductility”, “moderate ductility” or “high ductility” (Smith et.al. 2006a). Yet 
more advanced classification system for connections in Canada was proposed by Smith et al. (2006b) that 
associates the connection classification with a specific failure mode (i.e., fastener yielding, row tear out, 
block shear or net tension). The underlying assumption is that failure mechanisms individually or in 
combination control the global system failure mode. One of the main objectives of such proposed 
classification system is to link connection behaviour to that of the overall system. However, little 
information is available to support the proposed classes.  
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This report discusses the various proposed ductility classes and provides information on how to estimate 
stiffness and ductility ratio of bolted connections. The derivation of the stiffness and ductility are based 
on analysis of the available test data on bolted connections which has been accumulated from several 
years of tests at the RMC, Forintek, UNB and University Laval. Verification of the proposed approach for 
the estimation of stiffness and ductility using a recent set of test data developed at University Laval in 
close collaboration with Forintek is also presented in the report. 
 
Efforts will be made later on to verify if the same approach could be generalised and adopted for 
connections made with other types of fasteners (e.g., glulam rivets, lag bolts, etc.) and for structural 
systems (portal frames, shear walls and diaphragms). 
 
Table 1 Proposed ductility classes for connections or components (Smith et. al. 2006a) 

Classification Average ductility ratio 
Brittle μ ≤ 2 

Low ductility 2 < μ < 4 
Moderate ductility 4 < μ ≤ 6 

High ductility μ > 6 
 
 

3.1 How to Evaluate Ductility in Timber Connections? 
The ductility of connections or assemblies is usually expressed as the “ductility ratio (μ)”, which is 
defined as the ratio of the displacement at the ultimate or failure load to that at the yield load as follows: 
 

[1] ymaxyfailure /or/ ΔΔ=μΔΔ=μ       

 

Where,   
Δfailure = displacement at failure load;  
Δmax   = displacement at maximum load (Pmax),  
Δy      = displacement at yield load.  
 
The yield point of an assembly is typically defined as the load (or stress) at which a material or an 
assembly begins to plastically deform (i.e. irreversible deformation). This is usually detectable under 
monotonic loading tests as divergence from a linear-elastic response (Figure 1). Prior to yield point, the 
connection or assembly deforms elastically and will return to its original shape when the applied stress is 
removed.  

 
Figure 1 Typical load-displacement curve showing the characteristic points 

 
 4 of 27 

 



Stiffness and Ductility of Bolted Timber Connections 

 
 

 
 

Obviously, the estimate of the yield point and the choice between the maximum and failure loads 
determine the numerical value of the ductility ratio. In most structural timber connections, the load-
displacement relationship is nonlinear and there is no distinct transition between the elastic and plastic 
behaviour and unambiguous definition of yield point is difficult. As discussed below, different analysis 
methods produce different yield point estimates, which could ultimately lead to over- or under-estimation 
of the ductility ratio, hence assigning the same connection to a different ductility category. In many types 
of connections, extensive post-yield inelastic deformation and, sometimes, apparent hardening occurs 
(Smith et. al. 2006a). In such cases, the test usually is terminated before reaching the ultimate load. To 
estimate the ultimate load and corresponding displacement, some acceptable conservative approaches 
have been proposed. Furthermore, the basis for the calculation of the ductility ratio (i.e., use of Δfailure vs. 
Δmax) may also result in a different ductility category. The following sections highlight differences 
between the various analysis methods and assumptions adopted in the calculations of the yield points and 
ductility ratio and their range of applicability.  
 
3.2 Determination of Yield Loads and Displacements 
The following provides details of the analysis methods that are commonly used in North America, 
Europe, Japan and Australia for the estimation of the yield point from typical load-displacement curves 
generated from laboratory tests on timber connections or assemblies.  

 
(a) Karacabeyli and Ceccotti (K&C) 
The yield point is determined at the point on the load-displacement curve corresponding to 50% of Pmax as 
shown in Figure 2a (Karacabeyli and Ceccotti, 1998).  
 
(b) European Committee for Standardisation (CEN) 
The yield point is determined as the intersection of two lines on the load-displacement curve as shown in 
Figure 2b (Ceccotti 1995). The first line represents the initial stiffness (Kα), which is usually calculated in 
the range from 10% to 40% of Pmax. This secant line forms an angle α with the horizontal axis, while the 
second tangent line (Kβ) is drawn at a slope equal to one sixth of the initial. 
 
(c) Equivalent Energy Elastic-Plastic (EEEP) Curve  
This bilinear curve, originally proposed for concrete and steel structures (Foliente 1996), approximates 
perfectly elastic-plastic behaviour of an assembly (Figure 2c). The initial slope of the EEEP curve, drawn 
through 40% of Pmax on the observed curve, determines the elastic stiffness (K) of the assembly. 
Displacement at failure is found on the descending part of the load-displacement curve at 80% of Pmax. 
The yield load (Py) is calculated by equating the areas under the observed and EEEP curves using the 
following equation: 
 

[2] K*
K

w2P failure
failure

2
failurey ⎥

⎦

⎤
⎢
⎣

⎡
−Δ−Δ=       

Where,  

wfailure: area under the load-displacement curve until failure.  

 
The intersection of the line representing the initial stiffness and a horizontal line fixed at Py defines the 
yield point, where the corresponding yield displacement is determined. 
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(a) Karacabeyli (b) CEN (c) EEEP 

and Ceccotti 

   
(d) Yasumura and Kawai (e) CSIRO (f) 5% diameter 

Figure 2 Methods commonly used for estimation of the yield point 
 
 
(d) Yasumura and Kawai (Y&K) 
Yasumura and Kawai (1998) proposed a method to determine the yield point based on the intersection of 
two lines located on the load-displacement curve. Similar to the CEN method, the initial stiffness is 
calculated as a slope of a line passing through the points corresponding to 10% and 40% of Pmax. The 
second line is drawn tangent to the load–displacement curve and parallel to a secant line passing through 
the points corresponding to 40% and 90% of Pmax. The point of intersection between the two lines is 
projected horizontally towards the load–displacement curve to obtain the corresponding yield point (see 
Figure 2d). 
 
(e) Commonwealth Scientific and Industrial Research Organisation (CSIRO) 
The yield point is defined as the point on the load-displacement curve corresponding to the displacement 
at 40% of Pmax multiplied by a factor of 1.25 (Figure 2e). 
 
(f) 5% diameter offset (5% d) 
This method is used to determine the dowel-bearing strength and the lateral resistance of fasteners in 
wood for the National Design Specification (AF&PA 2006). The yield point is determined as the 
intersection of the load-displacement curve with a straight line which is drawn parallel to the initial 
stiffness (slope between 0% and 40% of Pmax) with an offset on the horizontal axis equal to 5% of the 
fastener diameter (Figure 2f).  
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3.3 New Design Provisions for Bolted and Dowel Timber Connections in CSA O86 
The new design approach for determining the capacity of bolted and doweled timber connections is the 
result of many years of research at the Royal Military College of Canada and its development is best 
described in Quenneville (2008). It is valid for both bolts and dowels. 
 
