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ABSTRACT
Different brittle, mixed and ductile failure modes of timber connections have long been
observed by wood researchers. The wood engineering community has dedicated a significant
amount of effort over the last decades to establish a reliable predictive model to determine the
capacity of timber connections under different failure modes, particularly, for wood failure
mechanisms. The present study focuses on timber rivet connections. In the analytical model
developed for the wood block tear-out resistance under parallel to grain loading, the stiffness
and strength of the resisting planes subjected to non-uniform shear and tension stresses are
taken into account. For the wood splitting resistance under perpendicular to grain loading, the
presented design method takes into account the observed two possible wood failures; either
partial or full width splitting.
A design procedure is presented which allows the designer to calculate the resistances
associated with the predictions of the potential brittle, ductile and mixed failure modes. The
effective wood thickness for the brittle failure mode is derived and related to the elastic
deformation of the fastener. In the case of mixed failure mode (a mixture of brittle and
ductile), the wood effective thickness depends on the governing ductile failure mode of the
fastener. The fastener failing resistance under yielding and ultimate limit states are
determined using the relevant wood embedment strength and the fastener moment capacity.
In the proposed analytical models for the prediction of wood strength under longitudinal and
transverse loadings, the effect of geometry parameters such as number of fastener rows and
columns, spacing along and across the grain, fastener penetration depth, loaded and unloaded
edge distances, end distance, and member thickness are considered. The design approach
presented is verified using an extensive testing regime conducted on riveted joints under
parallel and perpendicular to grain loadings on New Zealand Radiata Pine laminated veneer
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lumber (LVL) and glulam and the test data from the literature. This improved design
approach gives the practitioners the ability to predict the connection ultimate capacity and its
failure mode more accurately than the methods used in EC5 and CSA O86. The proposed
design approach can be extended to other dowel-type fasteners such as nails, screws and
bolts.
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Chapter 1
Introduction
1.1 Timber rivet connections
Timber construction has experienced considerable progress in recent years. In such progress,
apart from the implementation of new engineered timber products, the advancement of timber
joints has played a significant role. Connections are often the most critical components of any
type of structure. Evaluation of timber buildings damaged after extreme wind and earthquake
events have shown that weak connections are one of the major causes of problems (Smith and
Foliente 2002).
As demonstrated over the decades, small-diameter fasteners have shown a significant
advantage over large-diameter fasteners such as bolts which cause large localized stresses and
force brittle ruptures in the timber. Of this family of fasteners, the timber rivet is a wellestablished example in timber connection technology (Williams, 2006). The development of
a structural wood connection providing satisfactory load transfer, joint stiffness, easy
manufacture, and good appearance led to the invention of the timber rivets (McGowan and
Madsen, 1965).
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Timber rivets are hardened steel nails with a rectangular cross section of 3.2 by 6.4 mm
(Figure 1-1) used in high load transfer capacity and high stiffness steel-timber connections
(Buchanan, 2007).

(a)

(b)

Figure 1-1: Timber rivet joint: (a) rivet details, (b) typical steel plate configuration

Rivets are available in 3 standard lengths; 40, 65, and 90 mm (Figure 1-2). The rivets are
driven through holes in the side plates until the conical heads are firmly seated with a
maximum projection of 3 mm. When seated in this manner, the rivet head slightly deforms
the steel side plate and wedges in place, creating a fixity that restricts the rivet head from
rotating under load. Timber rivets are always driven with the long axis parallel to the grain of
the timber. They are installed in a spiral pattern from the outside of the group in towards the
centre. By this way, the pre-stressed fibres will prevent splitting from occurring (Madsen,
2000).

L=40 mm
L=65 mm
L=90 mm

Figure 1-2: Timber rivets
2

1.1.1 Applications
Timber rivet connections have been used successfully in Canada and the U.S. in different
types of structures (Figure 1-3) over the last 4 decades such as in:


Long span truss connections



Long span beam splices



Beam-to-column and column-to-foundation connections



Couple moment connections



Energy dissipating connections



Shear wall hold-down anchorages

Figure 1-3: Sample applications of timber rivet connections
(Specialized Timber Fasteners Ltd., Canada)
In large structures, where the ductile behaviour and energy dissipation of the connections can
be desirable due to the applied wind and seismic loads, the use of rivet connections would
assure more structural safety under these dynamic loads (Popovski et al., 2002).
Timber rivets have been used for the first time in New Zealand in 2011, in the timber truss
connections of the Carterton Event Centre (Figure 1-4) and also in 2012 in the connections of
the energy dissipating system of the Trimble building in south-west Christchurch (Figure 15).
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Figure 1-4: Riveted connections of
Caterton Event Centre, NZ
(McIntosh Timber Laminates Ltd.)

Figure 1-5: Riveted connections of
Trimble building in Christchurch, NZ

1.1.2 Failure mechanisms
The failures of timber rivet connections can either be ductile or brittle or mixed (Buchanan
and Lai 1994; Karacabeyli et al. 1998). In ductile failure mode, either rivets are loaded
longitudinally or transversely, the rivet compresses the wood up to yielding which results in
localized wood crushing. Since rivets are always used in single shear and the rivet head can
be considered to be rotationally fixed as it is wedged into the steel plate’s hole (Buchanan and
Lai 1994; Stahl et al. 2004), only two yield modes can be possible (Figure 1-6). The strength
of the rivet under different ductile failure modes depends on the embedment resistance of the
wood and the bending resistance of the rivet.

(a)
Lp

Mode Im

(b)

(c)
Lp

Mode IIIm

Lp

Mode IV

Figure 1-6: Different ductile failure modes of rivets:
(a) no plastic hing formation, (b) one plastic hinge formation, (c) two plastic hinges

For parallel to grain loading, a brittle failure mode occurs when a block of wood bounded by
the rivet cluster perimeter is pulled away from the member. As shown in Figure 1-7, the
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applied load transfers from the wood member to the resisting planes and involves both the
tensile and shear capacities of the wood (Foschi and Longworth 1975; Racher 1994; Stahl et
al. 2004).

Figure 1-7: Brittle wood block tear-out failure parallel to grain

Due to the fact that rivets are small in diameter and installed in small spacing, they don’t
exhibit row shear or splitting failure modes under parallel to grain loading which can occur
for larger dowel-type fasteners such as bolts.
As shown in Figure 1-8, when the joint is subjected to transverse loading, a brittle failure
mode can happen where the wood splits along the row of rivets next to the unloaded edge and
the crack propagates towards the timber member ends till reaching the unstable zone (Foschi
1973; Stahl et al. 2004).

Unloaded edge

Loaded edge

P

Figure 1-8: Crack growth on either side of the joint
along the row of rivets next to the unloaded edge
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In addition, a mixed failure mode (a mixture of brittle and ductile behavior) is also possible.
In mixed failure mode, the wood fails following some deflection of the rivets but before they
reach complete yielding. In this failure mode, the thickness of the failed block is significantly
smaller than the one associated with the brittle failure mode. As shown in Figure 1-9, the
wood effective thickness, tef, depends on the governing yielding mode of the fastener
(Eurocode 5 2004).

Figure 1-9: Effective wood thickness corresponding to rivet governing yielding mode –
mixed failure mode

Therefore, establishing a reliable predictive model to determine the capacity of timber rivet
connections under different failure modes, particularly, for wood failure mechanisms is
desirable. The brittle/mixed failure modes where the wood ruptures should be avoided since it
can result in a sudden collapse of the structure.

1.2 Prior related work and research motivations
Different brittle, mixed and ductile failure modes of timber connections have long been
observed by wood researchers. The wood engineering community has dedicated a significant
amount of effort over the last decades to establish a reliable predictive model for the loadcarrying capacity of timber connections under different failure modes, particularly, for wood
failure mechanisms. Test results from various sources (Foschi and Longworth 1975; Jensen et
al. 2012; Johnsson 2004; Quenneville and Mohammad 2000, 2001; Stahl et al. 2004; Van der
Put and Leijten 2000; Yasumura et al. 1987) demonstrate that for multi-fastener connections
loaded either longitudinally or transversely, failure of wood can be the dominant mode. The
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design procedures for timber connections in most design codes are based mainly on the
European Yield Model (EYM) originally proposed in 1949 by Johansen. While the EYM
theory provides accurate predictions for connections that fail in ductile fashion, it does not
take into account the failure of the connections due to the brittle rupture of wood.
In existing wood strength prediction models for parallel to grain failure in timber connections
using dowel-type fasteners, different methods consider the minimum, maximum or the
summation of the tensile and shear capacities of the failed wood block planes. This results in
disagreements between the experimental values and the predictions. It is postulated that these
methods are not appropriate since the stiffness in the wood blocks adjacent to the tensile and
shear planes differs and this leads to uneven load distribution amongst the resisting planes
(Johnsson 2004). For instance, in a block tear-out failure, the contribution of the bottom or
lateral shear planes to the wood resistance cannot simply be considered as a function of their
respective area as the connection load is not shared uniformly among the resisting planes due
to the unequal stiffness of the adjacent wood volumes loading the fasteners.

In the case of perpendicular to grain loading, the available models for the prediction of the
splitting failure of dowel-type connections are determined generally based on a crack growth
of the entire member cross-section. These models can be appropriate for stocky or rigid
fasteners installed through the full thickness of the wood member. However, for slender
dowel-type fasteners such as timber rivets, particularly when the penetration depth of the
fastener does not cover the whole member thickness, the partial width splitting can happen
rather than splitting of the entire width.

In addition, there is no closed form solution for the strength prediction of timber rivet
connections which are part of the U.S. and Canadian structural wood design standards (Stahl
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et al. 2004). Also, the standards restrict the use of rivets to specific configurations and for
glulam and sawn timber of some limited species.

Therefore, the objective of this research is to develop an improved design approach to
identify the wood and fastener load-carrying capacities in different loading directions under
potential brittle, mixed and ductile failure modes of timber rivet connections for various
timber products.

A detailed literature review of the prior related works is presented in each coming chapter.

1.3 Limitations
The present connection failure tests were conducted under short-term loading with an
assumption of wood mechanical properties in tension and shear being in the elastic range.
The fact is that timber shows variation in its stress-strain characteristics over the time and
exhibits inelastic response under certain loading conditions. It is clear that these timedependent stress-strain behaviours such as viscoelasticity, creep and relaxation have an
important bearing on the physics of the timber. Therefore, it is desirable to understand the
influence of the load duration in the connection capacity in the long-term.
Since timber is derived from biological materials, changes in humidity and temperature cause
fluctuation in its moisture content. The moisture affects the wood properties and can induce
issues like shrinkage, swelling and splitting which reduce the connection resistance. The
effect of moisture content is not part of this research.
The load was applied monotonically, therefore, the consequences of cyclic loads such as
fatigue on the connection resistance are not included.
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1.4 Organisation of the thesis
In this research, an integrated experimental and analytical program was undertaken to
investigate the load-carrying capacity of the timber rivet connections. This thesis is divided
into chapters, each describing the component of the research agenda organised as follows:
Chapter 1 provides an introduction to the timber rivet connection, its applications and failure
mechanisms. In this chapter, the research motivations and objectives are detailed, followed
by the limitations.
Chapter 2 investigates the ductile failure mode of the timber rivets. The introduction contains
the past research on the prediction of the rivet yielding capacity. The rivet embedment and
withdrawal resistances are evaluated experimentally and analytically. Finally, a consistent
yield model is proposed including the contribution of the rivet withdrawal strength to the
lateral resistance. The developed analytical method is verified by the conducted tests. This
chapter contains material that was published as;
P.I: “Reliable yield model for strength prediction of timber rivet connection under
ductile failure” by Pouyan Zarnani and Pierre Quenneville in the proceedings of the 12th
World Conference on Timber Engineering in Auckland, New Zealand in July 2012.
Chapter 3 considers how to specify the wood effective thickness in a loaded connection. A
numerical model is described to define the elastic deformation of the rivet under the brittle
failure mode. An analytical method is presented to predict the rivet bearing length in the
mixed failure mode corresponding to the governing yielding mode of the rivet. The
thicknesses of the wood failed blocks from the tests are analysed. This chapter contains
material that was published as;
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P.II: “Wood effective thickness in brittle and mixed failure modes of timber rivet
connections” by Pouyan Zarnani and Pierre Quenneville in the proceedings of the 12th
World Conference on Timber Engineering in Auckland, New Zealand in in July 2012.
The state of the art and practice pertaining to the wood block tear-out resistance in timber
connections is presented in Chapter 4. The shortcomings of the existing predictive models
and the necessity for establishing a stiffness-based model is firstly discussed. A closed form
analytical method to determine the load-carrying capacity of wood under longitudinal loading
in rivet connections in timber products is proposed. Using the test data generated from the
extensive experimental program on New Zealand Radiata Pine LVL and glulam and test data
from the literature, the proposed model is appropriately validated. This chapter contains
material that was accepted for publication as;
P.III: “Wood block tear-out resistance and failure modes of timber rivet connections – A
Stiffness-based approach” by Pouyan Zarnani and Pierre Quenneville in the Journal of
Structural Engineering, ASCE in March 2013.
The connection splitting resistance subjected to perpendicular to grain loading is investigated
is Chapter 5. A literature survey of the splitting models is carried out. The effect of geometry
parameters is studied experimentally. A design method is developed for the possible wood
partial and full width splitting. This chapter contains material that was submitted for possible
publication as;
P.IV: “Splitting strength of small dowel-type timber connections: Riveted joint loaded
perpendicular to grain” by Pouyan Zarnani and Pierre Quenneville to the Journal of
Structural Engineering, ASCE in March 2013.
In Chapter 6, an improved design procedure is presented to identify the wood and fastener
capacities under possible brittle, mixed and ductile failure modes of timber connections. For
10

the wood capacity, the effective wood thickness is taken into account at each potential failure
zone. The fastener failing resistance under yielding and ultimate limit states are determined
using the relevant wood embedment strength and the fastener moment capacity. The design
procedure presented is verified using the test results reported in Chapter 4 and 5 on the
riveted joints under longitudinal and transverse loadings respectively. This chapter contains
material that was submitted for possible publication as;
P.V: “Strength of timber connections under potential failure modes - An improved
design procedure” by Pouyan Zarnani and Pierre Quenneville to the Journal of
Construction and Building Materials, Elsevier in Jun 2013.
In Chapter 7, the stiffness-based model for the wood plug shear failure which has already
been verified in Chapter 4 is extended for the implementation to other small dowel-type
fasteners such as nails and screws. The effect of predrilling on the capacity of the resisting
planes is also addressed. Results of nailed joint tests on LVL and the test data available from
literature on glulam confirm the validity of this new design provision. This chapter contains
material that was submitted for possible publication as;
P.VI: “Wood plug shear in small dowel-type timber connections: brittle and mixed
failure modes of nailed and screwed joints” by Pouyan Zarnani and Pierre Quenneville
to the Journal of Structural Engineering, ASCE in April 2013.
Chapter 8 summarises the main conclusions of the thesis and Chapter 9 provides
recommendations for further investigations in the areas in which future research would be of
merit.
Appendix A contains the load-slip plots of all conducted tests. In Appendix B, a design guide
for timber rivet connections developed for practising engineers is presented. The guide also
includes a series of practical design examples for the different applications of timber rivet
11

connections to illustrate the design process. This design guide is under publication by the
Structural Timber Innovation Company (STIC), a trans-Tasman research consortium.
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1.5 Notations, Symbols and Abbreviations
Latin capitals
At

=

failure area in tension

[mm2]

Atb

=

effective tensile area of bottom wood block

[mm2]

Ath

=

area of head plane subjected to tensile stress

[mm2]

Atl

=

effective tensile area of lateral wood blocks

[mm2]

Asb

=

area of bottom plane subjected to shear stress

[mm2]

Asl

=

area of lateral planes subjected to shear stress

[mm2]

Av

=

failure area in shear

[mm2]

Cab

=

average to maximum stress ratio on the bottom shear plane

[-]

Cal

=

average to maximum stress ratio on the lateral shear planes

[-]

Cf

=

friction coefficient

[-]

Cfp

=

fracture parameter

[N/mm1.5]

Ct

=

coefficient depending on unloaded edge distance and joint length

[-]

CI

=

factor accounting for embedding and withdrawal interaction effect

[-]

E

=

modulus of elasticity parallel to grain

[MPa]

Es

=

steel modulus of elasticity

[MPa]

F

=

stiffness reduction factor for side lateral resisting planes

[-]

Fb

=

fastener bending strength

[MPa]

Fw

=

rivet withdrawal resistance

[N]

Fy

=

steel yielding strength

[MPa]

G

=

modulus of rigidity parallel to grain

[MPa]

Gc

=

critical fracture energy in mixed mode

[N/mm]

GIc

=

critical fracture energy in mode I

[N/mm]

GIIc

=

critical fracture energy in mode II

[N/mm]

GInorm =

normalized fracture energy in mode I

[N/mm]

GIInorm =

normalized fracture energy in mode II

[N/mm]

H

=

stiffness reduction factor for bottom resisting plane

[-]

Kb

=

stiffness of bottom resisting plane

[N/mm]

Kh

=

stiffness of head resisting plane

[N/mm]

Kl

=

stiffness of side lateral resisting planes

[N/mm]

Ksb

=

shear stiffness of bottom wood block

[N/mm]

Ksl

=

shear stiffness of side lateral wood blocks

[N/mm]
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Ktb

=

tensile stiffness of bottom wood block

[N/mm]

Ktl

=

tensile stiffness of side lateral wood blocks

[N/mm]

L

=

length of loaded wood block

[mm]

Le

=

rivet shank dimension along the grain

[mm]

Lp

=

rivet penetration depth

[mm]

Lr

=

rivet length

[mm]

Mr

=

moment capacity of rivet

[Nmm]

Mr,l

=

moment capacity of rivet parallel to grain

[Nmm]

Mr,p

=

moment capacity of rivet perpendicular to grain

[Nmm]

Mr,u

=

ultimate moment capacity of rivet

[Nmm]

Mr,y

=

yielding moment capacity of rivet

[Nmm]

N

=

applied load

[N]

Pb

=

distributed load on bottom resisting plane

[N]

Pc

=

connection resistance

[N]

Pc,ult

=

connection ultimate resistance

[N]

Ph

=

distributed load on head resisting plane

[N]

Pl

=

distributed load on side lateral resisting planes

[N]

Pr

=

fastener capacity

[N]

Pra

=

contribution of fastener withdrawal resistance to its lateral capacity

[N]

Pr,yld

=

yield capacity of fastener

[N]

Pr,ult

=

ultimate capacities of fastener

[N]

Ps,b

=

wood resistance in full width splitting

[N]

Ps,tef

=

wood resistance in partial width splitting

[N]

Pt

=

wood resistance in tension

[N]

Pv

=

wood resistance in shear

[N]

Pw

=

load-carrying capacity of wood

[N]

Pwb

=

maximum load causing failure on bottom plane

[N]

Pwh

=

maximum load causing failure on head plane

[N]

Pwl

=

maximum load causing failure on lateral planes

[N]

Pw,tefe =

load-carrying capacities of wood corresponding to tef,e

[N]

Pw,tefy =

load-carrying capacities of wood corresponding to tef,y

[N]

Rb

=

relative stiffness ratio for bottom plane

[-]

Rh

=

relative stiffness ratio for head plane

[-]

Rl

=

relative stiffness ratio for side lateral planes

[-]
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Sp

=

rivet spacing along the grain

[mm]

Sq

=

rivet spacing across the grain

[mm]

U

=

displacement

[mm]

W

=

specimen width

[mm]

Xb

=

effective bottom distance

[mm]

Xl

=

effective edge distance

[mm]

Latin lower case
b

=

timber thickness

[mm]

d

=

fastener diameter

[mm]

da

=

end distance

[mm]

da,L

=

end distance on left side of the joint

[mm]

da,R

=

end distance on right side of the joint

[mm]

de

=

edge distance

[mm]

de,l

=

loaded edge distance

[mm]

de,u

=

unloaded edge distance

[mm]

dl

=

rivet cross section dimension bearing wood parallel to grain

[mm]

dp

=

rivet cross section dimension bearing wood perpendicular to grain

[mm]

ds

=

steel plate edge distance

[mm]

dz

=

bottom distance

[mm]

ƒh

=

wood embedment strength

[MPa]

ƒh,u

=

wood ultimate embedment strength

[MPa]

ƒh,y

=

wood yielding embedment strength

[MPa]

ƒh,5%

=

wood embedment strength at 5%-offset limit state

[MPa]

ƒh,0

=

wood embedment strength parallel to grain

[MPa]

ƒh,90

=

wood embedment strength perpendicular to grain

[MPa]

ƒt,k

=

wood characteristic strength in tension parallel to grain

[MPa]

ƒt,m

=

wood mean strength in tension parallel to grain

[MPa]

ƒtp

=

wood mean strength in tension perpendicular to grain

[MPa]

ƒv,k

=

wood characteristic strength in shear parallel to grain

[MPa]

ƒv,m

=

wood mean strength in shear parallel to grain

[MPa]

ƒw

=

rivet withdrawal strength per millimetre of penetration

[N/mm]

h

=

member depth

[mm]

he

=

effective member depth

[mm]
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ke

=

area reduction factor for lateral planes

[-]

kh

=

wood embedment stiffness

[N/mm]

kh,0

=

embedment stiffness parallel to grain

[N/mm]

kh,90

=

embedment stiffness perpendicular to grain

[N/mm]

kr

=

factor depending on number of columns

[-]

np

=

number of plates

[-]

nC

=

number of rivet columns

[-]

nR

=

number of rivet rows parallel to direction of the load

[-]

r2

=

coefficient of determination

[%]

tblock

=

thickness of failed wood block

[mm]

tef

=

wood effective thickness

[mm]

tef,e

=

wood effective thickness for brittle failure mode

[mm]

tef,y

=

wood effective thickness for mixed failure mode

[mm]

wnet

=

net section of joint width

[mm]

Greek lower case
α

=

factor depending on bottom distance

[-]

β

=

effective crack length coefficient for partial width splitting

[mm]

γ

=

effective crack length coefficient for full width splitting

[mm]

γsb

=

shear strain on bottom wood block

[-]

δ

=

deflection of main loaded block

[mm]

δr

=

rivet slip

[mm]

ζ

=

factor depending on unloaded edge distance and joint length

[-]

η

=

factor depending on end distances and joint width

[-]

θ

=

angle

[°]

υ

=

poisson’s ratio

[-]

ρ

=

wood mean density

[kg/m3]

τsb

=

shear stress on bottom resisting plane

[MPa]

Abbreviations
AFPA =

American Forest & Paper Association

ASD

=

Allowable Stress Design

CLT

=

Cross-laminated Timber

COV

=

Coefficient of Variation
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CSA

=

Canadian Standards Association

EMC

=

Equilibrium Moisture Content

EYM

=

European Yield Model

FM

=

Fracture Mechanics

LRFD =

Load and Resistance Factor Design

LVDT =

Linear Variable Differential Transformer

LVL

Laminated Veneer Lumber

=

LVL-C =

Cross-banded Laminated Veneer Lumber

NDS

=

National Design Specification

MAE

=

Mean Absolute Error

RP

=

Radiata Pine

STDEV =

Standard Deviation
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Chapter 2
Ductile Failure of Timber Rivets
In proceedings of the 12th World Conference on Timber Engineering
Auckland, New Zealand, July 2012.

2.1 Introduction
Rivets are tight-fit fasteners used to make high strength timber connections. The timber rivet
connections have been used successfully in Canada and U.S. in different types of structures
over the last 4 decades such as in connections of high span trusses. Rivets are an efficient
alternative to large fasteners such as bolts which cause large localized stresses and can force
brittle ruptures in the timber. In structures where the ductile behaviour and energy dissipation
of the connections can be desirable due to the applied wind and seismic loads, the use of rivet
connection would assure more structural safety under these dynamic loads (Buchanan and Lai
1994).
For riveted connections, there are two major mechanisms of failure; the brittle tear-out of a
plug of wood defined by the rivet’s perimeter (Zarnani and Quenneville 2011, 2012b) and the
ductile yielding of rivets with localized wood crushing. For predicting the ductile capacity of
dowel-type fasteners such as bolts, nails and screws the well-known European Yield Model
19

(EYM) is used. The EYM is based on the yield theory developed by Johansen (1949). He
provided the foundation for the prediction formulas in Eurocode 5 (1998). He assumed a
rigid-plastic behavior for wood under bearing and dowel in bending. Also, he assumed that
no axial tension occurred in the fastener and, thus, no frictional and withdrawal resistance
contribution to the lateral load-bearing capacity were considered. Based on the possible
number of plastic hinge formation in the fastener for different ductile failure modes, the
resistance can be determined by taking the least value. Because rivets are always used in
single shear, and because the rivet head can be considered to be rotationally fixed where it is
wedged into the steel plate’s hole (Stahl et al. 2004), only three yield modes need to be
considered (Figure 2-1).

(a)

(b)

Mode Im

(c)

Mode IIIm

Mode IV

Figure 2-1: Ductile failure modes of timber rivets: (a) no plastic hinge formation,
(b) one plastic hinge formation, (c) two plastic hinges

Buchanan and Lai (1994) and Stahl et al. (2004) applied the European Yield Model (EYM) to
predict the rivet connection capacity under ductile failure mode and they obtained good
estimates. However, for longer rivets with length of 65 and 90 mm which fail in Mode III and
IV respectively, the yield theory predicts no increase of strength though the actual tests show
higher rivet capacity up to 25%. In the proposed model for ductile failure, an additional
withdrawal and frictional contribution to the lateral load-bearing capacity due to the rivet
distortion during yielding is considered to fill this gap.
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2.2 Consistent yield model
The length where the rivet compresses the wood during yielding and causes localized wood
crushing can be interpreted according to Figure 2-2 as the effective thickness, tef (Zarnani and
Quenneville 2012e).

Mode Im

Mode IIIm

Mode IV

Figure 2-2: Effective thickness based on the rivet embedded length
in different failure modes

The proposed model (Equations (2.1)) is based on Johansen’s yield model (1949) plus the
additional lateral resistance, Pra known as the rope effect (Bejtka and Blass 2002). This
additional strength is caused by the force components from the vector resolution of the rivet
inclined withdrawal resistance, Fw, which would appear as the interface friction between the
plate and wood and the direct lateral resistance (Figure 2-3). This extra resistance occurs just
in failure Mode IIIm and IV and is directly proportional to the rivet penetration length.

Pr = min

f htef d

, Mode Im

f h d (2tef  Lp )  Pra

, Mode IIIm

f htef d  Pra

, Mode IV

(2.1)

in which,

Pra 

tef
4.8  tef
2

2

C f CI Fw 

4.8
4.82  tef 2

CI Fw

and,
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(2.2)

Lp
2
M r Lp

fhd
2

tef =
2

, Mode Im
, Mode IIIm

Mr
fhd

(2.3)

, Mode IV

Figure 2-3: Additional lateral resistance induced by the distortion of the rivet

d is the rivet cross-section dimension bearing on the wood; Mr is the moment capacity of the
rivet estimated 30,000 and 15,000 Nmm (Stahl et al. 2004) for parallel and perpendicular to
grain by using the rivet ultimate tensile strength of 1,000 MPa and the plastic section moduli
determined from the rivet dimensions; Cf is the friction coefficient between the steel plate and
wood surface which can be assumed 0.2. For the best agreement between the data from
current tests and the literature with the predictions, the factor CI was adjusted to 0.5 to
account for the interaction effect between the embedding and withdrawal forces. The ultimate
rivet yielding load Pr is the highest load reached at displacements up to 4.8 mm as shown in
Figure 2-3. This common measure of the ultimate load on a rivet group (used by Buchanan
and Lai (1994), Karacabeyli et al. (1998) and Stahl et al. (2004)) is based on a maximum
displacement equal to the average of the rivet’s cross section dimensions; 6.4 by 3.2 mm.

2.2.1 Embedment strength
Franke and Quenneville (2011) proposed Equations (2.4) and (2.5) for bolt yield embedding
strength ƒh,5% of Radiata Pine based on 5%-offset method.
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ƒh,0 (parallel) =

0.075(1-0.0037d)ρ for LVL

(2.4)

0.072(1-0.0024d)ρ for Lumber

ƒh,90 (perpendicular) =

fh,0 /1.5

for LVL

fh,0 /2.0

for Lumber

(2.5)

where d is the dowel diameter and ρ is the mean density of the specimen. The values for
lumber is valid for glulam as well.
The same prediction equations were adopted with an additional 20% increase. The reason for
applying this increasing factor is related to the fact that the embedment strengths obtained
using the 5% offset load are found to vary between 80% and 86% (with average of 83%) of
the values at a displacement of 2.1 mm (Buchanan and Lai 1994). The definition of 2.1 mm
deformation is the limit used by Hilson et al. (1987) and also Buchanan and Lai (1994) for
measuring the rivet ultimate embedment strength. Therefore, by applying the mentioned
correction factor to Equations (2.4) and (2.5) the rivet bearing strengths correspondant to 2.1
mm deflection can be written as

ƒh,0 =

0.090(1-0.0037dl)ρ for LVL

(2.6)

0.086(1-0.0024dl)ρ for glulam
ƒh,90 =

0.060(1-0.0037dp)ρ for LVL
(2.7)
0.043(1-0.0024dp)ρ for glulam

where dl and dp are the rivet cross-section dimension bearing on the wood parallel and
perpendicular-to-grain, (equal to 3.2 and 6.4 mm correspondingly).

23

The proposed model for determining the embedment strength for rivets was verified by
conducting tests on LVL and glulam (Figure 2-4). The test setup shown in Figure 2-4 is
similar to that used by Buchanan and Lai (1994).

Figure 2-4: Test setup and typical failure modes in
embedment tests parallel (top) and perpendicular to grain (bottom)

The embedment strength was defined as the strength corresponding to 2.1 mm deflection
based on the recorded load-slip curves (Figure 2-5). As shown in Table 2-1, there is a good
agreement between the predictions and the test values. This predictive method can be used in
the proposed yield model.

Table 2-1: Comparison between predictions and the mean test values
for the embedment strength

*

Predictions
(MPa)
ƒh,0
ƒh,90

Test mean values*
(MPa)
ƒh,0
ƒh,90

Wood product

Mean
density
(kg/m3)

RP-LVL

590

52.7

34.7

58.3

37.2

RP-glulam

480

41.3

20.5

48.4

24.6

Coefficient of variation for LVL and glulam was about 11% and 14% respectively,
similar for both loading directions.
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Figure 2-5: Load-slip plots for embedment tests: (a) parallel to grain-RP LVL,
(b) perpendicular to grain-RP LVL, (c) parallel to grain-RP glulam,
(d) perpendicular to grain-RP glulam

2.2.2 Withdrawal resistance
As the rivet is driven into place, the wood fibres are pushed to each side. The fibres are
compressed by the rivets creating friction between fibres and the rivets (Madsen 2000). The
major withdrawal resistance of the rivet is caused by the friction force acting on its shank
surfaces along the grain. This friction is proportional with the normal force established by
bearing of the wood perpendicular to grain after the rivet being driven (Figure 2-6). Since the
dimension of the rivet across the grain is 3.2 mm so the induced normal stress on each shank
surface can be predicted as the load caused embedding deformation of the wood
perpendicular to grain equal to half of this dimension, 1.6 mm.
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Figure 2-6: Normal stress acting on rivet shank surfaces along the grain
due to bearing of the wood perpendicular-to-grain

Based on the nonlinear load-slip plots for embedding strength perpendicular-to-grain from
conducted tests, the load causing wood bearing deformation perpendicular-to-grain at 1.6 mm
is approximately 90% of the load at 2.1 mm deflection. Therefore, the withdrawal resistance
of the rivet, Fw, can be determined by

Fw  Lp f w

(2.8)

where

f w  0.9C f Le f h,90

(2.9)

Le is the shank dimension along the grain equal to 2 times 6.4 mm and Cf is the friction
coefficient. The proposed model for withdrawal strength for rivets is verified by conducted
tests on LVL and glulam (Figure 2-7).

Figure 2-7: Test setup for withdrawal strength tests
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The average withdrawal strength derived from the test load-slip curves (Figure 2-8) was
113.4 N/mm for Radiata Pine LVL and 43.9 N/mm for Radiata Pine glulam with a coefficient
of variation of 9.8% and 24.3% respectively. The predicted values for RP LVL and glulam
withdrawal strength are 83.9 and 49.6 N/mm correspondingly which are relatively in
agreement with the test mean values. The prediction Equations (2.8) and (2.9) can be used for
Fw value in the proposed yield model (Equation (2.1)). It is important to note that the
specimens were tested 1 hour after assembly. Therefore, it is recommended to consider a
reduction in withdrawal strength due to relaxation of the wood fibres around the rivet. A
decrease of 30% in mean ultimate withdrawal load was observed by Karacabeyli et al. (1988)
after a waiting period of two months. The rate of this reduction with time is unknown, and
needs further study.

Figure 2-8: Load-slip plots for withdrawal tests:
(a) RP-LVL, (b) RP-glulam

2.3 Test results and discussion
Ductile failure was observed for the tests conducted with largely spaced rivet arrays on
Radiata Pine LVL and glulam. As shown in Figure 2-9, the plastic hinges are formed in the
rivet during the yielding. The concurrent localized wood crushing caused the elongation of
the rivet holes and eventually the rivets were pulled out or their head were cut. Using the
current rivet yielding tests (Figure 2-10) and data from literature under ductile mode failures
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parallel to grain, the proposed analysis is validated as shown in Figure 2-11. In addition, the
new analysis was compared with other prediction models proposed by Stahl and the Canadian
O86-09 code (2009). The Stahl’s model (2004) is based on AFPA (1999) dowel fastener
yield model which is a version of the EYM. Also, the Canadian code defines the rivet
capacity using a power function of the rivet penetration length. Two sets of data were
collected from the literature: tests performed by Buchanan and Lai (1994) on Radiata Pine
glulam and those of Stahl et al. (2004) on Southern Pine glulam.

Mode IIIm
Mode IIIm
Mode IV

Figure 2-9: Yielding modes of the rivets in ductile failure parallel to grain

Figure 2-10: Typical load slip curves for rivet yielding tests
parallel to grain in RP-LVL
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It can be noted that the predictions by the Canadian code are above the line therefore nonconservative (Figure 2-11). Also, Stahl’s model which is based on the yield theory predicts
similar values for longer rivets though the actual tests show up to 25% increase on the lateral
resistance capacity. The proposed model can be extended to the perpendicular to grain
loading as well by using the relevant fastener and wood characteristics.

Figure 2-11: Comparison of analyses and test data in ductile failure modes

2.4 Conclusions
The proposed analysis for ductile failure mode improved the predictions with a coefficient of
determination (r2) of 0.91. In this new analysis, supplemental lateral resistance which is
directly proportional to the rivet penetration length is added up to EYM predictions to have a
predictive method based on a consistent yield model applicable for different LVL and glulam
wood products. In addition, the model includes methods to predict the embedment and
withdrawal strengths to be used in the model.
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Chapter 3
Wood Effective Thickness
In proceedings of the 12th World Conference on Timber Engineering
Auckland, New Zealand, July 2012.