3.3.1 Lateral Resistance Capacity Calculations 

The design capacity of a bolted or dowelled connection is taken as the minimum value determined from a 
series of design checks against possible failure modes. Different failure modes apply in timber members 
loaded either parallel or perpendicular-to-grain. For a member loaded at an angle to grain, both parallel 
and perpendicular to grain failure modes need to be considered corresponding to the load component 
parallel or perpendicular-to-grain. Basically, the designer will need to verify the following four equations: 
 
[3] Nf ≤ Nr 

[4] Pf ≤ Pr  

 Where Pf = Nf cos θ and Pr = Minimum (PRr T, PGr T, TNr T) 

[5] Qf ≤ Qr  

 Where Qf = Nf sin θ and Qr = Minimum (QSr T, Vr N) 

[6] 
θ+θ

≤ 2
r

2
r

rr
f cosQsinP

QPN  

Where, 
Nf  = applied factored load  
Nr  = factored lateral yielding resistance 
PRr T = factored row shear resistance 
PGr T  = factored group tear-out resistance 
TNr T  = factored net tension resistance 
QSr T  = factored splitting resistance and Vr N = factored shear resistance. 
 
 
The failures illustrated in Figure 3 (a) to (d) have all been experimentally observed in members loaded in 
tension parallel-to-grain. These failure modes are not observed in experimental members loaded in 
compression parallel-to-grain which have ductile failures.  
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(f) 

(e) 

 (d)(c) (b)(a) 

Figure 3 Potential failure modes in bolted timber connections 
 
 

3.3.2 Bearing Resistance 

For dowel or bolt type fasteners failing in one of the ductile modes, as shown in Figure 1 (d) or (e), the 
bearing design capacity is given by: 
 

[7] Nr = φy ny ns nf 

Where φy is the strength reduction factor for ductile failure and is equal to 0.8. This value was assigned in 
light of the fact that the variability in the bearing resistances was small (5 to 10% CoV) in comparison to 
the variability in the resistance associated with the other failure modes. ny is the minimum unit lateral 
yielding resistance obtained from the EYM equations, nf is the total number of fasteners in the joint and ns 
is the number of shear planes. The lateral ultimate bearing capacity, per shear plane, is obtained from the 
governing minimum resistance obtained from the applicable failure modes for a single shear plane or 
double shear planes as given in Equation [8]. 
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[8] ny = Min 

 

(g) 
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3
2df

+
 

 

 

 

       

 
 
f1 and f2 are the embedment strengths of members 1 and 2 respectively (member 1 being the side member 
by definition in a three-member connection). f1 and f2 are calculated in accordance with Equation [9]. For 
steel and concrete, the embedment values are 3fu x (Φsteel/Φy) (fu being the steel ultimate tensile resistance, 
Φsteel = 0.67, and Φy =0.8) and 125 MPa, respectively.  
 
For wood members loaded at an angle θ to the grain direction, the general format for calculating the 
embedment strength is obtained from: 
 

[9] 
θ+θ

=θ 2
iQ

2
iP

iQiP
i cosfsinf

ff
f  KD KSF KT 
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Where fiθ is the embedment strength of member “i” for a fastener bearing at an angle θ relative to grain 
(MPa), fiP is the embedment strengths for the fastener bearing parallel-to-grain (θ = 0º)  and fiQ is the 
embedment strengths for a fastener bearing perpendicular-to-grain (θ = 90º)  as given by Equations [10] 
This format is different than the 2001 edition of CSA O86.  It is more representative to transform the 
embedment strengths using the Hankinson formula and the material modification factors before the 
individual embedment values are used within the EYM equations. 
 
[10] fiP  = 50 G (1 – 0.01df) for parallel-to-grain loading 

 fiQ = 22 G (1 – 0.01df) for perpendicular-to-grain loading 

fiP and fiQ represent the characteristic embedment strength of the wood members (the 5th %) as a function 
of the mean oven-dry relative density (G) values of the materials. It should be noted that the former 0.8 
factor that was applied to the f1 values in the 2001 edition of CSA O86 to convert from a short to 
standard-term strength is now incorporated in both fiP and fiQ values. The reader can verify that the 
embedment formulas in equations [10] have not changed from the previous O86 version if one takes into 
account the 0.8 factor. It should be noted that there are no modification factors for multi-fastener 
applications in Equation [7]. The EYM equations are used for the predictions of the design capacity for 
ductile failure modes only. The modification factor JF is no longer required since mechanics based design 
equations covering the brittle failures are provided. 
 
3.3.3 Row Shear Resistance 

The row shear design capacity (refer to Figure 3(c)) of a dowelled or bolted connection where the 
members are loaded in tension is given by equation [11]: 
 
[11] PRr T = Σ PRr i 

 PRr i = φw PRij min nr (KD KSF KT) 

Where PRr i is the row shear resistance of of member “i”.  φw is the strength reduction factor for brittle 
failure and is equal to 0.7. PRij min is the minimum row shear capacity of all rows in member “i”. The 
designer must determine the row shear resistance (PRij) for each different row “j” in each member “i”. 
The minimum value will govern. This allows the calculation of the row shear resistance for connections 
with sloping ends (the rows potentially have different end distances) or for connections with different 
number of fasteners in the rows. The row shear resistance of each row, defined as PRij, is given by 
equation [12]. 
 
[12] PRij = 1.2 fv Kls t nc acr i 
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Where fv is the member material specified longitudinal shear strength given in the appropriate table of the 
Standard. Kls is a factor taking into account the number of loaded surfaces on the member (0.65 for a side 
member and 1 for an internal member). acr i is the minimum of end distance aL and row spacing SR for row 
“j”. It should be noted that there are no advantages to detail a connection with a long end distance and 
small bolt spacing parallel to grain. The smaller of the two distances will trigger the failure. It is thus best 
to detail the connection with equal end distance and bolt spacing in the row. Note that the row shear 
failure as shown in Figure 3(c) is not possible if the member is in compression. The fastener farthest to 
the end distance must fail in bearing before the other fasteners fails in row shear. Also, the designer must 
ensure that each member of a joint can resist its share of the force transferred. It is recommended that side 
members in three member connections be the same thickness to avoid eccentricity in loading.  
 
3.3.4 Group Tear-out Resistance 

The group tear-out design capacity (refer to Figure 3(b)) of a dowelled or bolted connection in a member 
under tension load is given by: 
 
[13] PGr T = Σ (PGr i) 

 PGr i = φw (PRi 1 + PRi nR)/2 + φw (ft · APGi) KD KSF KT 

Where PGri is the group tear-out resistance of member “i”.  PRi 1 and PRi nR are the row shear capacities 
bounding the fastener group for member “i” along row 1 and nR respectively, calculated using Equation 
[12]. Equation [12] is based on two longitudinal failure planes for each row of bolts.  The group tear-out 
resistance only considers the outermost failure planes in the group and therefore, the row shear capacity 
obtained from Equation 12 must be multiplied by 0.5. ft is the member material specified tension strength 
given in the appropriate CSA O86 table (net value if available). APGi is the critical perpendicular area 
between the two rows 1 and nR in mm2 excluding bolt holes and any wood on the edges of the member. 
Note that the group tear-out failure mode is not possible if the member is in compression. 
 