3.1 Introduction
There are three mechanisms of failure for riveted connections; the brittle tear-out of a plug of
wood defined by the rivet’s perimeter, the ductile yielding of rivets with localized wood
crushing and the mixed failure mode which is a brittle failure of the wood with some
deflection of the rivets before the rivets reach complete yielding (Zarnani and Quenneville
2011). Rivets are part of the CSA-O86 (2009) and US-NDS (2012) structural wood design
standards, however the current standards do not take into account the wood effective
thickness in the brittle or mixed failure modes for calculating the strength of wood in riveted
connections.
The brittle and mixed failure modes should be avoided since it induces the brittle downfall of
the whole structure. A precise estimation of the effective wood thickness provides better
predictions of the wood load-carrying capacity which is to be compared to the rivet capacity
to derive the ultimate connection strength (Zarnani and Quenneville 2012b).
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3.2 Predictive model for wood effective thickness
3.2.1 Brittle failure mode
In the proposed model, the effective wood thickness (Equation (3.1)) is determined from the
elastic deformation of the rivet as a beam on an elasto-plastic foundation (Figure 3-1). The
rivet is supported by springs with bilinear response that simulate the local nonlinear
embedding behaviour of the timber surrounding it. The rivet head is considered to be
rotationally fixed as it is wedged into the steel plate’s hole.

Figure 3-1: Spring model of elastic deformation of rivet as
a beam on an elasto-plastic foundation
The stiffness of the springs is based on the ideal elasto-plastic response of the wood
embedment behaviour parallel-to-grain obtained from the tests (Figures 3-2 and 3-3).

Figure 3-2: Test setup and typical failure mode in embedment tests
parallel to grain in LVL and glulam
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Figure 3-3: Typical set of load-slip curves for Radiata Pine embedment tests
parallel-to-grain: (a) RP-LVL, (b) RP-glulam

tef,e ~

0.95Lp
0.85Lp
0.75Lp

, for Lp equals to 28.5 mm
, for Lp equals to 53.5 mm
, for Lp equals to 78.5 mm

(3.1)

A similar model was used by Johnsson and Stehn (2004) for the prediction of the wood
effective thickness in nail connections brittle failure. Their model was based on the beam on
elastic foundation theory. However, the current model considers also the plastic deformation
domain of the wood surrounding the rivet (especially near the head) during the elastic
deflection of the rivet in connection brittle failures. This plastic response of the wood
embedment behaviour explains the non-linear load-slip curves from brittle failure tests
observed approximately beyond 0.5 mm displacement (Figure 3-4).
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Figure 3-4: Typical set of load-slip curves for connection tensile tests
in Radiata Pine LVL and glulam
In the current model, the modulus of elasticity of the rivet is considered Es=210 GPa and the
poisson’s ratio ʋ=0.3. The rivet cross-section dimensions used in the model is based on a
rectangular shape, 6.4 mm by 3.2 mm with rounded corners having 1 mm radius (Stahl et al.
2004). Sample of the numerical analysis is shown in Figure 3-5 along with the effect of rivet
head fixity on the effective wood thickness.

Figure 3-5: Sample of the numerical analysis and the elastic deformation of
65 mm long rivet in RP-LVL
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3.2.2 Mixed failure mode
The embedded length of the rivet under the yielding failure modes was considered as the
effective wood thickness (tef) for mixed failure modes which can be seen in Figure 3-6 and
can be derived by Equation (3.2) based on Johansen’s yield theory (1949) which is the
foundation for the EYM formulas in Eurocode 5 (1998). In this chapter, the rivet yielding
mode is based on the number of plastic hinge formation in the fastener observed in the tests
which also can be predicted by a consistent yield model proposed by Zarnani and
Quenneville (2012c).

Mode Im

Mode IIIm

Mode IV

Figure 3-6: Effective thickness based on the rivet embedded length
in different failure modes

Lp
M r Lp

fhd
2

tef,y =
2

Mr
fhd

, Mode Im
2

, Mode IIIm

(3.2)

, Mode IV

where d is the rivet cross-section dimension bearing on the wood (equal to 3.2 mm for
parallel-to-grain loading), Mr is the moment capacity of the rivet (equal to 30,000 Nmm for
parallel-to-grain), and ƒh is the embedment strength of the wood which can be determined as
a function of d and the density of the wood (Zarnani and Quenneville 2012c).
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3.3 Test observations and discussion
Brittle and mixed failures were observed for the tests conducted with tightly spaced rivets. In
current tension tests (Figure 3-7) on RP LVL and glulam, the thickness of the failed block,
tblock, in the majority of the brittle failures was observed between 0.8Lp to 0.95Lp. This
corresponds to the elastic deformation of the rivets since there were no observed plastic
deflections (Figure 3-8a). However, in some connection groups, considerable decrease of
tblock with a slight distortion of the rivets was visible (Figure 3-8b). This effect can be
associated to the larger displacement in the load-slip plots (Figure 3-4). In these groups, tblock
corresponded to the effective wood thickness, tef, depending on the governing failure mode of
the rivets. This failure mode is called mixed mode since the wood fails with some deflection
of the rivets before they reach complete yielding. The test configurations for the brittle
failures include 2 rivet lengths of 40 and 65 mm on both LVL and glulam and for the mixed
modes cover all 3 rivet sizes on LVL and only the rivet length of 90 mm for glulam. The
predicted and average observed values for the effective wood thickness under brittle/mixed
failure modes on LVL and glulam were approximately the same.

Figure 3-7: Typical specimen in testing apparatus
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(a)

(b)

tblock ~tef,y (Mode IV)

Brittle plug shear

tblock ~tef,y (Mode IIIm)

tblock ~tef,y (Mode IV)
Brittle plug shear

Figure 3-8: Thickness of the failed block: (a) brittle failure mode, (b) mixed failure mode

A comparison is shown in Table 3-1 between the wood effective thickness of the brittle and
mixed failure modes for the experimental results and the prediction model. One can note that
there is good agreement between the predictions and the failed block thicknesses from the
tests. The proposed model can be extended to the perpendicular to grain loading as well by
using the relevant fastener and wood characteristics.
.
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Table 3-1: Experimental results on wood effective thickness
compared to predictions from proposed model
Penetration
length /
rivet length
(mm)

*

tef,e - brittle failure mode
(mm)
Rigid rivet head
No head
(predicted/observed)
1rigidity*

tef,y - mixed failure mode
(mm)
Rigid rivet head
(predicted/observed)

28.5/40

0.95Lp/0.89Lp

0.7Lp

24.2/19

53.5/65

0.85Lp/0.84Lp

0.65Lp

40.4/35

78.5/90

0.75Lp/-

0.6Lp

28.4/28

Predicted values to show the effect of rivet head rotational fixity.

3.4 Conclusions
The proposed method provides reliable estimation of the effective wood thickness in brittle
and mixed failure modes. Precise prediction of the effective thickness is required for the
wood load-carrying capacity on account of the fact that it shall be compared by the rivet
capacity to derive the ultimate connection strength and its failure mode.
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Chapter 4
Wood Block Tear-Out Resistance
Parallel to Grain
Accepted for publication in the Journal of Structural Engineering, ASCE in March 2013.

4.1 Introduction
4.1.1 General
Connections are often the most critical components of any type of structure. Evaluation of
timber buildings damaged after extreme wind and earthquake events have shown that weak
connections are one of the major causes of problems (Smith and Foliente 2002). In timber
connection technology, small diameter fasteners have a significant advantage and the timber
rivet is a well-established example (Williams 2006). Timber rivets are tight-fit fasteners of
40, 65 or 90 mm in length and 3.2 by 6.4 mm in oval-rectangular cross section used in high
capacity steel-timber connections (Begel et al. 2004).

Dowel-type timber connections can fail in four different failure modes in loading parallel to
the grain (Quenneville and Mohammad 2000) such as row shear, block tear-out, bearing and
splitting failure. The only ductile failure mode is the bearing or embedment failure mode,
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where the dowel compresses the wood up to yielding which results in localized wood
crushing. Due to the fact that rivets are small in diameter and installed in small spacing, they
don’t exhibit row shear or splitting failure modes which can occur for larger dowel-type
fasteners such as bolts. Therefore, for riveted connections, there are two major mechanisms
of failure; the brittle tear-out of a block of wood defined by the rivet’s perimeter and the
ductile yielding of rivets with wood embedment. The brittle failure mode should be avoided
since it results in a sudden collapse of the structure. In addition, as observed in this study, a
mixed failure mode (a mixture of brittle and ductile behavior) is also possible and is
presented in this chapter.

4.1.2 Motivation
In existing wood strength prediction models for parallel to grain failure in timber connections
using dowel-type fasteners, different methods consider the minimum, maximum or the
summation of the tensile and shear capacities of the failed wood block planes (Equations
(4.1) to (4.3)). This results in disagreements between the experimental values and the
predictions. It is postulated that these methods are not appropriate since the stiffness in the
wood blocks adjacent to the tensile and shear planes differs and this difference leads to
uneven load distribution amongst the resisting planes (Johnsson and Stehn 2004; Zarnani and
Quenneville 2012a). For instance, in a block tear-out failure (Figure 4-1), the contribution of
the bottom or lateral shear planes to the wood resistance cannot simply be considered as a
function of their respective area as the connection load is not shared uniformly among the
resisting planes due to the unequal stiffness of the adjacent wood volumes loading the
fasteners. In the proposed analysis, the shortcoming of the existing predictive models is taken
into account.
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Figure 4-1: Wood block tear-out failure in two joints with identical shear and tensile
resisting planes and different bottom and edge distances

Rivets are part of the U.S. and Canadian structural wood design standards. However, in the
current standards, there is no closed form solution for the wood strength prediction of this
type of connection (Stahl et al. 2004). Also, the standards restrict the use of rivets to specific
configurations and for glulam and sawn timber of some limited species. A closed form
analytical method to determine the load-carrying capacity of wood under parallel-to-grain
loading in rivet connection for various timber products is thus desirable. To determine the
connection wood strength, the stiffness of the adjacent loading volumes and strength of the
failure planes subjected to non-uniform shear and tension stresses are considered. The
effective wood thickness for the brittle failure mode is derived and related to the elastic
deformation of the rivets. For the mixed failure mode, the connection strength depends on the
governing ductile failure mode of the rivets. To assist the designer, an algorithm is presented
and allows the designer to calculate the resistances associated with the predictions of the
possible brittle, ductile and mixed failure modes.

Results of tests on New Zealand Radiata Pine LVL and glulam and test data available from
literature confirm the validity of this new method and show that it can be used as a design
provision for timber riveted connections.
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4.1.3 Available predictive models
The most significant work on timber rivets is that of Foschi and Longworth (1975) which
forms the basis for the timber rivet design procedures in the U.S. NDS (2012) and the
Canadian O86-09 (2009) codes. The authors proposed a prediction model (Equation (4.1))
based on a finite element analysis for calculating the wood strength, Pw, of a rivet connection
loaded parallel-to-grain. In their predictive model, the brittle failure involves the tensile, Pt,
and shear, Pv, capacities of the failure surfaces of the wood. The authors provided tables of
values for numerically derived factors (K, β, α and γ) which are related to the connection
geometry. Using their approach, good predictions of the resistance of their Douglas fir-Larch
glulam samples were obtained.

Pt 
Pw = min

Pv 

ft ,k At
K t t t  h

(4.1)

f v,k Av
K s  s h

In Annex A of Eurocode 5 (2004), the wood resistance of block tear-out failure of dowel-type
timber connections is determined using Equation (4.2). The European equation originally
proposed in 1994 by Racher is based on the maximum of the tensile resistance of the end face
or the sum of the shear resistances of the side and bottom faces corresponding to the effective
wood depth, tef, which depends on the governing ductile failure mode.

Pw = max

1.5 At ,ef ft ,k

(4.2)

0.7 Av,ef fv,k
In another study of rivet connections, Stahl et al. (2004) presented a simplified analysis to
determine the wood strength. They assumed that the tensile and the shear capacities of the
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failure planes are additive. Their proposed equation (Equation (4.3)) is based on three
possible wood failure modes shown in Figure 4-2. Their proposed model for wood strength in
brittle failure mode had slightly better predictions in comparison to the ones using the
equations developed by Foschi and Longworth (1975).

Pw = min (Pa, Pb, Pc)

(4.3)

where
Pi = 0.2 ft,m Ati + 0.2 fv,m Avi

(b)

(a)

(c)

Figure 4-2: Proposed wood failure modes by Stahl et al. (2004)

4.2 New analysis for wood strength
The proposed analysis for wood strength is best explained using the analogy of a linear
elastic spring system in which the applied load transfers from the wood member to the failure
planes in conformity with the relative stiffness ratio of each resisting adjacent volume to the
individual failure plane (Figure 4-3). By predicting these volumes stiffness, one can derive
the portion of the connection load that is channelled to each resisting plane and from the
resistance of each failure planes, one can determine which failure plane triggers the
connection failure.

The difference in the loads channelled to the tensile and shear planes is a function of the
modulus of elasticity (E) and modulus of rigidity (G), the volume of wood surrounding each
of the failure planes (bottom, end and edge distances - dz, da and de) and the connection
geometry.
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Figure 4-3: Proposed elastic spring model

4.2.1 Head tensile plane stiffness
In a rivet connection, the load is transferred from the steel plate to the wood block through
the rivets. The load which is applied to the wood increases as it reaches the head of the joint
(Figure 4-4). The load distribution in the row of rivets is assumed to be linear. Johnsson and
Stehn (2004), using a load distribution model based on a spring system, showed that the
maximum variation from the linear assumption was approximately 12%. The head tensile
plane stiffness can then be derived by considering the tensile deformation of the loaded
block, δ, which is given by



nC 1
Ph .i
L

EAth (nC  1) i 1 nC



P (n  1)
L
. h C
EAth (nC  1)
2



Ph L
2 EAth

(4.4)

where E is the modulus of elasticity, L is the length subjected to the tensile stress and Ath the
area subjected to the tensile stress at the head of the block. Thus, the average tensile stiffness
for the head plane would be

Kh 

Ph





2 EAth
L

(4.5)
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Figure 4-4: Simplified analytical model
These equations use the connection geometry variables shown in Figure 4-5.

Figure 4-5: Definition of connection geometry variables

4.2.2 Bottom shear plane stiffness
By developing their finite element model, Foschi and Longworth (1975) studied the effect of
the bottom distance dz on the bottom plane shear stress. They observed that the shear stresses
vary when dz is less than 2 times the rivet penetration, Lp. They also considered that the
thickness of the failed block tef is equal to Lp. Their observation is applied when considering
the effective depth of the wood bottom block in contact with the main loaded block (Figure 445

4). To simplify the model and estimate the distortion of the bottom block, the block is
considered fixed at its bottom edge and subjected to shear stresses on the top surface.
Dividing the sum of the bottom shear forces Pb by the total area over which they act Asb
defines the average shear stress τsb:

 sb 

Pb

  sbG 
G
Asb
Xb

(4.6)

in which G is the modulus of rigidity, γsb the shear strain and Xb the maximum effective depth
of the bottom block defined as Xb=2tef. Thus, the average pure shear stiffness would be

Ksb  GAsb X b . However, as it is shown in Figure 4-4, the bottom block has a fixed edge at its
head on its entire cross section which increases its stiffness and prevents deformation under
the applied shear force. Setting the deformation at the top of the bottom block equal to δ, it is
assumed that this deformation decreases in a nonlinear form as it reaches the bottom and
approaches zero at the fixed bottom edge. It is assumed that the deformed shape be a
polynomial curve with order nine (n=9) which showed best fit with the test data. Therefore,
the average deflection resulting from the tension load on the bottom block cross section can
be theoretically considered as δ/(n+1) equal to δ/10. Then, the additional average tensile
stiffness for the bottom block cross section, Ktb, can be estimated as Ktb  EAtb (10L) where
Atb is the effective tensile area of the bottom block given as Atb=SqXb(nR-1). Summing the two
components (tension and shear), the average bottom shear plane stiffness can be defined by

Kb  K sb  Ktb

(4.7)

Foschi and Longworth (1975) observed that when the bottom distance dz becomes less than
Xb, the bottom shear stress decreases and the load thus released from the bottom shear plane
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is transferred almost in its entirety to the tensile plane which is rational due to reduction in
bottom shear plane stiffness. They used a factor α (Equation (4.8)) which increases the
normal stress of the tensile plane as portion of the connection load transfers from the bottom
shear plane to the head tensile plane.
α=1.0

, If dz ≥ Xb

α=1.0+0.155 (2- dz / tef )2

, If dz < Xb

(4.8)

From Equation (4.8), one can note that the value of α varies between 1.0 for dz ≥ Xb and 1.62
for dz=0. Therefore, it can be concluded that the ratio (α-1.0)/(1.62-1.0) shows the rate of the
load decreasing from the bottom shear plane. Defined in another way, this ratio can be
considered as the reduction rate of the bottom shear plane stiffness as a result of decreasing
the bottom distance dz less than Xb. The reduction of the bottom shear plane stiffness is
defined as H and is given by Equation (4.9).

H=0

, If dz ≥ Xb

H=0.25 (2- dz / tef )2

, If dz < Xb

(4.9)

Thus, Kb  (1  H )( Ksb  Ktb )

(4.10)

4.2.3 Lateral shear planes stiffness
Assuming that the mechanical properties of the wood for lateral and bottom shear planes are
the same, the corresponding equations for the load channelled to the two side lateral shear
planes can be developed similarly. The average pure shear stiffness for the lateral planes
would become K sl  Asl G X l where Asl is the summation of the areas subjected to the lateral
shear stress and Xl the maximum effective edge distance (equal to 2 times the half of the
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distance between the first and the last rows, which is comparable to Xb=2tef for the bottom
shear plane). The additional average tensile stiffness can be given as Ktl  EAtl (10L) in which
Atl is the effective tensile area of the lateral blocks and is Atl  2tef X l . Consequently, the
average lateral shear planes stiffness can be defined by

Kl  (1  F )( Ksl  Ktl )

(4.11)

in which F is the reduction factor for lateral shear planes stiffness. For lateral shear planes,
the effect of the edge distances de on the stiffness reduction factor is considered when de is
less than 1.25Xl. The reason for using 1.25 was the observations made when decreasing the
edge distance from this limit. Small cracks near the rivet head (about 20% of the failed block
depth) appeared during loading before the final failure. This can be explained by less stability
of the adjacent blocks to resist the moment resulting from eccentricities. This type of crack
development along the sides of the joint before reaching the ultimate load also was observed
by Johnsson and Stehn (2004) on plug shear of nail connections. These cracks cause a
decrease of the lateral plane stiffness and also of the resisting area. By substituting de for dz
and Xl /2 for tef in Equation (4.9) and deriving the constants based on the new boundary
conditions, the reduction factor for the lateral shear plane, F, is determined as

, If de ≥ 1.25Xl

F=0

(4.12)
2

F=0.16 (2.5- de / (Xl /2))

, If de < 1.25Xl

The variation of the stiffness reduction factors (H, F) versus the bottom and edge distances
are shown in Figure 4-6.
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Figure 4-6: Computed stiffness reduction factors (H, F) vs.
bottom and edge distances (dz, de)

4.2.4 Closed form approach
By predicting the stiffness of the wood surrounding each of the failure planes (Kh, Kb and Kl),
one can predict the proportion of the total connection load applied to each plane,
Ri  Ki

K .

By further establishing the resistance of each of the failure planes as a

function of a strength criterion, one can verify which of the failure planes governs the
resistance of the entire connection. It should be asserted that the strength of the shear planes
cannot be higher than the tensile capacity of the adjacent wood volume where the load is
channelled to these resisting planes. If the attracted load by the resisting shear planes be
larger than the tensile capacity of in-contact wood volume, then the wood block torn out from
the member would be as wide as or as deep as the member (see Figures 4-2b and 4-2c).

Thus, the wood load carrying capacity of the connection (Equation (4.13)) is the load which
results in the earlier failure of one of the resisting planes due to being overloaded and equals
to the minimum of Pwh, Pwb and Pwl. It is important to note that the connection resistance
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given by Equation (4.13) is a summation of the critical plane failure load plus the load carried
by the other planes. This approach is somewhat in-between the Foschi and Longworth (1975)
approach and the one proposed by Stahl et al. (2004).

Pwh  ft ,m Ath (1 
Pw = min

Kb Kl

)
Kh Kh

Pwb  min( fv,mCab Asb , ft ,m X l d z )(1 

K h Kl

)
Kb Kb

Pwl  min( fv,mCal Asl , 2 ft ,mtef de )(1 

K h Kb

)
Kl Kl

(4.13)

In Equation (4.13), ft,m is the wood mean strength in tension parallel to the grain (MPa) and
fv,m is the wood mean strength in shear along the grain (MPa). Also, Cab and Cal are the ratios
of the average to maximum stresses on the bottom and lateral shear planes respectively given
by Equations (4.14) and (4.15). These coefficients are derived based on the increasing shear
stress on the shear planes (Figure 4-7). The factor ke is applied to Cal to account for the
reduction of the resisting area due to the crack formation on the lateral planes, estimated at
20% of the failed block thickness while de is less than 1.25Xl.

Cab 

 ave
0.5(nC  1)

 max nC  (d a / S p )  1

Cal  keCab

ke  1
ke  0.8

(4.14)

, If de ≥1.25Xl
(4.15)
, If de <1.25Xl

Figure 4-7: Shear stress distribution on the shear resisting planes
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It should be noted that when one plane fails, then the entire connection load transfers to the
remaining planes in accordance with their relative stiffness ratios. It could be possible that the
occurrence of the first failure of one plane does not correspond with the maximum load of the
connection. This is more susceptible in case of either small bottom or edge distances
accompanying large shear resisting areas. Therefore, Equation (4.13) needs to be checked
again for the remaining planes by defining no value for the terms related to the failed planes.

4.2.5 Effective wood thickness
Brittle failure
For brittle failure modes, the effective wood thickness (Equation (4.16)) is determined from
the elastic deformation of the rivet modelled as a beam on an elasto-plastic foundation. The
rivet is supported by springs with bilinear response that simulate the local nonlinear
embedment behaviour of the timber surrounding it. For more details regarding the model,
refer to Zarnani and Quenneville (2012e).
0.95Lp
tef,e = 0.85Lp
0.75Lp

, for Lp equals to 28.5 mm
, for Lp equals to 53.5 mm
, for Lp equals to 78.5 mm

(4.16)

Mixed failure
In mixed failure mode, the wood fails following some deflection of the rivets but before they
reach complete yielding. In this failure mode, the thickness of the failed block, tblock, is
significantly smaller than the one associated with the brittle failure mode. In mixed failure
modes, tblock corresponded to the effective wood thickness, tef, determined from the governing
failure mode of the rivets. Since rivets are always used in single shear and the rivet head can
be considered to be rotationally fixed as it is wedged into the steel plate’s hole, only three
yield modes need to be considered (Stahl et al. 2004). tef can be derived using Equation (4.17)
based on Johansen’s yield theory (1949) which is the foundation for the EYM prediction
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formulas in Eurocode 5 (1998). The proposed prediction for the wood strength showed good
agreement with observed values of tblock for these groups. In Equation (4.17), dl is the rivet
cross-section dimension bearing on the wood parallel-to-grain, (equal to 3.2 mm); ƒh,0 is the
embedment strength of the wood which can be determined as a function of dl and the density
of the wood (Zarnani and Quenneville 2012c); and Mr,l is the parallel-to-grain moment
capacity of the rivet, equal to 30,000 Nmm (Stahl et al. 2004).

Lp

, Mode Im

M r ,l

tef,y =

f h,0 dl

2



Lp 2
2

M r ,l

, Mode IIIm

(4.17)

, Mode IV

f h,0 dl

4.2.6 Proposed procedure
Based on the observation that the effective wood thickness differs for brittle and mixed
failure modes which affect the wood strength, the following procedure, shown in Figure 4-8
is suggested to determine the load carrying capacity of the riveted connection for the possible
brittle, ductile and mixed failure modes. The rivet strength and its yielding mode are based on
the experimental results which also can be predicted by a reliable yield model proposed by
Zarnani and Quenneville (2012c).

Figure 4-8: Proposed algorithm for possible brittle, ductile and mixed failure modes
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4.3 Experimental program
4.3.1 Specimens
Laboratory tests were set up to evaluate the effect of bottom, edge and end distances on the
connection strength and to promote wood failures and maximize the amount of observations
on the brittle mechanism. Specimens were manufactured from New Zealand Radiata Pine
LVL grade 10 and GL8 grade glulam. The tests series were divided into 26 groups for LVL
(Table 4-1) and 6 groups for glulam (Table 4-2). 3 replicates were tested for each group of
specimens for LVL and 4 replicates for glulam. The parameters for connection geometries
(Figure 4-5) used varied from 4 to 8 for nR and nC; from 15 to 25 mm for Sq and 25 to 50 mm
for Sp; Lp from 28.5 to 78.5 mm (with rivet lengths Lr of 40, 65 and 90 mm); dz from 0.1Xb to
1.1Xb; de from 0.2Xl to 1.9Xl and da from 50 to 125 mm. The specimens had riveted plates on
both faces of timber, resulting in a symmetric connection. The steel side plates were 8.4 mm
thick of 300 grade (Fy = 300 MPa) with predrilled 6.8 mm holes to ensure adequate fixity of
the rivet head. For more details regarding the connections configuration refer to Zarnani and
Quenneville (2012b). All specimens were conditioned to 20°C and 65% relative humidity to
attain a target 12% equilibrium moisture condition (EMC). The wood had an average density
of 590 and 480 kg/m3 with a coefficient of variation of 4% and 9% and at the time of the
tests, an average moisture content of 11.5% and 11% for LVL and glulam respectively.

The wood tensile and shear strengths (ft,m, fv,m) used in the analysis were determined from the
material property tests (Figure 4-9). The average tensile and shear strengths in these tests
were 34.3 MPa (COV=12%) and 6.8 MPa (COV=10%) for RP-LVL and 24.1 MPa
(COV=24%) and 4.2 MPa (COV=15%) for RP-glulam (samples from inner laminations)
respectively. For the stiffness properties, based on data available in the literature, an average
ratio of modulus of rigidity to modulus of elasticity (G/E) is considered equal to 0.045 and
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0.069 for LVL and glulam respectively in order to make the planes’ stiffness equations
independent of G and E values.

Table 4-1: Configuration for the tested connections on LVL parallel to grain
LVL
groups

No. of
Row
Column
rows by
spacing spacing
columns
Sp
Sq
(nR*nC)
(mm)
(mm)

BRG1-L
BRG2-L
BRG3-L
BRG4-L
BRG5-L
BRG6-L
BRG7-L
BRG8-L
BRG9-L
BRG10-L
BRG11-L
BRG12-L*
BRG13-L
BRG14-L
BRG15-L
BRG16-L

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

8*8

8*6

BRG17-L

Rivet

Member

penetration thickness

Member End
Bottom
Edge
width distance distance distance

Lp
(mm)

b
(mm)

W
(mm)

da
(mm)

dz
(mm)

de
(mm)

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

28.5
28.5
28.5
28.5
28.5
28.5
28.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5

90
126
180
126
126
126
126
126
126
180
216
216
180
180
180
180

220
220
220
300
370
220
220
220
220
220
220
220
300
370
220
220

75
75
75
75
75
100
125
50
50
50
50
50
50
50
75
100

17
35
62
35
35
35
35
10
10
37
55
55
37
37
37
37

58
58
58
98
133
58
58
58
58
58
58
58
98
133
58
58

50

15

53.5

126

220

75

10

88

25
25
25
25
25
25

15
15
15
15
15
15

28.5
53.5
78.5
78.5
53.5
28.5

126
180
216
216
180
180

220
260
220
220
300
220

75
50
50
75
75
75

35
37
30
30
37
62

73
93
73
88
128
88

25

25

28.5

126

260

125

35

43

25

25

53.5

180

260

125

37

68

25

25

78.5

216

260

125

30

93

4*8
BRG18-L
BRG19-L
MIG20-L
MIG21-L
MIG22-L
MIG23-L

6*6

4*6

DUG24-L
8*6
DUG25-L
6*6
DUG26-L
4*4
*

In all groups except BRG12, rivets were installed on the face grain of the specimen. In BRG12,
rivets were driven into the edge grain of the specimen with the same configuration as BRG11.
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Table 4-2: Configuration for the tested connections on glulam parallel to grain
No. of
Row Column
Rivet
Bottom Edge
Member Member End
rows by
thickness
spacing
spacing
penetration
width
distance
distance
distance
Glulam columns
groups
Sp
Sq
Lp
b
W
da
dz
de
(nR*nC)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
BRG1-G
25
15
53.5
135
225
75
14
60
8*8
BRG2-G
8*6
25
15
53.5
180
225
75
37
60
BRG3-G
6*8
25
15
28.5
135
225
75
39
75
4*8
BRG4-G
50
15
53.5
135
225
75
14
90
MIG5-G
4*6
25
15
78.5
230
225
75
37
90
DUG6-G 6*6
25
25
53.5
180
270
125
37
73
Note: In all groups, rivets were installed on the edge grain of the specimen.

(b)

(a)

Figure 4-9: Material property tests: (a) Tensile strength - European testing standards EN
408:2003, (b) Shear strength - AS/NZS 4063.1:2010 by Lindsay (2010)

4.3.2 Test setup
The testing procedure outlined in ISO 6891 (1983) was followed. The load was applied to the
specimens using a displacement controlled MTS loading system. The deformation of the
connection was measured continuously with a pair of symmetrically placed LVDTs. Data
was recorded with a frequency of 2 Hz. The specimens were loaded in tension parallel-tograin and were fabricated with riveted connection in one end and bolts on the other end. The
bolted connection was sufficiently strong to allow failure of the tested riveted connections to
be observed in all cases. Additional plates were added between the grip and the rivet plate
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with the total thickness of 25 mm to limit the plate deformation and also provide resistance
for the out-of-plane moment of the rivet plate resulting from eccentricities at time of failure.
The loading rate was adjusted to 1 mm/min and kept constant until the occurence of failure in
both or either side of the riveted connections. A typical specimen in the testing frame is
shown in Figure 4-10.

Figure 4-10: Typical specimen in testing apparatus

4.4 Results and discussion
4.4.1 Connection tensile tests
The load-slip curve of each group was plotted (Figure 4-11) and the ultimate load and the
types of failure were recorded. The peak loads ranged from 159 kN to 468 kN. The effect of
failure modes on the load-displacement plots is shown in Figure 4-11. The displacements
observed in the ductile failures with complete yielding of the rivets are far beyond the usual
range of serviceability. However, they indicate that the connections would be suitable for use
in seismic design if rivet yielding failure mode controls (Begel et al. 2004). In case of brittle
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failures, the maximum connection deformation was 2 to 3 mm and the wood rupture occurred
suddenly. Beyond the connection deformation of 0.5 mm, it can be observed that the load-slip
curves for brittle failures show some inelastic behaviour. This can be explained by the plastic
response of the wood embedment behaviour next to the rivet head during the elastic
deformation of the rivets (Zarnani and Quenneville 2012e). For mixed mode failures in which
wood failed before final yielding of the rivets, more deflection could be seen compared to the
brittle failures due to some rivet deformation.

Figure 4-11: Typical load-slip plots for joint tensile tests
in brittle, mixed and ductile failure modes

Results for the LVL and glulam groups tested are listed in Tables 4-3 and 4-4 respectively.
After observing the test results, the groups were matched and identified based on the modes
of failure. In Tables 4-3 and 4-4, BRG, MIG and DUG stand for tests series with brittle,
mixed and ductile modes of failure correspondingly, additionally, L stands for LVL and G for
glulam. The thickness of the failed blocks and the predominant modes of failure observed are
also listed in the tables. Along with the results, connection capacities have been calculated
using the proposed analysis.
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Table 4-3: Strength and failure mode predictions using the proposed method
compared to experimental results on LVL

LVL
groups

BRG1-L
BRG2-L
BRG3-L
BRG4-L
BRG5-L
BRG6-L
BRG7-L
BRG8-L
BRG9-L
BRG10-L
BRG11-L
BRG12-L
BRG13-L
BRG14-L
BRG15-L
BRG16-L
BRG17-L
BRG18-L
BRG19-L
MIG20-L
MIG21-L
MIG22-L
MIG23-L
DUG24-L
DUG25-L
DUG26-L

tblock
(mm)

Proposed
Rivet
No. of
wood
strength
rows by
Rivet
strength
Pr*
columns penetration
Pw
(kN)
(nR*nC)
Lp
(kN)
(mm)
tblock=tef,e

8*8

8*6

4*8
6*6

4*6
8*6
6*6
4*4

Proposed/
Observed

Connection strength
Proposed
(prediction/test result)
wood
strength
Mean
Pw
ultimate
Failure mode‡
(kN)
load†
tblock=tef,y

Pc (kN)

28.5
28.5
28.5
28.5
28.5
28.5
28.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
28.5
53.5

314
362
380
376
381
378
391
419
392
423
432
432
436
440
427
434
392
237
330

"461"
"461"
"461"
"461"
"461"
"461"
"461"
"692"
"519"
"519"
"519"
"519"
"519"
"519"
"519"
"519"
"345"
"259"
"388"

27.1(tef,e) / 23
27.1(tef,e) / 27
27.1(tef,e) / 24
27.1(tef,e) / 21
27.1(tef,e) / 28
27.1(tef,e) / 26
27.1(tef,e) / 26
45.5(tef,e) / 48
45.5(tef,e) / 43
45.5(tef,e) / 42
45.5(tef,e) / 44
45.5(tef,e) / 41
45.5(tef,e) / 41
45.5(tef,e) / 46
45.5(tef,e) / 47
45.5(tef,e) / 42
40.1(tef,y) / 50
27.1(tef,e) / 24
45.5(tef,e) / 46

362
-

314/358
362/370
380/375
376/391
381/402
378/410
391/435
419/463
392/384
423/419
432/427
432/398
436/456
440/468
427/437
434/445
345/290
237/247
330/315

DUC/BRT
BRT/BRT
BRT/BRT

78.5
78.5
53.5
28.5
28.5
53.5
78.5

436
338
255
178
505
515
419

"417"
"278"
"259"
"172"
"345"
"388"
"185"

26.7(tef,y) / 29
26.7(tef,y) / 27
45.5(tef,e) / 35
24.2(tef,y) / 19
24.2(tef,y) / 40.1(tef,y) / 26.7(tef,y) / -

233
176
166
498
479
213

233/285
176/207
255/214
166/159
- /345
- /388
- /185

MIX IV/MIX IV
MIX IV/MIX IV
BRT/MIX IIIm
MIX IIIm/MIX IIIm
DUC IIIm/DUC IIIm
DUC IIIm/DUC IIIm
DUC IV/DUC IV

*

BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT

The rivet strength in BRG and MIG groups are based on the rivet capacity derived from DUG tests.
Coefficient of variation (COV%) calculated over 3 specimens for brittle/mixed failure modes 4-9 % and
for ductile failure modes 2-4%.
‡
BRT, MIX and DUC stand for brittle, mixed and ductile failure modes, correspondingly.
†
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Table 4-4: Strength and failure mode predictions using the proposed method
compared to experimental results on glulam
No. of
Rivet
rows
penetration
Glulam
by
Lp
groups
columns
(mm)
(nR*nC)

BRG1-G
BRG2-G
BRG3-G
BRG4-G
MIG5-G
DUG6-G

8*8
8*6
6*8
4*8
4*6
6*6

53.5
53.5
28.5
53.5
78.5
53.5

Proposed
Rivet
wood
strength strength
Pr
Pw
(kN)
(kN)

tblock
(mm)
Proposed/
Observed

tblock=tef,e

340
328
188
226
222
397

531" 45.5(tef,e) / 46
398" 45.5(tef,e) / 45
272* 27.1(tef,e) / 25
266" 45.5(tef,e) / 50
217*" 29.7(tef,y) / 28
298" 40.6(tef,y) / -

Proposed
wood
strength
Pw
(kN)

Connection strength
(prediction/test result)
Mean
ultimate
Failure mode
load†

tblock=tef,y

Pc (kN)

127
379

BRT/BRT
340/335
BRT/BRT
328/301
BRT/BRT
188/224
BRT/BRT
226/315
127/160 MIX IV/MIX IV
- /298 DUC IIIm/DUC IIIm

*

Values are based on the tests conducted by Buchanan and Lai (1994) on RP glulam with the same density.
Coefficient of variation (COV%) calculated over 4 specimens for brittle/mixed failure modes 11-17 % and
for ductile failure modes 8%.
†

Test groups with tightly spaced rivet pattern exhibited a brittle failure (Figure 4-12). A
sudden failure happened where a block of wood bounded by the rivet group perimeter was
pulled away from either one side or both sides of the specimens. As shown in Tables 4-3 and
4-4, in the BRG test series, the failed block thickness tblock were observed at approximately
0.85Lp which corresponds to the elastic deformation of the rivets since no plastic deflection
was observed as in Figure 4-13a. However, in the MIG test series, the tblock value is
significantly lower with visible slight deflection of the rivets (Figure 4-13b). In the mixed
failure mode cases, the load-carrying capacity of the wood is based on the stiffness and
strength of the tensile and shear planes corresponding to the effective depth of the wood, tef,y.