3.3.5 Net Tension Resistance 

The net tension design capacity (refer to Figure 3(a)) of a member at a group of fasteners is given by: 
 
[14] TNr T = Σ TNr i 

 TNr i = φ ft An KD KSF KT 

Where φ is the tensile strength reduction factor at 0.9, ft is the member material specified tensile strength 
(net value if available) and An is the member net area at the critical cross-section. It was decided to 
include the net tension equation within the fasteners section of O86 to remind designers that it is one of 
the failure modes that they need to verify.  
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3.3.6 Splitting Resistance 

The splitting design capacity (refer to Figure 3(f)) of a member loaded perpendicular-to-grain by dowels 
or bolts is given by: 
 
[15] QSr T = Σ QSr I 

 QSri = φw QSi KD KSF KT 

 

d
d1

dt14QS
e

e
i

−
=   

Where, d is the member depth, de = d-ep and ep is unloaded edge distance. The equation for QSi is taken 
from the Eurocode 5 and accounts for the position of the fastener group within the depth of the member. It 
is obvious from this equation that if the loaded edge of the fastener group is small, the splitting resistance 
of the connection will be small. This is in-line with the timber rivet design approach for loads applied 
perpendicular-to-grain. In the previous 2001 edition of O86, the minimum 4df loaded edge distance did 
not guarantee a ductile failure of the connection.  
 
3.3.7 Net Shear Resistance 

The net shear resistance (refer to Figure 3(f)) of a member loaded perpendicular-to-grain by dowels or 
bolts is given by: 
 
[16] Vr N = Σ Vr neti 

 Vr neti = φ tdf
3
2

ev (KD KH KSV KT) 

Where φ is 0.9. This equation was included in the Fastening section of the 2001 edition of CSA O86 
(clause 10.2.1.4) but is now explicitly referenced in bolt design by including it in Equation [5]. The 
design verification involves verifying the shear resistance of the reduced beam depth (de) against the 
applied shear force at the connection.  
 
 

4 Staff 
Mohammad Mohammad, Ph.D., P.Eng. Group Leader, Building Systems 
Williams Munoz, Ph.D. Research Scientist, Building Systems 
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5 Approach 
The approach adopted to carry out the work under this study was to break it down into five (5) different 
components as follows.  
 
5.1 Visual Classification of Ductility Ratios from Load-Deformation Graphs of 

Bolted Timber Connection Tests (+/- 80 Configurations) 
Load – deformation graphs were generated for all existing test data sets and a rough (visual) estimate of 
yield loads and deformations were made. This was an important step towards the classification and 
assignment of the various configurations to the four different ductility ratio classes as proposed by Smith 
et al. (2006a) and as given below: 
 
 Brittle (0 – 2) 
 Low (2 – 4) 
 Moderate (4 – 6) 
 High (> 6) 
 
 
5.2 Analysis of Individual Raw Data Sets to Determine Stiffness and Ductility 

Characteristics 
In this section, analysis was carried out on test data to determine the initial stiffness, yield load and 
deformation and ductility ratio for all specimens in the various configurations. Excel macros were 
developed and used for the analysis of existing test data to speed up the analysis. This was combined with 
visual verification and inspection of the various parameters to ensure proper analysis.  
For initial stiffness, two slopes were defined: 
 

Ka:  0% – 40% of Pmax 
Kb:  10% - 40% of Pmax 

 
For the determination of the yield point, four different methods were adopted as it was not possible at the 
beginning to determine which method could produce the most appropriate parameters. Those were CEN, 
Yasumura & Kawai, CSIRO, and Karacabeyli & Ceccotti. As for ductility ratio, it was taken as Δmax / 
Δyield. 
 
5.3 Analysis of Initial Stiffness Values from Tests and Estimates from Eurocode 5  
The initial stiffness values as determined using the two methods aforementioned and the estimates using 
the Eurocode 5 were studied to identify the level of correlation existing between Ka and Kb, and between 
those values and the Eurocode estimates. 
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5.4 Reclassification of the Connection Configuration following Ductility 
Calculations 

Following analysis of individual data sets and the determination of ductility ratio, the various connection 
configurations were re-assigned different ductility ratios which were compared with the initial visual 
assignment as determined from load-deformation graphs.  
 
5.5 Development of an Expression for Prediction of the Ductility Ratio of Bolted 

Timber Connections 
In order to enable designers and engineers to predict the ductility of bolted connections at the stage of 
design, it was necessary to develop an expression that can be used to determine how ductile the 
connection is based on the connection configuration. A new concept called “Reserved Capacity” has been 
adopted in this study which is used to determine the reserve brittle or ductile capacity of the connection. 
Since the new design provisions for bolted connections to be implemented in the 2009 edition of the CSA 
O86 enables designers to determine what type of failure mode expected (i.e., bearing, row shear-out, etc.), 
it will be possible to calculate the reserve capacity in the connection.  
 
The following section outlines the derivation of the expression adopted for predicting the ductility ratio of 
bolted connection based on the “Reserved Capacity” principle. 
 
5.6 Derivation of Ductility Ratio of Bolted Timber Connection   
The ductility ratio is given as a function of the reserve brittle or ductile capacity (λ) in the connection. 
 
[17]          )(f λ=μ
 
Where,  λ is taken as being equal to the ratio between the minimum value of connection resistance due to 
brittle failure and the bearing (ductile) resistance, multiplied by a yield factor (Yf), as given below. 
 

[18] ⎥⎦
⎤

⎢⎣
⎡⋅=λ

B
)NT,GT,RS(MINYf       

 
It should be mentioned that the ductility ratio calculations are applicable only to those connection 
configurations that exhibit some level of ductility but not those that fail in a brittle manner. Although the 
ultimate failure of a certain connection configurations could be attributed to brittle failure (e.g., row 
shear-out, group tear-out), this should not be confused with connections failing exclusively, in a brittle 
mode before reaching the yield point. Some brittle failures could occur after considerable bearing 
deformation takes place, leading to a reduction in the shear length (i.e., loaded end distance or bolt 
spacing in connections loaded parallel to grain). This could be misleading and may be interpreted 
wrongly, as a brittle failure. This can easily be observed in the load-displacement graph, where a plateau 
is partially or completely developed prior to the catastrophic failure.   
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The “Reserved Capacity” concept is only applicable to connections that fail in a ductile manner or show 
some signs of ductility as described above. In other words, the capacity in yielding (bearing) governs the 
design and essentially, should be less than that in row shear out (RS), group tear out (GT) or net tension 
(NT), being typical brittle failure modes as given below:  
 
[19]    NTorGTorRSB <
     
The factor Yf represents the ratio between the average maximum capacity and the average yield load for 
bolted connections calculated from tests.  
 