Figure 4-12: Specimen and failed block exhibiting the brittle/mixed modes of wood failure
59

(a)

(b)

tblock ~tef,y (Mode IV)

Brittle plug shear

tblock ~tef,y (Mode IIIm)

tblock ~tef,y (Mode IV)
Brittle plug shear

Figure 4-13: Thickness of the failed block: (a) brittle failure mode, (b) mixed failure mode

4.4.2 Validation of proposed analysis and comparison with other models
Strength predictions of the current tests and tests reported in the literature were made using
the proposed method to compare it with codes equations and other analytical models.
Predictions made using the Foschi and Longworth (1975), Eurocode 5 (2004) and the
prediction model proposed by Stahl et al. (2004) were used in the comparison. One should
note that both the U.S. NDS standard and the Canadian O86-09 are based on the Foschi and
Longworth model.
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Current test data
Using the proposed analysis for the BRG test groups (Tables 4-3 and 4-4), the predicted
wood strength corresponding to tblock=tef,e was lower than the rivets resistance Pr and the
observed failure mode was brittle. However, in the MIG test groups, the predicted wood
strength for tblock=tef,e was more than the rivets strength. The strength of the connection was
thus checked for the possible mixed or ductile modes of failure. In these test series a mixed
mode failure occurred which can be explained by the wood strength corresponding to
tblock=tef,y being weaker than the rivets strength. Therefore, in the MIG test groups, the
connection load carrying capacity is less than the rivets ductile resistance. As shown in
Tables 4-3 and 4-4, there is very good agreement between the predictions and observations
for the thickness of the failed block, the governing failure mode, and the strength of the
connection. Figure 4-14 shows the strength predictions of the experimental groups using the
proposed analysis and the predictions from Foschi & Longworth, EC5 and Stahl’s method.
The proposed analysis results in more precise predictions with a coefficient of determination
(r2) of 0.90, a mean absolute error (MAE) of 8.5% and a standard deviation (STDEV) of
10.9%.
(a)

(b)

Figure 4-14: Comparison of analyses and the current test data in brittle/mixed failure modes:
(a) proposed method, (b) Stahl’s method, Foschi & Longworth, and EC5
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One can note that the predictions using the other models are mostly constant for the tests with
approximate capacities of 350 kN to 450 kN (Figure 4-14b). These are the tests series
conducted to observe the effects of the bottom, edge and end distances. For instance, as the
bottom distance dz gets larger due to an increase in timber thickness, the capacity of the
connection gets higher as asserted by Stahl et al. (2004) as well. The predictions based on the
proposed analysis are shown in Figure 4-15b for test groups BRG1-L to BRG3-L which are
identical in every parameter except for the bottom distance. A thicker specimen with a larger
dz results in a higher stiffness for the resisting bottom shear plane. Therefore, the stiffness
ratio of the resisting bottom plane increases and the one for the other resisting planes
decreases (Figure 4-15a). Subsequently, a higher proportion of the applied load transfers to
the bottom resisting plane and the maximum stress lowers on the lateral shear and head
tensile planes in comparison to the stresses for a thinner specimen. In these test series, as the
triggering failure is at the head tensile plane, the connection capacity increases as the bottom
shear plane takes a greater proportion of the connection load (Figure 4-15b).

Figure 4-15: The effect of increasing the bottom distance using the proposed model:
(a) Stiffness ratio of resisting planes,
(b) Maximum applied load causing failure of each resisting plane
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By comparing test groups BRG2-L, BRG4-L and BRG5-L, the same behavior is observed
when the edge distance de increased (Figure 4-16). As shown in Figure 4-16b, increasing the
edge distance from 0.9Xl to 1.3Xl results in higher connection capacity though the maximum
stress on the lateral shear planes gets higher. This is explained by no reduction of the resisting
area for the edge distance equal to 1.3Xl while it was considered for the shorter edge distances
due to the crack formation on the lateral planes. For these test series with different bottom
and edge distances, the predictions and the test results showed good consistency with the
similar trend (Table 4-3). Also, the relationship for F and H has been observed through the
resistance contribution of the bottom and side block shear planes where the thickness and
width of the member were varied.

Figure 4-16: The effect of increasing the edge distance using the proposed model:
(a) Stiffness ratio of resisting planes,
(b) Maximum applied load causing failure of each resisting plane
However, the predictions using Foschi and Longworth model show constant values for wider
specimens and an opposite behavior with a decreasing trend in thicker specimens. This is
explained by the fact that Foschi and Longworth model includes a volume effect on the shear
strength which negatively affects the connection capacity. The results from current tests and
those from Stahl et al. (2004) are in disagreement with this size effect based on the Weibull
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weakest link theory of brittle failure. In fact, what is hypothesized is that the size of the wood
surrounding the main loaded block affects the proportion of the load channelled to the
resisting shear planes more than the shear strength of the wood derived based on Weibull’s
theory. For instance, the strength of a connection with minimal edge and bottom distances
can be simply predicted as the tensile capacity of the head plane since there is very little
proportion of the connection load channelled to the bottom and lateral shear planes (Figure 41). Also, as shown in Figure 4-14b, the Foschi and Longworth predictions are overestimated.
Moreover, for mixed failures, the predictions using Stahl’s method are non-conservative.
These overestimated values are due to the fact that Stahl’s equation considers the full length
of the rivet penetration as the effective wood thickness and do not consider the possibility of
mixed mode failure. Thus, the necessity for predicting the connection strength under a mixed
mode of failure is required.

Results available in the literature
A similar comparison was made using results available in the literature and current ones
(Figure 4-17). Five sets of results were considered from the literature: tests performed by
Foschi and Longworth (1975) on Douglas Fir-Larch glulam, Buchanan and Lai (1994) on
Radiata Pine glulam, Karacabeyli et al. (1998) on Hem-Fir solid timber, Stahl et al. (2004) on
Southern Pine glulam, and Marjerrison (2007) on Douglas Fir-Larch and Spruce Pine glulam.
It should be mentioned that for the connection strengths predicted at the 5th percentile level, a
conversion was made to compare mean ultimate test strengths with characteristic values.
Coefficients of variation (COV) of 20% and 15% were considered for brittle/mixed failures
on glulam and LVL correspondingly. In the prediction calculations, material properties
determined in the tests (Zarnani and Quenneville 2012b) and values available in the literature
were used.

64

Figure 4-17: Comparison of analyses and test data (current and available in literature) in
brittle/mixed failure modes: (a) Proposed method, (b) Stahl’s method,
(c) Foschi & Longworth and EC5
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By comparing the predictions from various models (Figure 4-17), it can be deduced that there
is more conformity between the predictions using the proposed analysis and the available test
data. The predictions from the proposed method result in a higher coefficient of
determination (0.87) and a lower STDEV (20.3%) and MAE (14.3%) (Table 4-5). The
predictions using Stahl’s method are better than the ones using the one from Foschi &
Longworth and the one from the EC5 model. There is considerable strength over prediction
for a connection with a large end distance using Stahl’s method and the EC5. This supports
the theory developed in this study which states that by adding to the end distance, the load
carrying capacity of the connection doesn’t increase correspondingly to the additional shear
resistance surface due to a larger end distance.

Table 4-5: Comparison of fit for the prediction models of wood strength

Design model

Proposed Method
Stahl’s Method
Foschi & Longworth
Eurocode 5:2004

Coefficient of
determination
(r2)
all data/literature

Standard
deviation
(STDEV)

Mean
absolute error
(MAE)

0.87/0.86
0.78/0.82
0.77/0.81
0.70/0.68

20.3%
29.4%
30.9%
28.7%

14.3%
20.2%
32.1%
21.3%

4.5 Extended application for nails and screws
For other small dowel type fasteners such as nails and screws, the block tear-out resistance of
the wood bounded by the fastener group perimeter can be determined by extending the
proposed method. However, the following aspects have to be taken into account:

I. The effective wood thickness, tef,e, in the brittle failure mode equation should be
determined using a similar spring model presented in this chapter. For the mixed failure
mode, the equations for tef,y can be applied if the head fixity is ensured through the use of
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a thick steel plate. The geometry and material properties of the fastener and the relevant
wood bearing strength and stiffness need to be considered for the prediction of the
effective wood thickness.

II. In the case of nails and screws which are inserted into predrilled holes, the area
corresponding to the cutting diameter is to be subtracted from the resisting plane surfaces.
This affects the strength of the tensile and shear resisting planes and not their stiffnesses.
Also, net section failure mode needs to be controlled. For the rivets, this effect was not
considered due to the fact that, as the rivet is driven into place, the wood fibres are
separated and pushed to each side and no cutting occurs (Madsen 2000). However, it is
obvious that for the lateral shear planes, the fibres separation resulting from the
installation of the rivet reduces the shear resisting area. This strength loss is compensated
by the friction resistance offered by the compressed fibres on the rivet major shank
surfaces (Zarnani and Quenneville 2012c).

4.6 Conclusions
A closed form stiffness-based analytical model to determine the wood block tear-out
resistance of riveted connections in timber products is proposed. The method takes into
account the strength of the failure planes and the stiffness of the adjacent wood channelling
the member load to these planes. Results of current tests and from tests available in the
literature confirm that this closed form analytical method results in more precise predictions
for timber riveted connections. Based on the proposed design model, an efficient connection
design can be made by decreasing the difference between the capacity of the wood and the
rivets. The proposed method can be extended to other small dowel type fastener; e.g. nails
and screws for connection design improvement and failure modes prediction.
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Chapter 5
Wood Splitting Resistance
Perpendicular to Grain
Submitted for publication to the Journal of Structural Engineering, ASCE in March 2013.

5.1 Introduction
5.1.1 General
As demonstrated over the decades, small-diameter fasteners have shown a significant
advantage over large-diameter fasteners such as bolts which cause large localized stresses and
force brittle ruptures in the timber. Of this family of fasteners, the timber rivet is a wellestablished example in timber connection technology (Williams, 2006). Timber rivets are
hardened steel nails of 40, 65 or 90 mm in length and 3.2 by 6.4 mm in oval-rectangular cross
section used in high capacity steel-timber connections (Begel et al. 2004).

Failure of timber rivets as small dowel-type connections in loading perpendicular to the grain
can be characterised in two major modes such as bearing and splitting failure (Foschi and
Longworth 1975). The only ductile failure mode is the bearing or embedment failure mode,
where the dowel compresses the wood up to yielding which results in localized wood
crushing. The brittle splitting failure mode where the wood ruptures should be avoided since
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it can result in a sudden collapse of the structure. The additional mixed failure mode (a
mixture of brittle and ductile behavior) is also possible (Zarnani and Quenneville 2013e) and
is considered in this chapter.

5.1.2 Motivation
Design techniques and procedures for dowel-type connections loaded perpendicular-to-grain
are well understood for ductile behaviour. However, research into brittle splitting failures is
still at progressing stage (Franke and Quenneville 2011, 2012; Jensen and Quenneville 2011;
Jensen et al. 2012). The existing models for the prediction of the splitting failure of large
dowel-type connections loaded perpendicular to grain are determined generally based on an
assumption of the crack growth through the entire member cross-section (Figure 5-1a). These
models can be appropriate for stocky or rigid fasteners extending through the full thickness of
the wood member. However, for slender dowel-type fasteners such as timber rivets or nails,
particularly when the penetration depth of the fastener does not cover the whole member
thickness, the crack formation is different (Figure 5-1b). The observations from the current
tests in thick members show that the crack growth across the grain occurs corresponding to
the effective embedment depth of the fastener, tef, and propagates along the grain until
reaching the unstable condition.

Figure 5-1: Different failure modes of wood splitting: (a) crack growth in full member
thickness, (b) crack growth corresponding to tef on each side
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Rivets are part of the U.S. and Canadian structural wood design standards. However, in the
current standards, there is no closed form solution for the wood splitting strength prediction
of this type of connection and the standards restrict the use of rivets to specific configurations
and for glulam and sawn timber of some limited species. In addition, the important
connection configuration variables (Figure 5-2) such as loaded edge distance, de,l, unloaded
end distance, da, and member thickness, b, are not respected in these standards. A simple
closed form analytical method to determine the load-carrying capacity of wood under
perpendicular-to-grain loading in rivet connection for various timber products is thus
desirable. The proposed design method takes into account the different possible failure modes
of wood splitting (Figure 5-1) and covers the shortcomings of existing models (Table 5-1). In
the proposed method, the effect of geometry parameters such as connection width and length,
fastener penetration depth, loaded and unload edge distances, end distance, and member
thickness are considered. The effective wood thickness is derived and related to the elastic
deformation of the rivets. For the mixed failure mode, the connection strength depends on the
governing ductile failure mode of the rivets.

Figure 5-2: Definition of connection geometry variables
Results of tests on New Zealand Radiata Pine LVL and glulam and test data available from
literature confirm the validity of this new method and show that it can be used as a design
provision for timber riveted connections loaded transversely.
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5.1.3 Background research
The most significant work on timber rivets is that of Foschi and Longworth (1975) which
forms the basis for the timber rivet design procedures in the U.S. NDS (2012) and the
Canadian O86-09 (2009) codes. Foschi and Longworth (1975) proposed a prediction model
(Equation (5.1)) based on a finite element analysis for calculating the wood splitting strength,
Pw, of a rivet connection loaded perpendicular-to-grain. Splitting failure was considered as
the formation of cracks along the timber fibres just above the top row of rivets near the
unloaded edge. In their predictive model, the brittle failure involves the tensile capacity of the
splitting surface of the wood corresponding to penetration depth Lp and the width of rivets
cluster. The authors provided tables of values for numerically derived factors (Kt, βt and βD)
which are related to the connection geometry.

Pw 

ftp L p S p (nR  1)

(5.1)

Kt t  D

In another study of rivet connections, Stahl et al. (2004) presented a simplified analysis to
determine the wood splitting strength. In their proposed equation (Equation (5.2)), failure was
considered as the formation of a crack with a depth equal to the rivet penetration and
extending laterally from the edge of the rivet group for a distance he equivalent to the
distance between the top of the rivet group to the loaded edge, h-de,u. This means that the
strength of wood in a brittle failure improves as the connection is placed higher away from
the loaded edge. Their proposed model for wood strength in brittle failure mode had better
predictions in comparison to the ones using the equations developed by Foschi and
Longworth (1975).

Pw = 0.4 ftp Lp[Sp(nR-1)+2.min(he, da)]

(5.2)
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Jensen et al. (2012) proposed an analytical model (Equation (5.3)) to predict the splitting
potential of timber beams loaded perpendicular-to-grain using dowel-type connections. The
authors assumed that the fastener is sufficiently stiff to ensure that the crack propagates along
the grain simultaneously through the entire width of the beam. The model was based on
fracture mechanics (FM) where the criterion for the initiation of crack propagation is defined
as the loss of potential energy due to cracking being equal to the critical fracture energy, Gc
(Schniewind and Pozniak 1971). The generalized model proposed by the authors can be
applied to small end distances as well which is an advantage to the FM-based model
developed by Van der Put and Leijten (2000), which is currently used as the basis for
calculation of the splitting capacity (Equation (5.4)) in the Eurocode 5 (2004).

Pw = P0 . min

bftp d a
1

P0
2 2  1

(5.3)

2  1
 1

where,

P0  2bC fp



he
h
1 e
h

(5.4)

C fp 10G
ftp he E

in which,

C fp 

5
GGc
3

Here, G and E are the modulus of rigidity and elasticity, respectively and Cfp is the fracture
parameter.
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Using numerical test series and advanced non-linear fracture mechanics methods, Franke and
Quenneville (2012) developed an empirical design approach (Equation (5.5)) for the splitting
failure of dowel-type connections loaded perpendicular to grain. Their approach is based on a
quadratic failure criterion in which the fracture Mode I and II for tension and shear is
considered. One needs to note that the critical energy release rate for Mode II is difficult to
determine experimentally because the fracture in this mode is inherently instable and it is
hard to prevent unstable crack propagation occurring (Jensen et al. 2012).

Pw 

b.103
.kr
 GInorm GIInorm 



GIIc 
 GIc

(5.5)

where GIc and GIIc are the critical material fracture energies. GInorm and GIInorm are the socalled normalized fracture energies depending on the member depth, h, the connection width,
Sp(nR-1) and the effective depth, he. The kr factor takes into account the effect of the number
of columns.

The connection geometry variables that are not included in the above models are summarized
in Table 5-1. The shortcomings can significantly affect the connection splitting resistance.
Thus, this implies the necessity for developing a more accurate model that takes into account
all the required parameters and possible splitting failure modes.
Table 5-1: Connection geometry variables considered in the existing predictive models
Parameters\Prediction models

Foschi &
Longworth

Stahl’s
method

Jensen’s
model

Franke &
Quenneville

Proposed
analysis

Loaded edge distance, de,l
Unloaded edge distance, de,u
Connection width, Sp(nR-1)
Connection length, Sq(nC-1)
Fastener penetration depth, Lp
End distance, da
Member thickness, b

x




x
x


x

x


x



x
x
x






x
x
x
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5.2 Proposed approach for wood splitting strength
The proposed approach for the splitting strength of wood is based on two different possible
crack formations on the member cross-section: with partial splitting on each side of the
member corresponding to the effective embedment depth, tef (Figure 5-1b) or with full width
splitting (Figure 5-1a). In fact, for connections with large penetration depth in slender
members, the governing failure mode will be the full width splitting, and as the member
thickness increases, the conversion of wood failure mode from full to partial width splitting
will occur (Figure 5-3).

Figure 5-3: Occurrence zone of possible failure modes of wood splitting
Therefore, the ultimate splitting resistance of the connection is determined as the minimum
strength corresponding to these two failure modes and is given by (Equation (5.6))

Pw = np . min (Ps,tef, Ps,b)

(5.6)

where np is the number of plates which equals to one for one-sided joint and two for doublesided one.
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5.2.1 Partial splitting corresponding to effective embedment depth
The stress-based analysis developed (Equation (5.7)) involves the perpendicular to grain
tensile capacity of the splitting surface of the wood corresponding to the effective embedment
depth, tef and the crack length propagates along the member. The crack length along the
member is considered as the summation of the joint net section width, wnet = Sp (nR-1)–6.4nR,
and the symmetrical crack growth on the left and right sides of the joint as a factor of the
effective depth, he (Figure 5-4). It can be asserted that this model is a comprehensive version
of Stahl’s approach.
Ps,tef = Ctftptef [wnet+min(βhe,da,L)+min(βhe,da,R)]

(5.7)

where,
1.264 𝜁 -0.37

, If 𝜁 < 1.9

1

, If 𝜁 ≥ 1.9

Ct =

in which,

𝜁=

de,u
Sq (nC  1)

Here, β is the effective crack length coefficient for partial width splitting calibrated based on
the current tests and data from the literature (Begel et al. 2004; Foschi 1973) and equals to
2.4 for LVL and 1.6 for glulam. The ratio between the values of effective crack length
coefficients for LVL and glulam is associated with the different stiffness properties in these
two wood products. Based on the literature, an average ratio of modulus of rigidity to
modulus of elasticity (G/E) can be considered equal to 0.045 and 0.069 for LVL and glulam
respectively. The ratio between these two values for LVL and glulam is also inversely
comparable to the ratio between the values of effective crack length coefficients derived
based on the test data for the LVL and glulam. da,L and da,R are the unloaded end distance on
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the left and right side of the joint, respectively. The Ct coefficient, which is function of the
unloaded edge distance, de,l and the connection length, Sq(nC-1), is the inverse of the βD factor
derived by Foschi and Longworth (1975).

Figure 5-4: Effective crack length on either side of the joint

5.2.2 Full width splitting
The predictive equation presented for wood splitting in the entire member cross-section
(Equation (5.8)) is adopted from the FM-based model developed by Van der Put and Leijten
(2000). The significant difference is the application of the η factor which accounts for the
effect of unloaded end distance and the connection width. The Van der Put and Leijten model
is derived based on a point load acting on the middle of a beam. Therefore, the η factor is
needed and is effective while the joint is close to the beam end or if the load is transferred to
the member through more than one row of fasteners and not as a point load. Franke and
Quenneville (2012) have shown that the joint width influences the wood splitting load. This
is intuitive since the splitting capacity of a member loaded transversely by multiple rows of
fasteners through the whole member length cannot be estimated by ignoring the effect of
connection width. The effect of connection width is not included in Jensen’s model (2012)
either.

Ps ,b   bC fp

he
h
1 e
h

(5.8)
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where,



min( he , d a, L )  min( he , d a, R )  wnet
2 he

in which γ is the effective crack length coefficient for full width splitting. The value of η
equals to 1 when the unloaded end distance is greater than the effective crack length on either
side of the joint, da>γhe and the load is applied using one row of fasteners, wnet=0. The results
from the tests conducted by Jensen et al. (2012) on Radiata Pine LVL show that the wood
splitting resistance increases by moving the joint from the beam end towards the mid span
which represents larger unloaded end distance. Observations have shown that this increase in
wood splitting strength resulting from the mobilization of a larger area diminishes as the ratio
of unloaded end distance to the effective depth (da/he) approaches a value of about 4. Their
observation is applied when considering the effective crack length, γhe. Therefore, the
effective crack length coefficient, γ, for full width splitting in LVL is set as 4. In the case of
glulam members, this coefficient is estimated by using the ratio of β factor of glulam to LVL
for partial width splitting. Thus, the γ coefficient for full width splitting in glulam is given as
2.7.

If there is enough end distance on either sides of the joint, then the location of the joint on the
beam does not have any effect on the splitting strength. This is in agreement with the tests
conducted by Jensen et al. (2012) on beams loaded at mid-span and quarter-span which
resulted in similar strengths. Their observations refute the predictions by Eurocode 5 which is
based on the maximum shear force on either side of a joint and therefore leads to the splitting
strength of a joint at beam mid-span being 50% higher than the one at quarter-span.

As it can be deduced from Equation (5.8), the increasing rate of wood splitting resistance
when there is more than one row of fasteners is estimated as wnet/2γhe. As shown in Table 578

2, except for the smallest widths, there is relatively a good agreement between the predicted
strength increment due to increasing of the joint width and the observed test results by Kasim
and Quenneville (2002).

Table 5-2: Effect of connection width on wood splitting strength
(Kasim and Quenneville 2002)
he
n
(mm) R
204 2
204 2
204 2
204 2
204 1
134 2
134 2
134 2
134 2
134 1

wnet Test result
(mm)
(kN)
399
100.4
301
83.2
206
83.8
58
66.6
0
68.2
301
63.2
206
58.7
136
41.5
58
32.6
0
41.1

Increase of strength
Observed
Predicted
+47%
+36%
+22%
+27%
+23%
+19%
-2%
+5%
+54%
+42%
+43%
+28%
+1%
+19%
-21%
+8%
-

5.2.3 Multiple joints in tension perpendicular to grain
As illustrated in Figure 5-5, in the case where there is more than one joint loading a member
perpendicular-to-grain, the value which needs to be taken for da,L and da,R is equal to the
minimum of the unloaded end distance and half of the distance to the adjacent joint on the
left and right side of the joint respectively. In addition, the estimated wood splitting capacity
for each joint (Equation (5.6)) needs to be reduced by 30% to take into account the effect of
interaction between joints. This strength reduction is derived by comparing the test results on
wood splitting failure of single and double bolted joints conducted by Schoenmakers (2010).

Figure 5-5: Multiple joints acting in tension perpendicular-to-grain
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5.2.4 Effective embedment depth
Brittle failure
For brittle failure modes, the effective embedment depth (Equation (5.9)) is determined from
the elastic deformation of the rivet modelled as a beam on a bilinear elastic foundation
(Figure 5-6) as reported in Zarnani and Quenneville (2012e). The rivet is supported by
springs with bilinear response that simulate the local nonlinear embedment behaviour of the
timber surrounding it (Zarnani and Quenneville 2012c).

0.85Lp
tef,e = 0.75Lp
0.65Lp

, for Lp equals to 28.5 mm
, for Lp equals to 53.5 mm
, for Lp equals to 78.5 mm

(5.9)

Figure 5-6: Spring model of elastic deformation of rivet
as a beam on a bilinear elastic foundation
Mixed failure
As there is a transition between a purely brittle wood splitting failure and a purely ductile
wood-fastener failure, there is a possibility that the failure observed is a mix of the two. If the
wood splitting strength corresponding to tef,e is greater than the rivet strength, Pr, then the
effective embedment depth needs to be determined based on mixed failure mode (Zarnani
and Quenneville 2013e). In mixed failure mode, the wood fails following some deflection of
the rivets but before they reach complete yielding. In this failure mode, the effective
embedment depth, tef, is significantly smaller than the one associated with the brittle failure
mode. In mixed failure modes, the effective embedment depth is derived from the governing
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failure mode of the rivets. Since rivets are always used in single shear and the rivet head can
be considered to be rotationally fixed as it is wedged into the steel plate’s hole, only three
yield modes need to be considered (Stahl et al. 2004) (Figure 5-7). tef can be derived using
Equation (5.10) based on Johansen’s yield theory (1949) which is the foundation for the
EYM prediction formulas in Eurocode 5 (1998). In Equation (5.10), dp is the rivet crosssection dimension bearing on the wood perpendicular-to-grain, (equal to 6.4 mm); ƒh,90 is the
embedment strength of the wood which can be determined as a function of dp and the density
of the wood (Zarnani and Quenneville 2012c); and Mr,p is the perpendicular-to-grain moment
capacity of the rivet, equal to 15,000 Nmm (Stahl et al. 2004).

Lp

, Mode Im

M r, p

tef,y =

f h,90 d p
2



Lp

M r, p
f h,90 d p

2

2

, Mode IIIm

(5.10)

, Mode IV

Figure 5-7: Effective embedment depth based on rivet embedment length
in different yielding modes

5.3 Experimental program
5.3.1 Specimens
Laboratory tests were set up to promote wood splitting failures and maximize the amount of
observations on the brittle mechanism. To achieve this, connection configurations were set so
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that the total rivet yielding strength of each test group was higher that the predicted wood
strength corresponding to tef,e for that group. The rivet capacity on LVL specimens were
estimated based on conducted yielding tests and for glulam by using the values reported by
Buchanan and Lai (1994). Specimens were manufactured from New Zealand Radiata Pine
LVL grade 11 and GL8 grade glulam. The tests series were divided into 11 groups for LVL
and 10 groups for glulam (Table 5-3). 3 replicates were tested for each group of specimens
for LVL and 4 replicates for glulam. In Table 5-3, L and G stands for LVL and glulam
respectively. The parameters for connection geometries such as connection width and length,
fastener penetration depth, loaded and unloaded edge distances, end distance, and member
thickness were evaluated. The specimens had riveted plates on both faces of the timber,
resulting in a symmetric connection. The steel side plates were 8.4 mm thick of 300 grade (Fy
= 300 MPa) with predrilled 6.8 mm holes to ensure adequate fixity of the rivet head. All
specimens were conditioned to 20°C and 65% relative humidity. The wood had an average
density of 625 and 450 kg/m3 with a coefficient of variation of 2% and 9% and at the time of
the tests, an average moisture content (MC) of 12.5% and 14.5% for LVL and glulam
respectively.

Radiata Pine LVL and glulam fracture parameters, Cfp, reported in Jensen et al. (2012) based
on the plate specimen test method developed by Yasumura (2002) and tensile strength
perpendicular to grain values, ftp, evaluated by Song (2010) based on the ASTM D143-09 test
method were used as inputs to the proposed model. The average Cfp and ftp were 22.7
N/mm1.5 and 2.06 MPa (at tangential direction with a COV=18%) for RP LVL and 18.4
N/mm1.5 and 1.99 MPa (at 45° to radial direction with a COV=24%) for RP glulam
respectively.
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Table 5-3: Configuration of the tested connections
on LVL and glulam perpendicular to grain
Test
groups

BRG1-L
BRG2-L
BRG3-L
BRG4-L
BRG5-L
BRG6-L
BRG7-L
BRG8-L
BRG9-L
BRG10-L*
BRG11-L†
BRG1-G
BRG2-G
BRG3-G
BRG4-G
BRG5-G
BRG6-G
BRG7-G
BRG8-G
BRG9-G
BRG10-G*
*
†

No. of
Spacing of
rows
Rivet
Member
rows
by
penetration thickness
by columns
columns
Lp (mm)
b (mm)
Sp/Sq (mm)
nR*nC

6*6
6*6
6*6
6*6
6*6
6*6
6*6
3*8
6*6
2*8
6*6
6*6
6*6
6*6
6*6
6*6
6*6
6*3
3*6
6*6
2*6

25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15
25/15

53.5
53.5
53.5
53.5
53.5
28.5
28.5
53.5
78.5
53.5
53.5
53.5
53.5
53.5
53.5
53.5
28.5
28.5
53.5
78.5
53.5

180
180
126
225
180
180
180
180
180
180
180
180
180
126
225
180
180
180
180
180
180

Effective
embedment
depth
tef,e (mm)

Distance of
loaded edge
by unloaded
one
de,l/de,u (mm)

Unloaded end
distance on joint
left side
by right one
da,L/da,R (mm)

40.1
40.1
40.1
40.1
40.1
24.2
24.2
40.1
51.0
40.1
40.1
40.1
40.1
40.1
40.1
40.1
24.2
24.2
40.1
51.0
40.1

72.5/72.5
72.5/152.5
72.5/72.5
72.5/72.5
202.5/72.5
72.5/72.5
122.5/72.5
42.5/72.5
72.5/72.5
42.5/72.5
72.5/72.5
75/75
75/165
75/75
75/75
210/75
75/75
120/75
75/75
75/75
75/75

538/538
538/538
538/538
538/538
538/538
538/538
538/538
575/575
538/538
538/38
345/75
538/538
538/538
538/538
538/538
538/538
538/538
538/538
575/575
538/538
538/38

Two identical joints acting perpendicular to grain with a clear distance of 76 mm.
Joint located at the end of a cantilever beam.

5.3.2 Test setup
The testing procedure outlined in ISO 6891 (1983) was followed. The load was applied to the
specimens using a displacement controlled MTS loading system. The deformation of the
connection was measured continuously with a pair of symmetrically placed LVDTs. Data
was recorded with a frequency of 2 Hz. The specimens were simply supported at both ends
and were loaded in tension perpendicular-to-grain at mid-span except for one test group
which was set up as a cantilever beam. Typical specimens in the testing frame are shown in
Figure 5-8. The connection steel plates were reinforced to a total thickness of 25 mm to limit
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the plate deformation and also provide resistance for the out-of-plane moment of the rivet
plate resulting from eccentricities at time of failure. The loading rate was adjusted to 1
mm/min and kept constant until the occurence of failure in both or either side of the riveted
connections.

(a)

1200 mm

(b)

270 mm

345 mm

75 mm
125 mm

Figure 5-8: Typical specimens in testing apparatus:
(a) simply supported beam; (b) cantilever beam

5.4 Test observations
The load-slip curve of each group was plotted (Figure 5-9). The modes of splitting failure
(Figure 5-1) and the highest load reached at displacement up to 4.8 mm were recorded. This
common measure of ultimate load on a rivet group (Buchanan and Lai 1994; Karacabeyli et
al. 1998; Stahl et al. 2004) is based on a maximum deflection equal to the average of the
rivet’s cross section dimensions; 6.4 by 3.2 mm.
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Figure 5-9: Typical load-slip plots for joint tensile tests loaded perpendicular to grain

Brittle splitting of wood was observed in all specimens. The crack initiated along the row of
rivets next to the unloaded edge. Then, the crack propagated towards the timber member ends
and reached the unstable condition (Figure 5-10). During the crack propagation, the crack
load increased and by reaching the unstable condition, the crack load started to drop. In the
conducted tests, the unstable crack load (as peak load) occurred before the cracks could
extend to the member ends.

Figure 5-10: Specimen exhibiting the brittle mode of wood splitting failure
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Test results show two types of failure mode for wood splitting (Figure 5-11). The crack
formed either through the entire member width (for thinner members) or with a depth similar
to the rivet effective embedment depth (for thicker members).
(b)

(a)

Effective
embedment
depth

Figure 5-11: Wood splitting failure modes in LVL and glulam:
(a) full width splitting; (b) partial width splitting
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As shown in Figure 5-12, the depth of the crack is less than the rivet penetration length. This
indicates the necessity for predicting the effective embedment depth.

Figure 5-12: Effective penetration depth of the rivets

5.5 Validation of proposed analysis and comparison with other models
Strength predictions of the current tests and of tests reported on splitting resistance of riveted
joints in the literature were made using the proposed method to compare it with other
predictive models. Predictions made using the Foschi and Longworth (1975), Stahl et al.
(2004), Franke and Quenneville (2012), and the prediction model proposed by Jensen et al.
(2012) were used in the comparison. One should note that both the U.S. NDS standard and
the Canadian O86-09 are based on the Foschi and Longworth model.