Figure 4 describes the “Reserved Capacity” concept for a connection. 
 
 
 

 
 
 
Figure 4 Reserved Capacity concept for a connection 
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6 Results and Discussion  
The following sections describe the results of the analyses done on bolted connections to determine 
stiffness and ductility. Comparison of initial stiffness determination methods and estimates, as well as a 
new concept used for ductility ratio predictions, are also discussed.  
 
6.1 Stiffness Analysis 
In this section, information on how to determine the initial stiffness of bolted timber connections from 
available test data with various configurations, and using different methods adopted in the analysis is 
described. It should be noted that the analysis covers bolted timber connections loaded parallel to grain 
only.  Future work should cover both, parallel and perpendicular to grain connections. 
 
6.1.1 Determination of Initial stiffness  

Initial stiffness was calculated as the slope between 0% and 40% (Ka), and between 10% and 40% (Kb) of 
the maximum capacity for all the connection configurations from available test data (Figure 5). Typically, 
the first method is used in connections with fasteners that do not use oversized holes (e.g., nails, rivets, 
self-drilling screws/dowels). In such case, no take-up region is observed in the load-deformation graph. 
However, with oversized holes (e.g., bolts, dowels), it is common to see a region at the early stages of 
loading, where a take-up section can clearly be identified in the load-deformation curve. The analysis was 
carried out to quantify the difference between the two approaches as adopting one method or the other, 
could affect the serviceability calculations (stiffness and ductility). 
 
In order to eliminate the take-up region from test data, it was necessary to modify the load-deformation 
graph at the start and replace the experimental origin with a projected new origin which corresponds to 
the intercept of the first straight line portion of the curve with the deformation axis, as shown in Figure 
5a. Such correction was made to the test data using Excel spreadsheet, where a macro was developed to 
modify the load-deformation graph to enable the determination of the new origin. The new origin was 
used for the calculations of the two values for the initial stiffness as can be seen in Figure 5b. 
 

Load

Deformation

First straight 
line portion

0 0' New origin   

Load

Deformation

Ka

0'

Slope 
for Kb

Kb

0.4Pmax

0.1Pmax

Slope 
for Ka

 
   (a)      (b) 
Figure 5 Take-up region and corrections made to load-deformation graph to determine the 

new origin 
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6.1.2 Comparison between Ka and Kb Values 

The two values of initial stiffness (Ka and Kb) per connection configuration were compared and the level 
of correlation for all connection configurations is shown in Figure 6. The r² value (0.992) indicates a good 
linear correlation (r = 0.996) that exist between these two stiffness values. The difference between the two 
initial stiffness values was calculated as a percentage of Ka ([Ka – Kb]/Ka) and the results are shown in 
Figure 7. It is possible to observe that most of the connection configurations exhibited differences below 
the average value line (i.e., taken as the overall average of the percentage difference). Nonetheless, in 
some cases, big differences were observed, with values as high as 15%. Such big differences lead to an 
increase in the coefficient of variation (about 68%).  
 
The small difference observed in the initial stiffness as calculated on the basis of 0% to 40% slope or 10% 
and 40% of the ultimate load emphasis the need for a universal or standardised method to determine 
initial stiffness from load-deformation graphs as generated from tests. This is crucial for the calculation of 
the yield load and deformation as discussed above, considering that some of the most common methods 
adopted for the calculation of yield point depends on the initial stiffness values.  
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Figure 6 Correlation between Ka and Kb 
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Figure 7 Percentage difference between Ka and Kb per configuration (absolute value) 
 
 
6.1.3 Stiffness Calculations in Eurocode 5  

 
In Eurocode 5 - Section 7, several formulas are presented for the estimation of slip modulus or stiffness 
(Kser). The formulas are given per shear plane, per fastener for various types of connections, including 
bolted timber connections (Table 2). This is important for serviceability limit states calculations. In the 
case of bolted timber connections, the given formula for slip modulus has the following form: 
 

[20] 
23
dK 5.1

ser ⋅ρ=         

 
Where ρ is the wood density in kg/m3 and d is the bolt diameter in mm. It is important to note that those 
stiffness formulas are given for timber-to-timber and wood-based panel-to-timber connections and not for 
steel-to-wood connections. For wood-to-steel connections, Eurocode 5 proposes doubling the stiffness 
value as determined using Equation [20]. The density value as given in the Equation, however, should be 
that of timber and not steel. 
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Table 2 Kser values for fasteners (N/mm) in timber-to-timber and wood-based panel-to-
timber connections (source: Eurocode 5, 2002) 

 

 
 
 
6.1.4 Comparison between Stiffness Calculations in Eurocode 5 and Test Estimates 

Through some personal communications with European researchers who have been involved in the 
development of Eurocode 5 provisions, it became evident that the stiffness Equation [20] was derived 
based on a 10% to 40% slope. To be able to verify the applicability of this equation to bolted timber 
connections, it was decided to compare stiffness values as determined from tests on various 
configurations with those predicted by Eurocode 5. For comparison purposes, both Ka and Kb were 
compared with the Eurocode 5 stiffness estimates. In Figure 8, comparison between Ka and Kb from tests 
and Kser as estimated with the Eurocode 5 formula for bolted wood-to-steel connections is given. Stiffness 
estimates from tests and those calculated using Eurocode 5 equation represent the total connection initial 
stiffness, per configuration.  

In Figure 8, lower values of coefficient of determination (r² = 0.55 and 0.52, for Ka and Kb, respectively) 
can be observed, indicating a poor correlation. That means that density and fastener diameter, can explain 
only a 55% of the initial stiffness variation. It is believed that other connection parameters can not be 
ignored and perhaps should be included in the Eurocode 5 model to improve the prediction of Kser. 
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Figure 8 Ka and Kb stiffness values from tests vs. Kser - Eurocode 5 stiffness estimates 
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An attempt was made to investigate the effect of connection configuration on the initial stiffness estimate 
using Eurocode 5 since connection configuration is not a variable in this equation for estimating Kser (it is 
expressed as a function of density and fastener diameter only). It is believed that other parameters such as 
connection geometric configuration and slenderness ratio (ratio of the length and the diameter of the 
connector) should be incorporated into the stiffness equation of Eurocode 5 to improve its prediction 
capability. The slenderness ratio could have an important effect as it could influence the stress distribution 
underneath the fastener during the early stage of deformation. Geometric configurations such as end 
distance, bolt spacing and row spacing, although affect mostly the strength of the connection, it may alter 
the force distribution among fasteners in a row and/or between rows during the loading, therefore, could 
have an impact on the initial stiffness estimate.  
 