5.5.1 Effect of connection configuration parameters
Results for the LVL and glulam groups with different connection geometries are listed in
Table 5-4. Along with the results, connection splitting capacities have been calculated using
the proposed analysis and four previously outlined models. For the predictions by the Franke
and Quenneville model, the value of fracture energy Mode I (GIc = 0.23 N/mm) given in
Franke and Quenneville (2012) was used for glulam and three times the GIc value was
considered to estimate the fracture energy Mode II (GIIc = 0.69 N/mm), as recommended in
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Jensen et al. (2012). 1.47 times the fracture energies of glulam were used for LVL. The factor
of 1.47 was determined by comparing the values of the mixed mode fracture energies (Gc) for
Radiata Pine LVL and glulam reported in Jensen et al. (2012).
Table 5-4: Splitting strength predictions using the proposed analysis and the other models
compared to experimental results on LVL and glulam
Test results
Test
groups

BRG1-L
BRG2-L
BRG3-L
BRG4-L
BRG5-L
BRG6-L
BRG7-L
BRG8-L
BRG9-L
BRG10-L
BRG11-L
BRG1-G
BRG2-G
BRG3-G
BRG4-G
BRG5-G
BRG6-G
BRG7-G
BRG8-G
BRG9-G
BRG10-G
*
†

Predicted splitting strength (kN)

Proposed analysis
Mean
Ultimate
strength Failure Jensen’s Stahl’s Franke & Foschi & Full width Partial
†
*
width
strength
(COV%) mode
model method Quenneville Longworth splitting
splitting
np.min
(kN)
(Ps,b)
(Ps,tef)
(Ps,b, Ps,tef)

173 (8%)
158 (6%)
144 (4%)
167 (4%)
205 (5%)
115 (7%)
134 (4%)
147 (7%)
198 (2%)
160 (7%)
117 (8%)
141 (12%)
115 (15%)
116 (8%)
133 (6%)
161 (6%)
107 (12%)
85 (9%)
108 (7%)
166 (6%)
139 (9%)

P
F
F
P
F
P
P
F
F
F
F
P
F
F
P
P
P
P
P
F
P

160
129
112
200
285
160
208
160
160
144
86
130
104
91
163
234
130
130
130
130
121

85
85
85
85
143
45
57
74
125
30
41
53
53
53
53
87
28
28
44
78
25

244
172
171
305
281
244
266
202
244
249
244
164
112
114
205
189
164
153
134
164
165

83
55
83
83
83
50
50
109
113
208
83
79
50
79
79
79
48
25
71
107
133

85
69
60
106
78
85
81
87
85
60
37
78
62
55
98
93
78
78
73
78
55

84
66
84
84
123
51
66
88
107
67
54
57
45
57
57
101
35
27
52
73
41

168
132
120
168
156
102
132
174
170
120
74
114
90
110
114
186
70
54
104
146
82

Coefficient of variation (COV%) calculated over 3 specimens for LVL and over 4 specimens for glulam.
F and P stand for full width and partial width splitting correspondingly.

The tests series BRG1-L, BRG3-L and BRG4-L in LVL and BRG1-G, BRG3-G and BRG4G in glulam were targeted to identify the effect of member thickness. The results in Table 5-4
indicate that the wood strength increases as the member thickness gets larger and then
remains approximately constant after a certain thickness. As shown in Figures 5-13a and 513b, neither Foschi and Longworth model nor Stahl’s method consider the member thickness
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effect. The Jensen and Franke and Quenneville models assume the splitting across the entire
thickness and therefore show a continuous increasing of wood strength. In the proposed
analysis, the member thickness is taken into account up to a certain limit with full width
splitting and beyond that rivet embedment depth governs with partial splitting (as seen in
Figure 5-3). Therefore, it is the only approach that follows the exact trend and considers two
possible modes of splitting failure as observed.

Figure 5-13: Effect of increasing the member thickness on joint splitting strength:
(a) LVL sample; (b) glulam sample
In the case of increasing the rivet embedment depth (Figure 5-14a and 5-14b), the results for
the test series BRG1-L, BRG6-L and BRG9-L in LVL and BRG1-G, BRG6-G and BRG9-G
in glulam show the increase in wood splitting strength. The Jensen and Franke and
Quenneville models, since they do not consider the effect of the embedment depth, provide
constant predictions for wood strength. As shown in Figure 5-14a, after a certain limit of
penetration depth, the increasing rate of wood strength decreases. This can be explained by
the fact that if the member thickness is constant, the increment of the penetration depth leads
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to a change of the wood failure mode from partial width splitting to full width splitting.
Therefore, when the full width splitting governs, the penetration depth effect diminishes. This
deterioration of penetration effect and transformation of wood failure modes is not included
in Foschi and Longworth model and Stahl’s method either.

Figure 5-14: Effect of increasing the rivet penetration depth on joint splitting strength:
(a) LVL sample; (b) glulam sample
Test results demonstrate that the wood splitting strength increases (Figure 5-15) as the
connection gets wider (BRG1-G and BRG8-G). Jensen’s model is the only one that does not
take the connection width into consideration, since the model is derived based on a point load
acting on a beam. As shown in Figure 5-16, the observed trend indicates that the wood
strength increases as the connection length increases (BRG6-G and BRG7-G). Jensen’s
model and Stahl’s method do not consider the connection length effect and therefore the
predicted strength for these approaches remain constant. Though Franke and Quenneville
model does not consider the effect of spacing between the columns, however, it takes into
account the effect of increasing the number of columns, nC, which leads to less localized
stresses on the wood and thus higher splitting strength.
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Figure 5-16: Effect of increasing
the joint length

Figure 5-15: Effect of increasing
the joint width

In terms of other connection parameters, as shown in Table 5-4, decreasing the unloaded edge
distance (e.g., BRG1-L and BRG2-L), increasing the loaded edge distance (e.g., BRG6-L and
BRG7-L), and increasing the end distance (BRG1-L and BRG11-L), all resulted in raising the
connection wood capacity as was predicted in the proposed analysis. Whereas, the predictions
using Franke and Quenneville approach and also Foschi and Longworth model are constant
for the variation of the end distance. Furthermore, in Foschi and Longworth model and
Stahl’s method the effect of loaded edge distance (Figure 5-17) and the unloaded edge
distance (Figure 5-18) is not enclosed correspondingly, hence, no change on the predictions
can be observed.

91

Figure 5-18: Effect of increasing
the joint unloaded edge distance

Figure 5-17: Effect of increasing
the joint loaded edge distance

As shown in Table 5-4, there is good agreement between the predictions and observations for
the governing splitting failure mode and the strength of the connection. Figure 5-19 shows
the strength predictions of the experimental groups using the proposed analysis and the
predictions from other predictive models. The proposed analysis results in better predictions
with a coefficient of determination (r2) of 0.68 and a mean absolute error (MAE) of 17.4%
and a standard deviation (STDEV) of 16.1% (Figure 5-19a). The connections strength
predicted by Jensen’s model are overestimated for about half of the test groups (Figure 519b), in particular, for the shortest rivet penetrations in which this overprediction can reach
up to 55%. This is due to Jensen’s model assumption of crack forming through the entire
timber width, which did not occur for all the test configurations, especially in the thicker
members. Thus, the necessity for predicting the connection strength under the partial width
splitting mode of failure is required. Using the Franke and Quenneville model leads to
overestimated values particularly for LVL beams (up to 100%) though the values used for the
critical fracture energies are considerably lower than what were found in Jensen et al. (2012).
A portion of such overestimation is related to the assumption of the crack propagation across
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the entire member. The predictions by Foschi and Longworth model and Stahl’s method also
show underestimated values (Figure 5-19b). The underestimation of Stahl’s method becomes
considerable in the case of small end distances. This is due to the assumption of symmetric
crack propagation in Stahl’s method.

Figure 5-19: Comparison of analyses and the current test data: (a) proposed analysis;
(b) Stahl’s method, Jensen’s model, Foschi & Longworth, and Franke & Quenneville

5.5.2 Test data from literature
A similar comparison was made using results available in the literature and current ones
(Figure 5-20). Two sets of results were considered from the literature on the wood splitting of
rivet connections: tests performed by Foschi (1973) on Douglas Fir-Larch glulam, and Begel
et al. (2004) on Southern Pine glulam. In the prediction calculations, material properties
reported in Jensen et al. (2012) and Song (2010) and values available in the literature were
used.

By comparing the various model predictions (Figure 5-20), it can be deduced that there is
more conformity between the predictions using the proposed analysis and the available test
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data. The predictions from the proposed method (Figure 5-20a) result in a higher coefficient
of determination (0.75) and a lower STDEV (17.1%) and MAE (16.9%).

Figure 5-20: Comparison of analyses and test data (current and available in literature):
(a) proposed analysis; (b) Foschi & Longworth;
(c) Stahl’s method and Franke & Quenneville; (d) Jensen’s model
The predictions using Stahl’s method and Jensen’s model are better than the ones using the
other models. The predictions by the Franke and Quenneville model (Figure 5-20c) shows
lower correlation compared to the test results. One reason can be related to the geometrydependant equations developed for the normalized fracture energies which cannot be
generalized for all the timber species and products. As shown in Figure 5-20b, it can be noted
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that for a group of test data, the predictions by Foschi and Longworth are overestimated. This
is due to the small end distances for those connection tests and the absence of this parameter
in their model. There is strength overprediction for connections with partial width splitting
using the Jensen and Franke and Quenneville models (Figures 5-20c and 5-20d). This
supports the theory developed in this study which states that in thicker members, the load
carrying capacity of the connection does not increase correspondingly to an increase in wood
member thickness since partial width splitting is then observed. As Stahl’s method takes into
account the effect of penetration depth, thus, the predictions by his model lead to slightly
better correlation compared to the ones using the Jensen and Franke and Quenneville models,
however they are too conservative (Figures 5-20b).

5.6 Conclusions
An analytical model developed to determine the wood splitting resistance of riveted
connections under perpendicular to grain loading in timber products is proposed. The design
method takes into account the different possible failure modes of wood; with partial or full
width splitting. The proposed model is found to be the most comprehensive model according
to the test observations on the effect of different connection configuration parameters. Results
of current tests and from tests available in the literature confirm that this closed form
analytical method results in more precise predictions for timber riveted connections. Based
on the proposed design model, an efficient connection design can be made by decreasing the
difference between the capacity of the wood and the rivets. The proposed method could be
extended to other small dowel type fasteners; e.g. nails and screws where the occurrence of
partial width splitting of wood is more susceptible.
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Chapter 6
Design Procedure for
Joint Potential Failure Modes
Submitted for publication to the Journal of Construction and Building Materials, Elsevier
in June 2013.

6.1 Objectives and scope
Different brittle, mixed and ductile failure modes of timber connections have long been
observed by wood researchers. The wood engineering community has dedicated a significant
amount of effort over the last decades to establish a reliable predictive model for the loadcarrying capacity of timber connection under different failure modes, particularly, for wood
failure mechanisms. Test results from various sources (Foschi and Longworth 1975; Jensen et
al. 2012; Johnsson 2004; Quenneville and Mohammad 2000, 2001; Stahl et al. 2004; Van der
Put and Leijten 2000; Yasumura et al. 1987; Zarnani and Quenneville 2013e, 2013f, 2013h)
demonstrate that for multi-fastener connections loaded either longitudinally or transversely,
failure of wood can be the dominant mode. The design procedures for timber connections in
most design codes are based mainly on the European Yield Model (EYM) originally
proposed in 1949 by Johansen. While the EYM theory provides accurate predictions for
connections that fail in ductile fashion, it does not take into account the failure of the
connections due to the brittle rupture of wood.
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In addition, in the majority of current codes, the definition of fastener resistance is based on
the yielding point. The yielding capacity is defined by using the material property estimated
at the 5% offset inserted in the EYM equations. While this can be an acceptable limit state
when the design follows exactly an allowable stress approach (ASD), it might not be
appropriate today when designers are following the Load and Resistance Factor Design
(LRFD) method (Begel et al. 2004). Using the LRFD philosophy, a designer can evaluate the
reliability of a structure with regard to its ultimate behaviour under extreme loads (e.g.,
earthquake and wind) with significant displacements where knowledge about the connection
capacity beyond the yielding load is crucial. In recognition of this fact, developing an
accurate design procedure to be able to determine the wood and fastener capacities in
different possible connection failure modes under ultimate design loads is necessary.

6.2 Proposed design procedure
6.2.1 Potential failure modes
The design of timber joints using dowel-type fasteners such as rivets, nails and screws is
governed by either the brittle, mixed or ductile failure mode of the joint. The occurrence zone
of these potential failure modes is illustrated on a typical load-deflection curve of a timber
joint (Figure 6-1). The block tear-out failure in parallel-to-grain loading and splitting in
perpendicular-to-grain loading are the possible failure modes of the wood.
In the brittle zone, the fasteners deflection is in the elastic range, therefore, the effective wood
thickness for the joint corresponds to the elastic deformation of the fasteners, tef,e (Zarnani and
Quenneville 2012e), as shown in Figure 6-2a. In this failure zone, the wood capacity of the
joint, Pw,tefe, is less than the fastener yielding resistance, Pr,yld. It should be noted that the Pr,yld
is not an ultimate failure but constitutes a boundary. As the yield point is reached, the
effective wood thickness reduces if the yield mode is not Mode I. This reduction in effective
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wood thickness, tef,y, leads to the generation of a new joint failure mode (Figure 6-2b). If the
wood capacity of the new joint, Pw,tefy, cannot resist the fastener yielding load (Pw,tefy < Pr,yld),
a sudden failure with slight deflection on the fasteners which is called mixed failure mode
occurs. Even if Pw,tefy > Pr,yld, the mixed failure mode can happen as the deflection of the joint
progresses if Pw,tefy is lower than the joint ultimate ductile strength, Pr,ult. If the wood strength
based on tef,y is greater than Pr,ult, the ductile failure governs and there is no wood rupture.

Figure 6-1: Occurrence zone of potential failure modes of timber rivet joints

Figure 6-2: Effective wood thickness: (a) brittle failure corresponding to the rivet elastic
deformation, (b) mixed failure corresponding to the rivet governing yielding mode
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6.2.2 Design requirement
By following the described mechanism for the potential failure modes, the joint ultimate
capacity, Pc,ult, can be predicted as follows (Figure 6-3);

Pc,ult

Pw,tefe
Pr,yld
=
Pw,tefy
Pr,ult

if Pw,tefe < Pr,yld
if Pw,tefy < Pr,yld ≤ Pw,tefe
if Pr,yld ≤ Pw,tefy ≤ Pr,ult

(Brittle mode)
(Mixed mode)
(Mixed mode)

if Pr,ult < Pw,tefy

(Ductile mode)

(6.1)

If a designer wants to rely only on the yield limit state as the joint maximum capacity,
therefore, the above design procedure can be simplified to Pc,ult = min (Pw,tefe,
Pr,yld). However, this simplification could result in about 20% conservative design.

Figure 6-3: Proposed algorithm for different possible brittle, mixed and ductile failure modes
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6.2.3 Rigid and stocky fasteners
For the case of rigid and stocky fasteners such as shear plates and split rings, the connection
failure will be governed only by the wood characteristics (wood embedment in ductile mode I
or shear and tension resistances in the brittle block tear-out and splitting). Therefore, the
effective wood thickness, tef, is equal to the penetration depth of the fastener, Lp, and remains
constant during the loading (Figure 6-4).
Thus, the connection ultimate capacity, Pc,ult, can be determined by;

Pc,ult

Pw,Lp
= Pw,Lp
Pr,ult

if Pw,Lp < Pr,yld
if Pr,yld ≤ Pw,Lp ≤ Pr,ult

(Brittle mode)
(Mixed mode)

if Pr,ult < Pw,Lp

(Ductile mode)

(6.2)

For the rigid fasteners, the mixed-mode region is function of the wood yielding only.

Figure 6-4: Effective wood thickness for rigid and stocky fasteners

6.3 Load-carrying capacity of riveted joints
6.3.1 Wood block tear-out resistance parallel to grain
The wood block tear-out resistance under parallel-to-grain loading is predicted using the
stiffness-based model proposed by Zarnani and Quenneville (2013e). The proposed analysis
for wood strength is best explained using the analogy of a linear elastic spring system in
which the applied load transfers from the wood member to the failure planes in conformity
with the relative stiffness ratio of each resisting adjacent volume to the individual failure
plane (Figure 6-5). By predicting these volumes stiffness, one can derive the portion of the
connection load that is channelled to each resisting plane and from the resistance of each
failure planes, one can determine which failure plane triggers the connection failure.
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Figure 6-5: Elastic spring model for wood block tear-out resistance – Kh, Kb and Kl are the
stiffness of the wood blocks loading the head, bottom and lateral failure planes
The difference in the loads channelled to the tensile and shear planes is a function of the
modulus of elasticity (E) and modulus of rigidity (G), the volume of wood surrounding each
of the failure planes (bottom, end and edge distances-dz, da and de) and also the connection
geometry (Figure 6-6). For details regarding the determination of stiffness of the resisting
planes, refer to Zarnani and Quenneville (2013e).

Figure 6-6: Simplified analytical model
By predicting the stiffness of the wood surrounding each of the failure planes (Kh, Kb and Kl),
one can predict the proportion of the total connection load applied to each plane,
Ri  Ki

K .