In Figure 9, a comparison of estimates for connection configurations grouped by similar fastener diameter 
and density of wood but different geometric configuration and member thickness is shown. It is evident 
that other factors need to be incorporated in the Eurocode 5 equation. The stiffness estimates within the 
same set of connection configurations with different geometry and dissimilar member thickness are 
equivalent (all connection sets with their configuration details are shown in Appendix II).  
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Figure 9 Ka measured from tests vs Kser - Eurocode stiffness values for sets of connection 

configurations with same bolts diameter and wood density  
 
Further work is needed on the stiffness estimates using Eurocode 5 to investigate the effect of connection 
geometric configuration and slenderness ratio on initial stiffness estimates. In other words, it is feasible to 
express the stiffness as a function of not only, fastener diameter and wood density, but as a function of 
slenderness ratio and connection configuration. This will lead to improvement in the estimate of stiffness 
using Eurocode 5. The authors believe that this will improve the estimate of stiffness using current 
Eurocode 5 Equation. 
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6.2 Ductility Ratio Analysis 
6.2.1 Ductility Ratio from Tests 

In this section, only some connection configurations where failure is governed by bearing capacity were 
chosen. This included steel-wood-steel (SWS) and wood-steel-wood (WSW). WSW configurations cover 
groups with two independent members concealing a metal plate or a single member with inserted metal 
plates.  
 
To be able to compare the ductility ratio values from tests to ductility ratios from predictions, a factor (ω) 
is introduced into calculations. The factor ω represents the ratio of the material resistance factors for 
brittle and ductile failure modes. This is inline with the new proposed design provisions for bolted 
connections, where for bearing failures the resistance factor is 0.8, while for group tear-out and row shear, 
the factor is 0.7. The material resistance factor for net tension is taken as being equal to 0.9. In this case, 
the expression given in Equation [3] takes the following form: 
 
 

[21] ω⋅⎥⎦
⎤

⎢⎣
⎡⋅=λ

B
)NT,GT,RS(MINYf   

 
 
To determine the yield factor (Yf), the yield loads (Py) as determined using four (4) different methods and 
the maximum capacities (Pmax) from tests were used. Average values of Py and Pmax from tests on groups 
of specimens that exhibited ductile failure are given in Table 3. These values were used to calculate the 
ratio between Py and Pmax. Analysis results are given in Table 4.  The value of Yf could be taken as a value 
between 1.30 and 2.11, with the average value of Yf being equal to 1.77. That gives a ratio of Pmax / Py 
close to the value obtained using Yasumura & Kawai (Y&K) yield point method (1.68). A value equal to 
1.7 was used finally for ductility calculations. The importance of Yf is given by the fact that for a 
connection showing a certain level of ductility; it will yield prior to reaching its ultimate bearing capacity. 
Thus, the ratio between the maximum load and load at yield becomes important in the overall ductility 
calculations.   
 
 
Table 3 Average maximum capacities Pmax and Yield loads (Py) using various methods as 

determined from tests 
 Y & K CEN K & C CSIRO Pmax 

Group kN kN kN kN kN 
4 (SWS) 329.6 494.1 318.6 299.4 637.0 

44 (SWS) 86.5 136.8 84.6 79.5 169.1 
45 (SWS) 130.5 144.3 110.7 99.8 221.3 
62 (WSW) 169.6 207.3 121.5 118.9 243.1 
64 (WSW)* 154.2 199.7 113.5 110.8 227.0 
72 (WSW)* 66.3 82.9 57.2 53.5 114.5 
73 (WSW)* 90.5 110.7 69.8 67.9 139.5 
74 (WSW) 80.1 102.3 70.8 66.6 141.7 
75 (WSW) 88.0 108.5 71.5 68.8 143.0 

   *: wood-steel-wood with inserted plate 
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Table 4 Ratio Pmax / Py from tests 
 Ratio Pmax / Py  

Group Y & K CEN K & C CSIRO 
4 (SWS) 1.93 1.29 2.00 2.13 

44 (SWS) 1.96 1.24 2.00 2.13 
45 (SWS) 1.70 1.53 2.00 2.22 
62 (WSW) 1.43 1.17 2.00 2.05 
64 (WSW)* 1.47 1.14 2.00 2.05 
72 (WSW)* 1.73 1.38 2.00 2.14 
73 (WSW)* 1.54 1.26 2.00 2.05 
74 (WSW) 1.77 1.39 2.00 2.13 
75 (WSW) 1.63 1.32 2.00 2.08 
Average 1.68 1.30 2.00 2.11 

  *: wood-steel-wood with inserted plate 
 
Since the proposed ductility expression given in Equation [21] is expressed as a function of the ductile 
and brittle capacities of the connection, it was necessary, as a first step, to calculate the connection 
capacities based on the new design provisions. Table 5 gives the capacity of the selected groups of 
connections. Values showing in bold (cells with grey background) indicate where bearing or row shear 
governs the design (i.e., being the minimum capacity in ductile and brittle failures). Those capacities are 
used in the calculations of the “Reserved Capacity” of a connection (as defined in previous sections).  
 
 
Table 5 Predicted connection capacity of various groups using the new proposed design 

approach for bolts and dowels (CSA O86) 
 Failure mode 
 B RS GT NT 

Group (kN) (kN) (kN) (kN) 
4 (SWS) 222 250 268 353 

44 (SWS) 68 68 93 236 
45 (SWS) 68 111 151 383 
62 (WSW) 105 133 212 181 
64 (WSW)* 127 217 345 294 
72 (WSW)* 64 144 229 319 
73 (WSW)* 68 144 261 383 
74 (WSW) 57 89 141 197 
75 (WSW) 62 89 160 236 

  *: wood-steel-wood with inserted plate 
 
 
6.2.2 Comparison between Ductility Ratio Predictions and those from Tests 

Figure 10 shows estimated ductility ratios from tests and those calculated using the proposed ductility 
equation based on “Reserved Capacity” principle (Eq. [21]), based on bearing and brittle failure modes. In 
five out of nine groups of tested connection configurations, the category of ductility ratio was well 
predicted (i.e., low to moderate). On the other hand, the new proposed equation underestimated the 
ductility ratio for seven of the nine groups. Certainly, this is an area where further work is needed as this 
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could further improve predictions from the proposed equation. Ultimately, the connection ductility 
depends in principle on the yield deformation which most likely depends on the connection configurations 
(as discussed above).  
 
It is worth mentioning though that the other two groups showed an overestimation when using the new 
proposed ductility ratio equation. Those groups are wood-steel-wood (WSW), with inserted metal plates. 
It is suspected that the load distribution underneath the fastener associated with the WSW configuration is 
different than that for SWS. Although the effect has been verified and confirmed for the ultimate capacity 
of bolted connection (Mohammad and Quenneville, 2001), the effect of that on connections ductility have 
not been verified.  
 
The underestimation and overestimation of ductility calculations based on the proposed Equation (Eq. 
[21]) ranged from -24% to 46% as shown in Figure 11. These results provide some confidence in the 
ductility predictions but additional work is certainly needed to refine the analysis to include other 
parameters that could potentially, have an impact on the connection’s ductility. It is also important to 
investigate the applicability of this proposed equation for ductility to other types of fasteners commonly 
used in wood structures (e.g., glulam rivets, lag screws, etc.).  
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Figure 10 Ductility classes and estimates from tests using specified values (with Yf) 
 

 
6.2.3 Connections Ductility vs. System Ductility 

Current design codes, including CSA O86, are based on the design of individual structural members and 
fastenings with the assumption that the structural system will behave under loading in a way that is 
similar to the behaviour of its individual components. This approach may lead to designs and solutions 
that are considered to be conservative and uneconomical with some major uncertainties associated with 
the system behaviour, especially at failure (Asiz and Smith 2005). 
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Although the design of connections subjected to seismic loading combinations could be supplemented by 
the assessment of their assigned ductility classes, there are no guaranties that the system will have the 
same ductility level/class. For such loading combinations, it is important to design the connections to 
yield first and to avoid brittle failure in the members. Even when failure in some connections occurs, 
some alternative load path(s) are developed to continue carrying the load. According to Asiz and Smith 
(2005), general design provisions should require attainment of a certain level of ductility by whole 
systems and critical connections, which should be developed and be consistent with proposed provisions 
by the CSA O86 Lateral Load Design Task Group (Popovski and Karacabeyli 2005).    
 
Adoption of the “Capacity Design” principles for wood structures will be almost impossible without 
providing a clear answer as to how one can relate the ductility classes of connections to those of the 
whole structural systems. This approach will provide the necessary tools to design structures in such a 
way that ductile failure would most likely occur in the connections and not in the main members. 
 
 

7 Conclusions 
Analysis of available data sets on the various configurations of bolted timber connection for the 
estimation of stiffness and ductility of connections lead to the following conclusions:  

• Although different methods are available worldwide for the estimation of yield load and deformation, 
the method developed by Yasumura & Kawai was found to be more suitable for ductility calculations 
of bolted timber connections.  

• Ductility ratio (μ) is strongly dependent on the yield point and the ultimate displacement used to 
calculate the ratio. The ratio between the deformation at ultimate capacity taken as maximum capacity 
(Δmax) and that at yield (Δyield) has been adopted for the ductility calculations for bolted timber 
connections in this study. 

• No important differences were found between the different methods used to estimate the initial 
stiffness (Ka and Kb), based on 0% – 40% or 10% – 40% of Pmax as determined from load – 
deformation curves of bolted timber connections. 

• Stiffness equation given in Eurocode 5 does not adequately predict the initial stiffness of bolted 
timber connections as the equation is expressed as a function of wood density and fastener diameter 
only. There is a need to incorporate other parameters such as the slenderness ratio and the connection 
geometric configuration which could improve predictions. 

• Ductility ratio of bolted timber connections can be predicted reasonably well using the “Reserved 
Capacity” concept which can be described as the ratio between the governing brittle failure capacity 
(i.e., RS, GT, T) and the ductile capacity of the connection as predicted by the new proposed design 
equations in CSA O86. 

• For wood structures, it is important to develop procedure to relate the ductility classes of connections 
to those of the whole structural systems. 
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8 Recommendations 
• Additional work is needed to verify the stiffness equation given in Eurocode 5 for timber connections 

with bolts as the current one tends to give inadequate predictions for the initial stiffness. There is a 
need to investigate the effect of other parameters such as slenderness ratio and the configurations of 
the connections and potentially, express the initial stiffness as a function of those additional 
parameters.   

• Although the expression developed for the ductility ratio calculations could predict the ductility of 
bolted connections reasonably well, there is a need to do further verification to make sure that the 
expression can work for all connection configurations.  

• It is recommended to verify the applicability of the proposed ductility ratio expression developed for 
bolted connection to other types of fasteners (e.g., glulam rivets)  

• There is a need to link ductility of connections to that of the lateral load resisting systems. This is 
important for implementation of Capacity Design principles for wood structures. 
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 A Discussion Paper on the Ductility of Bolted Connections 
Submitted to the CSA O86 Ductility Task Group 

M. Mohammad, A. Salenikovich, W. Munoz 
 

Summary  
 
This paper provides some background information on the calculations of the ductility of various 
assemblies and bolted connections in particular. Included in the discussion are the current methods for 
estimation of the yield points in North America and elsewhere. In particular, focus is given on some of the 
key issues associated with the need to adopt a consistent approach/methodology for the estimation of the 
yield point and ductility from available data base on bolted timber connections. Preliminary results 
indicate large differences in the calculations of the ductility among methods. This work has been launched 
in support of the creation of a new Section on “Lateral Load Resisting Systems” in CSA O86, which is 
lead by Forintek’s scientist Marjan Popovski and another proposed design approach for Fastenings in the 
Canadian Timber Design Code (CSA Standard O86), which was proposed to the CSA O86 committee in 
2006 by Ian Smith et al. The definition of ductility in the paper is limited to static load ductility only.  
 
Background Information 
 
It has been realised by designers and codes and standards committees that connections should not only be 
designed to resist the design loads of the members and the elements that they join, but also to absorb 
energy and maintain the integrity of the structural system in the events of overloading. This has been 
triggered by the fact that the behaviour of timber structures under lateral loads generated by seismic and 
wind actions is mainly controlled by the response of the connections under high and low cycle loads, 
respectively. It has been demonstrated by previous studies (Ceccotti 1995) that a structure with plastic and 
dissipative connections, if appropriately designed, can resist higher seismic motions than the same 
structure with rigid and non-dissipative type of connections. In seismic design, the term “ductility” is 
defined as the ability of an assembly or a structure to undergo large deformations in the inelastic range 
without substantial reduction in strength. Most collapses and damages that occur during extreme wind and 
seismic events are attributed to inadequate or inappropriate connections.  
 
The work of the Lateral Load Design Task Group lead by Forintek’s scientist Marjan Popovski is focused 
on developing the fundamental technical information needed to establish a new Section in CSA Standard 
O86 on “Lateral Load Resisting Systems”, which will be consistent with the NBCC. Questions have been 
asked on how to link the new Section to the Fastenings Section in terms of connection stiffness and 
ductility required to satisfy the specified system response.  
 
To estimate ductility, one needs to determine when the assembly begins to yield. Around the world, 
different methods exist for the determination of the yield point for timber structures but none has been 
adopted in Canadian standards yet. In Europe, the CEN bilinear elastic-plastic approach is proposed, 
whereas in the USA the ASTM standards use the 5% diameter offset for connections and the equivalent 
energy elastic-plastic (EEEP) curve for shear walls. Other methods have been proposed in Japan, 
Australia and Canada. The absence of a universal approach for yield point and ductility calculations does 
not help the harmonisation of standard testing and analysis procedures needed for seismic design of 
timber systems.  
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In Europe, three ductility classes for timber connections have been proposed, which depend on the type of 
fastener (e.g., nails, screws, dowel-type fasteners), loading conditions and failure mode (Racher 1995). 
Ductility categories were also put forward under a proposed design approach for the Fastenings Section in 
the CSA Standard O86 (see Table 1), where connections or components could be classified by the failure 
mode as “brittle”, or with “low ductility”, “moderate ductility” or “high ductility” (Smith et.al. 2006a). 
Yet more advanced classification system for connections in Canada was proposed by Smith et al. (2006b) 
that associates the connection classification with a specific failure mode (i.e., fastener yielding, row tear 
out, block shear or net tension). The underlying assumption is that failure mechanisms individually or in 
combination control the global system failure mode. However, little information is available to support 
such proposed classes. There is a need for the development of ductility categories based on analysis of the 
available test data, especially for bolted connections. It is expected that this work will generate important 
technical information that will be used to verify some of the proposed ductility categories and will 
provide a better understanding of the ductility of bolted connections in particular. Efforts will be made 
later on to verify if the same approach could be generalised and adopted for connections made with other 
types of fasteners (e.g., glulam rivets, lag bolts, etc.) and for structural systems (portal frames, sear walls 
and diaphragms). 
 
Table 1. Proposed ductility classes for connections or components (Smith et. al. 2006a) 

Classification Average ductility ratio  
Brittle μ ≤ 2 
Low ductility 2 < μ < 4 
Moderate ductility 4 < μ ≤ 6 
High ductility μ > 6 

 
 
How to Evaluate Ductility in Connections or Assemblies? 
 
The ductility of connections or assemblies is usually expressed as the “ductility ratio (μ)”, which is 
defined as the ratio of the deformation at the ultimate or failure load to that at the yield load as follows: 
μ   =  Δfailure/Δy   or Δmax/Δy          [1] 
 
Where,  Δfailure  = deformation at failure load,  

Δmax  = deformation at maximum load, and 
 Δy    = deformation at the yield load.  
 
The yield point of an assembly is typically defined as the load (or stress) at which a material or an 
assembly begins to plastically deform. This is usually detectable under monotonic loading tests as 
divergence from a linear-elastic response (Figure 1). Prior to the yield point, the connection or assembly 
deforms elastically and will return to its original shape when the applied stress is removed.  
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Figure 1. Typical load-deformation curve showing the characteristic points 

 
Obviously, the estimate of the yield point and the choice between the maximum and failure loads 
determine the numerical value of the ductility ratio. In most structural timber connections, the load-
deformation relationship is nonlinear and there is no distinct transition between the elastic and plastic 
behaviour. As discussed below, different analysis methods produce different yield point estimates, which 
might lead to over- or under-estimation of the ductility ratio, hence assigning the same connection to a 
different ductility category depending on the analysis method used. Furthermore, the basis for the 
calculation of the ductility ratio (i.e., use of Δfailure vs. Δmax) may also result in different ductility 
category.  
 
Estimation of the yield point 
 
The following provides some details on the analysis methods that are commonly being used in North 
America, Europe, Japan and Australia for the estimation of the yield point from typical load-deformation 
curves generated from laboratory tests on timber connections or assemblies.  
 
(a) Karacabeyli and Ceccotti (K&C) 
 
In this method, the yield point is determined at the point on the load-deformation curve corresponding to 
50% of the maximum load as shown in Figure 2a (Karacabeyli and Ceccotti, 1998).  
 
(b) European Committee for Standardization (CEN) 
 
In this method, the yield point is determined as the intersection of two lines on the load-deformation curve 
as shown in Figure 2b (Ceccotti 1995). The first line represents the initial stiffness (Kα), which is usually 
calculated in the range from 10% to 40% of the maximum load. This secant line forms an angle α with 
the horizontal axis, while the second tangent line (Kβ) is drawn at a slope equal to one sixth of the initial 
slope. 
 
 

Initial Pmax

Py 

Initial  
slope 
range

Δ Δy maxSlip 
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(c) Commonwealth Scientific and Industrial Research Organisation (CSIRO) 
 
In this method, the yield point is determined as a point on the load-deformation curve corresponding to 
the deformation at 40% of the peak load multiplied by a factor of 1.25 (Figure 2c). 
 
(d) Yasumura and Kawai (Y&K) 
 
Yasumura and Kawai (1998) proposed a method to determine the yield point based on the intersection of 
two lines located on the load-deformation curve. Similar to the CEN method, the initial stiffness is 
calculated as a slope of a line passing through the points corresponding to 10% and 40% of the maximum 
load. The second line is drawn tangent to the load–deformation curve and parallel to a secant line passing 
through the points corresponding to 40% and 90% of the peak load. The point of intersection between the 
two lines is projected horizontally towards the load–deformation curve to obtain the corresponding yield 
point (see Figure 2d).  
 
(e) Equivalent Energy Elastic-Plastic (EEEP) Curve  
 
This bilinear curve, originally proposed for concrete and steel structures (Foliente 1996), approximates 
perfectly elastic-plastic behaviour of an assembly (Figure 2e). The initial slope of the EEEP curve, 
drawn through 40% of Pmax on the observed curve, determines the elastic stiffness (K) of the 
assembly. Deformation at failure is found on the descending part of the load-deformation curve at 80% 
of Pmax load. The yield load (Py) is calculated by equating the areas under the observed and EEEP 
curves using the following equation:  
 

K
K

w
P failure

failurefailurey *
22

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−Δ−Δ=        [2] 

 
Where, wfailure: area under the load-deflection curve until failure.  
 
The intersection of the line representing the initial stiffness and a horizontal line fixed at Py defines the 
yield point, where the corresponding yield deformation is determined. 
 
(f) 5% diameter offset (5% d) 
 
This method is used to determine the dowel-bearing strength of wood and the lateral resistance of 
fasteners in wood for the National Design Specification (AF&PA 2006). The yield point is found at the 
intersection of the load-deformation curve with a straight line which is drawn parallel to the initial 
stiffness (slope between 0% and 40% of the peak load) with an offset on the horizontal axis equal to 5% 
of the fastener diameter (Figure 2f).  

Connections Ductility vs. System Ductility 
 
Current design codes, including CSA O86, are based on the design of individual structural members and 
fastenings with the assumption that the structural system will behave under loading in a way that is 
similar to the behaviour of its individual components. This approach may lead to designs and solutions 
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that are considered to be conservative and uneconomical with some major uncertainties associated with 
the system behaviour, especially at failure (Asiz and Smith 2005). 
Although the design of connections subjected to seismic loading combinations could be supplemented by 
the assessment of their assigned ductility classes, there are no guaranties that the system will have the 
same ductility level/class. For such loading combinations, it is important to design the connections to 
yield first and to avoid brittle failure in the members and that, even when failure in some connections 
occurs, some alternative load path(s) are developed to continue carrying the load. According to Asiz and 
Smith (2005), general design provisions should require attainment of a certain level of ductility by whole 
systems and critical connections, which should be developed and be consistent with proposed provisions 
by the CSA O86 Lateral Load Design Task Group (Popovski and Karacabeyli 2005).    
 
Adoption of the “capacity design” principles for wood structures will be almost impossible without 
providing a clear answer as to how one can relate the ductility classes of connections to those of the 
whole structural systems. This approach will provide the necessary tools to design structures in such a 
way that ductile failure would most likely occur in the connections and not in the main members.  
 
Preliminary Analyses   
 
Analysis of test data on connections with nails and screws carried out in another related study (Muñoz et 
al. 2008) indicated that differences up to 100% can be found between the ductility ratios for the same 
connections using different methods for the yield point estimation. Preliminary analysis of available data 
base on bolted timber connections generated at the RMC and Forintek indicated that using either Δmax or 
Δfailure as a numerator also significantly affected the ductility ratio values. Although for some connections 
the maximum load was found to correspond to failure load (Figure 3c), the majority of test specimens 
showed distinct differences.  Sometimes, connections that exhibited ductile behaviour (e.g., Figure 3b) 
would be considered brittle if the ductility ratio were calculated using Δmax. In Europe, Δmax is often used 
for the calculation of the ductility ratio, while in North America, traditionally, Δfailure is used instead. 
Typically, Pfailure = 0.8Pmax. However, if the load does not degrade, a certain deformation could serve as a 
failure criterion. It would be useful to adopt one standard method that could be applied to various timber 
connections and assemblies in order to obtain consistent estimates of ductility categories.   
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(a) Karacabeyli and Ceccotti (b) CEN 

  

(c)CSIRO (d) Yasumura and Kawai 

   

(e) EEEP (f) 5% diameter 

Figure 2.  Methods for estimation of the yield point. 
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Figure 3.  Selected load-deformation curves from tests on bolted connections. 
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Issues for Discussion 
 
Based on the information given above and the preliminary results on the estimation of the ductility ratios 
using current analysis methods, there is a need for some guidance from the CSA O86 Ductility Task 
Group to help resolving some of the outstanding issues before going ahead with a full analysis of the 
existing test data on bolted connections. The following are some specific issues that need to be dealt with: 
 

1. What approach should be adopted for the evaluation of yield point (remember different methods 
provide different estimates)? 

2. What should be the basis for the calculation of ductility ratio, deformation at maximum load or at 
failure (i.e., Δmax, or Δfailure)?  

3. If deformation at failure is selected, what criteria should be used to estimate failure load (e.g., 
80% of Pmax, what deformation criteria)? 

4. What ductility classes should be adopted for bolted connections or connections in general? What 
should be the basis for the assignment of ductility classes to bolted connections? 

5. How to link ductility of connections to that of the lateral load resisting systems? This is of utmost 
importance for implementation of Capacity Design principles for wood structures. 
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Appendix II  
 

Stiffness Values from Tests and Estimates from Eurocode 5 
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d e sb sr t 
Stiffness 
kN/mm 

Density 
(ρ) 

Kser Set Group 
mm x d  x d  x d  

nr N 
Shear 
Planes 

mm Ka Kb kg/m3 kN/mm 
A 30 19.1 7 4 5 2 4 2 130 305 300 490 288 
A 31 19.1 7 4 5 2 4 2 80 359 358 490 288 
B 34 19.1 7 4 5 2 4 2 130 259 250 460 262 
B 35 19.1 7 4 5 2 4 2 80 334 346 460 262 
C 1 19.1 10 5 3 2 3 2 130 119 116 490 216 
C 2 19.1 10 10 3 2 3 2 130 138 131 490 216 
C 3 19.1 10 5 5 2 3 2 130 165 155 490 216 
C 4 19.1 10 10 5 2 3 2 130 146 124 490 216 
C 5 19.1 7 5 3 2 3 2 130 101 97 490 216 
C 6 19.1 7 10 3 2 3 2 130 136 130 490 216 
C 7 19.1 7 5 5 2 3 2 130 142 135 490 216 
C 8 19.1 7 10 5 2 3 2 130 130 119 490 216 
C 9 19.1 3 10 3 2 3 2 130 131 126 490 216 
C 10 19.1 3 10 5 2 3 2 130 128 122 490 216 
C 11 19.1 3 5 3 2 3 2 130 86 83 490 216 
C 12 19.1 3 5 5 2 3 2 130 143 135 490 216 
C 15 19.1 15 7.5 7.5 2 3 2 130 65 61 490 216 
C 16 19.1 15 15 7.5 2 3 2 130 48 44 490 216 
C 17 19.1 7 5 3 3 2 2 130 173 161 490 216 
C 18 19.1 10 5 3 3 2 2 130 144 133 490 216 
C 19 19.1 7 10 3 3 2 2 130 188 182 490 216 
C 20 19.1 10 10 3 3 2 2 130 136 136 490 216 
D 13 19.1 3 5 3 2 2 2 130 89 82 490 144 
D 14 19.1 3 5 5 2 2 2 130 81 74 490 144 
D 32 19.1 10 10 5 2 2 2 130 258 267 490 144 
D 33 19.1 10 10 5 2 2 2 80 152 146 490 144 
D 36 19.1 10 10 5 2 2 2 130 226 215 490 144 
D 46 19.1 5 5 - 2 2 2 80 306 350 490 144 
D 60 19.1 5 5 5 2 2 2 130 55 54 490 144 
D 61 19.1 5 5 5 2 2 2 80 63 58 490 144 
E 37 19.1 10 10 5 2 2 2 80 135 128 460 131 
E 55 19.1 5 5 5 2 2 2 80 55 51 460 131 
E 59 19.1 5 5 5 2 2 2 130 46 42 460 131 
E 62 19.1 10 10 5 2 2 2 80 53 47 460 131 
E 64 19.1 10 10 5 2 2 2 130 49 46 460 131 
F 44 12.7 10 10 5 2 2 2 80 45 43 490 96 
F 45 12.7 10 10 5 2 2 2 130 45 43 490 96 
F 73 12.7 10 10 5 2 2 2 130 29 26 490 96 
F 75 12.7 10 10 5 2 2 2 80 39 38 490 96 
G 53 19.1 5 5 - 1 2 2 80 35 32 460 66 
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d e sb sr t 
Stiffness 
kN/mm 

Density 
(ρ) 

Kser Set Group 
mm x d x d  x d  

nr N 
Shear 
Planes 

mm Ka Kb kg/m3 kN/mm 
G 54 19.1 5 5 - 1 2 2 130 49 46 460 66 
G 57 19.1 5 - 5 2 1 2 80 41 38 460 66 
G 58 19.1 5 - 5 2 1 2 80 14 13 460 66 
G 63 19.1 5 - 5 2 1 2 130 31 30 460 66 
H 41 19.1 10 - - 1 1 2 130 39 30 460 33 
H 47 19.1 7 - - 1 1 2 80 69 57 460 33 
H 49 19.1 10 - - 1 1 2 80 54 46 460 33 
H 51 19.1 5 - - 1 1 2 130 26 24 460 33 
H 52 19.1 10 - - 1 1 2 130 30 29 460 33 
H 56 19.1 5 - - 1 1 2 80 30 29 460 33 
I 42 12.7 10 - - 1 1 2 80 24 23 460 22 
I 43 12.7 7 - - 1 1 2 80 24 21 460 22 
I 48 12.7 7 - - 1 1 2 80 128 106 460 22 
I 50 12.7 10 - - 1 1 2 80 43 43 460 22 
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