By further establishing the resistance of each of the failure planes as a
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function of a strength criterion, one can verify which of the failure planes governs the
resistance of the entire connection. It should be asserted that the strength of the shear planes
cannot be higher than the tensile capacity of the adjacent wood volume where the load is
channelled to these resisting planes (Figure 6-7). If the attracted load by the resisting shear
planes is larger than the tensile capacity of the associated wood volume, then the wood block
torn out from the member would be as wide as or as deep as the member and corresponding
to the wood failure mode (b) and (c) (Figure 6-8).

Figure 6-7: Loads acting on the wood volume adjacent to the shear resisting planes:
(a) bottom block, (b) lateral blocks
Thus, the wood load carrying capacity of the connection (Equation (6.3)) is the load which
results in the earlier failure of one of the resisting planes due to being overloaded and equals
to the minimum of Pwh, Pwb and Pwl. It is important to note that the connection resistance
given by Equation (6.3) is a summation of the critical plane failure load plus the load carried
by the other planes.

Kb Kl

)
Kh Kh
fv,mCab Asb
K
K
Pwb  (1  h  l ).min
ft ,m X l d z
Kb Kb
Pwh  ft ,m Ath (1 

Pw = np.min

Pwl  (1 

K h Kb
f C A

).min v,m al sl
Kl Kl
2 ft ,mtef de

, Mode (a)
, Mode (a)
, Mode (c)

(6.3)

, Mode (a)
, Mode (b)

In Equation (6.3), ft,m and fv,m are the wood mean strength in tension and in shear along the
grain (MPa). Ath, Asb and Asl are the areas of the head, bottom and lateral resisting planes with
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respect to the wood effective thickness, tef, subjected to tension and shear stresses. Also,
Cab=0.5(nC+1)/(da/Sp+nC-1) and Cal=keCab are the ratios of the average to maximum stresses
on the bottom and lateral shear planes respectively (Zarnani and Quenneville 2013e). nC is
the number of columns; Sp is the column spacing; ke is a factor depending on de, and Xl is the
joint width. np is the number of the plates equal to 1 and 2 for one-sided and double-sided
joints respectively.

Grain

Mode (a)

Mode (b)

Mode (c)

Figure 6-8: Different possible failure modes of wood block tear-out
It should be noted that when one plane fails, then the entire connection load transfers to the
remaining planes in accordance with their relative stiffness ratios. It could be possible that the
occurrence of the first failure of one plane does not correspond with the maximum load of the
connection. This is more susceptible in the case of either a small edge or bottom distance
accompanying a large shear resisting area which leads to a wood failure mode (b) and (c)
respectively (Figure 6-8). Therefore, Equation (6.3) needs to be checked again for the
remaining planes by defining no value for the terms related to the failed planes.

In the case of fasteners which are inserted into predrilled holes, the area corresponding to the
cutting diameter is to be subtracted from the resisting plane surfaces. This affects the strength
of the tensile and shear resisting planes and not their stiffnesses.
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6.3.2 Wood splitting resistance perpendicular to grain
The wood splitting strength in perpendicular-to-grain loading is predicted using the model
proposed by Zarnani and Quenneville (2013h). The proposed approach is based on two
different possible crack formations on the member cross-section: with partial splitting on
each side of the member corresponding to the effective embedment depth, tef (Figure 6-9b) or
with full width splitting (Figure 6-9a).

Figure 6-9: Cross-section view of wood splitting perpendicular to grain:
(a) full width failure mode, (b) partial width failure mode
In fact, for connections with a large penetration depth in slender members, the governing
failure mode will be the full width splitting, and as the ratio of member thickness to
penetration depth increases, the conversion of wood failure mode from full to partial width
splitting will occur (Figure 6-10).

Figure 6-10: Occurrence zone of possible failure modes of wood splitting
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Therefore, the ultimate splitting resistance of the connection is determined as the minimum
strength corresponding to these two failure modes and is given by (Equation (6.4)).
Pw = np . min (Ps,tef, Ps,b)

(6.4)

The wood capacity for partial width splitting, Ps,tef, is predicted using a stress-based analysis
(Equation (6.5)) and involves the perpendicular to grain tensile capacity of the splitting
surface of the wood corresponding to the effective embedment depth, tef and the crack length
that propagates along the member. The crack length along the member is considered as the
summation of the joint net section width, wnet, and the symmetrical crack growth on the left
and right sides of the joint as a factor of the effective depth, he (Figure 6-11). In Equation
(6.5), ftp is the tensile strength perpendicular to grain; da,L and da,R are the unloaded end
distance on the left and right side of the joint, respectively; Ct is a coefficient function of the
unloaded edge distance and the connection length.
Ps,tef = Ctftptef [wnet+min(βhe,da,L)+min(βhe,da,R)]

(6.5)

Figure 6-11: Effective crack length on either side of the joint
The predictive equation presented for wood splitting in the entire member cross-section, Ps,b
(Equation (6.6)) is adopted from the fracture mechanics based model developed by Van der
Put and Leijten (2000). The significant difference is the application of the η factor which
accounts for the effect of unloaded end distance and the connection width.
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Ps ,b   bC fp

he
h
1 e
h

(6.6)

in which,



min( he , d a, L )  min( he , d a, R )  wnet
2 he

and Cfp is the fracture parameter. For more details regarding the wood splitting model, refer
to Zarnani and Quenneville (2013h).

6.3.3 Wood effective thickness
For brittle failure modes (Figure 6-2a), the wood effective thickness, tef,e, is determined from
the elastic deformation of the fastener modelled as a beam on a bilinear elastic foundation.
The fastener is supported by springs with bilinear response that simulate the local nonlinear
embedment behaviour of the timber surrounding it (Zarnani and Quenneville 2012e).

As there is a transition between a purely brittle wood failure and a purely ductile woodfastener failure, there is a possibility that the failure observed is a mix of the two. In mixed
failure mode (Figure 6-2b), the wood fails following some deflection of the fasteners but
before they reach complete yielding. In this failure mode, the effective wood depth, tef,y, is
significantly smaller than the one associated with the brittle failure mode. In mixed failure
modes, tef,y is derived from the governing failure mode of the fastener. Since rivets are always
used in single shear and the rivet head can be considered to be rotationally fixed as it is
wedged into the steel plate’s hole, only three yield modes need to be considered (Figure 612). As reported in Zarnani and Quenneville (2013e, 2013h), tef,y can be predicted using
Equation (6.7) based on Johansen’s yield theory (1949) which is the foundation for the
European Yield Model (EYM) prediction formulas in Eurocode 5 (1998).
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Lp
M r, y

tef,y =

f h, y d
2

, Mode Im


Lp

2

, Mode IIIm

2

M r, y

(6.7)

, Mode IV

f h, y d

In Equation (6.7), d is the rivet cross-section dimension bearing on the wood, equal to 3.2 and
6.4 mm for the parallel and perpendicular to grain loadings, respectively; ƒh,y is the
embedment strength estimated at 5% offset; and Mr,y is the rivet yielding moment capacity.

6.3.4 Rivet resistance under ductile failure
The rivet ductile capacity under longitudinal and transverse loadings can be predicted by
Johansen’s yield theory (Zarnani and Quenneville 2012c). Since rivets are always used in
single shear and the rivet head can be considered to be rotationally fixed as it is wedged into
the steel plate’s hole, only three yield modes need to be considered (Stahl et al. 2004) (Figure
6-12). Using the Eurocode 5 (2004) approach, the contribution of the fastener withdrawal
resistance (ƒw) known as the rope effect is added to the rivet lateral strength for the failure
modes IIIm and IV (Equation (6.8)). The rivet connection resistance at the yielding (Pr,yld) and
ultimate limit states (Pr,ult) are determined using the relevant wood embedment strength, ƒh,
and the rivet moment capacity, Mr (as recommended by AFPA, 1999).

fh Lp d
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(6.8)

Mode Im

Mode IIIm

Mode IV

Figure 6-12: Possible ductile failure modes of rivets
In Equation (6.8), nR and nC are the number of rivet rows and columns; ƒh and ƒw can be
determined as a function of d and the density of the wood (Zarnani and Quenneville 2012c).
The rivet ultimate capacity is defined by using the ultimate embedment strength
(corresponding to 2.1 mm deflection), ƒh,u, in different loading directions and the rivet
ultimate moment capacity, Mr,u, equal to 30,000 and 15,000 Nmm for the parallel and
perpendicular to grain loadings, respectively (Stahl et al. 2004). For the rivet yielding
capacity, the embedment strength estimated at yield point (5%-offset), ƒh,y, and the rivet
yielding moment capacity, Mr,y, equal to 0.83Mr,u were inserted in Equation (6.8). The factor
of 0.83 is the ratio between the fastener yield and ultimate bending strength, Fb, (AFPA 1999)
averaged for the rivet cross-section dimensions.

6.4 Experimental program
Laboratory tests were set up to promote wood failures and maximize the amount of
observations on the brittle mechanism. Specimens were manufactured from New Zealand
Radiata Pine LVL grade 11 and GL8 grade glulam. 3 replicates were tested for each group of
specimens for LVL and 4 replicates for glulam. The specimens had riveted plates on both
faces of timber, resulting in a symmetric connection. The steel side plates were 8.4 mm thick
of 300 grade (Fy = 300 MPa) with predrilled 6.8 mm holes to ensure adequate fixity of the
rivet head. The effect of geometry parameters such as connection width and length, fastener
penetration depth, loaded and unloaded edge distances, end distance, and member thickness
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were evaluated. For more details regarding the connection configurations, refer to Zarnani
and Quenneville (2012a, 2013c).

The testing protocol outlined in ISO 6891 (1983) was followed. The tension load was applied
to the specimens using a displacement controlled MTS loading system. The deformation of
the connection was measured continuously with a pair of symmetrically placed LVDTs. The
loading rate was adjusted to 1 mm/min and kept constant until the occurence of failure in
both or either side of the riveted connections. A typical specimen in the testing frame is
shown in Figure 6-13.
(a)

(b)

(c)

Figure 6-13: Typical specimens in testing apparatus: (a) longitudinal loading, (b) transverse
loading - mid-span, (c) transverse loading - end of member

6.5 Material properties
All specimens were conditioned to 20°C and 65% relative humidity to attain a target 12%
equilibrium moisture condition (EMC). The wood had an average density of 605 and 465
kg/m3 for LVL and glulam members respectively. For the connection capacity parallel to
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grain, the average tensile and shear strengths evaluated were 34.3 MPa (COV=12%) and 6.8
MPa (COV=10%) for RP-LVL and 24.1 MPa (COV=24%) and 4.2 MPa (COV=15%) for
RP-glulam (samples from inner laminations) respectively (Zarnani and Quenneville 2012b).
For the stiffness properties, based on data available in the literature, an average ratio of
modulus of rigidity to modulus of elasticity (G/E) is considered equal to 0.045 and 0.069 for
LVL and glulam respectively in order to make the planes’ stiffness equations independent of
G and E values. The fracture parameter value, Cfp, reported in Jensen et al. (2012) and tensile
strength perpendicular to grain values, ftp, evaluated by Song (2010) were used as inputs to
the proposed splitting model. The average Cfp and ftp were 22.7 N/mm1.5 and 2.06 MPa (for
the tangential direction with a COV=18%) for RP LVL and 18.4 N/mm1.5 and 1.99 MPa (at
45° to the radial direction with a COV=24%) for RP glulam.

6.6 Test observations
As shown in Table 6-1 and 6-2, the ultimate load and the mode of failure were recorded for
different test groups. BRG, MIG and DUG stand for tests series with brittle, mixed and
ductile modes of failure correspondingly. Additionally, L stands for LVL and G for glulam.
Test series with tightly spaced rivet pattern exhibited a brittle/mixed failure mode. For
parallel to grain loading, a sudden failure happened where a block of wood bounded by the
rivet group perimeter was pulled away from either one side or both sides of the specimens
(Figure 6-14a). As shown in Figure 6-14b, in brittle failure mode, the failed block thickness,
tblock corresponds to the elastic deformation of the rivets since no plastic deflection was
observed. However, in the mixed failure mode (Figure 6-14c), the tblock is significantly lower
with observable small deformation of the rivets. In the mixed failure mode cases, the loadcarrying capacity of the wood is based on the stiffness and strength of the tensile and shear
planes corresponding to the effective depth of the wood, tef,y.
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(b)

(a)

(c)
tblock~tef,y (Mode IV)
Block shear

Figure 6-14: Wood failure parallel to grain: (a) block tear-out bounded by the rivet cluster
perimeter, (b) brittle failure - rivets within the elastic range,
(c) mixed failure - rivets with small deformation
For the tests subjected to a perpendicular to grain loading, splitting of the wood occurred
along the row of rivets next to the unloaded edge and propagated towards the timber member
ends till reaching the unstable zone (Figure 6-15a). The splitting crack formed either through
the entire member width (for thin members with high penetration-to-thickness ratios), as
shown in Figure 6-15b or with a depth similar to the rivet effective embedment depth (for
thick members with low penetration-to- thickness ratios), as shown in Figure 6-15c.

(a)

(b)

(c)

Figure 6-15: Wood failure perpendicular to grain: (a) crack propagation along the top row of
rivets, (b) full width splitting, (c) partial width splitting
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For large spaced rivet patterns, ductile failure of the rivet was observed with either one
(Mode IIIm) or two plastic hinge formations (Mode IV) accompanied by localized wood
crushing. Figures 6-16a and 6-16b show the possible ductile failure modes of the rivets tested
under longitudinal and transverse loadings, respectively.
(b)

(a)

Mode IIIm

Mode IIIm
Mode IV

Mode IIIm

Mode IV

Mode IV

Figure 6-16: Ductile failure modes of the rivets:
(a) parallel to grain loading, (b) perpendicular to grain loading
To determine the rivet stiffness and its deflection at a specific loading point, N, the load-slip
curves of the rivets under ductile failure were normalized to the range between 0 and 1 kN.
The average of the normalized curves was approximately fitted to a quadratic function. A
simplified expression for the rivet slip, δr, under different loading directions can be given as

δr =


N 
4 1  1 

Pr ,ult 



N
5.5 1  1  0.99
Pr ,ult


, for parallel-to-grain




(6.9)
, for perpendicular-to-grain

6.7 Verification of proposed design approach
6.7.1 Riveted joint subjected to parallel to grain loading
The connection ultimate capacities were calculated using the proposed stiffness-based model
and the algorithm presented to determine the connection failure mode. For the brittle failure
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mode, the elastic deformation of the rivet was considered to determine the tef,e. The estimated
tef,e was 27.1, 45.5 and 58.9 mm for a rivet penetration (Lp) equal to 28.5, 53.5 and 78.5 mm
correspondingly. In the case of mixed failure, the tef,y was predicted based on the bearing
length corresponding to the governing yielding mode of the rivets equal to 28.4, 40.4 and
24.7 mm for the different penetration lengths. The tef,y value for the longer rivet is lower
compared to the other ones. This is due to the formation of the two plastic hinges (mode IV)
for this length of rivet during the yielding failure, whereas the failure mode IIIm governs for
the smaller rivet sizes (Figure 6-16a).
As shown in Table 6-1, for the BRG test groups, the estimated wood strength corresponding
to the rivet elastic deformation, Pw,tefe, was lower than the rivet yielding resistance, Pr,yld,
therefore the connection ultimate capacity was predicted as Pc,ult=Pw,tefe with a brittle failure
mode which was consistent with the observation. However, in the MIG test groups, the
predicted wood strength for tef,e was higher than the rivet yielding strength. The strength of
the connection was thus checked for the possible mixed or ductile modes of failure. In these
test series, a mixed mode failure occurred which can be explained by the wood strength
corresponding to tef,y being weaker than the rivets ultimate strength (Pw,tefy < Pr,ult). In the
MIG22 and MIG23 test groups, since Pw,tefy was greater than Pr,yld thus, the connection
ultimate capacity was determined as Pc,ult=Pw,tefy. However, for the MIG5, MIG20 and
MIG21 test series where Pw,tefy < Pr,yld, Pc,ult was predicted as Pr,yld. In the case of DUG test
groups, the wood strength based on tef,y was greater than the connection ultimate ductile
strength, Pr,ult, therefore, the ductile failure governed (Pc,ult=Pr,ult) and there was no wood
rupture.
There is very good conformity between the predictions and observations for the governing
failure mode and the strength of the connection, as shown in Table 6-1. Figure 6-17a shows
the strength predictions of the experimental groups compared to the tests results. One can
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note that the proposed analysis results in precise predictions with a coefficient of
determination (r2) of 0.89, a mean absolute error (MAE) of 7.8% and a standard deviation
(STDEV) of 10.3%.
Table 6-1: Prediction of the connection ultimate strength parallel to grain using the proposed
design approach compared to experimental results on LVL and glulam
Test
groups

Wood strength
Rivet
Wood strength
Rivet
corresponding to yielding corresponding to ultimate
rivet elastic
strength rivet yielding strength
deformation
Pr,yld
mode
Pr,ult
Pw,tefe (kN)
(kN)
Pw,tefy (kN)*
(kN)*

Connection ultimate strength
(predicted/observed (COV%))
Ratio of
Failure
Pc,ult (kN)†
predicted
‡
mode
to observed

BRG1-L
314
410
N/A
N/A 314/358 (8%) BRT/BRT 0.88
BRG2-L
362
410
N/A
N/A 362/370 (9%) BRT/BRT 0.98
BRG3-L
410
380
N/A
N/A 380/375 (8%) BRT/BRT 1.01
BRG4-L
410
376
N/A
N/A 376/391 (7%) BRT/BRT 0.96
BRG5-L
410
381
N/A
N/A 381/402 (5%) BRT/BRT 0.95
BRG6-L
410
378
N/A
N/A 378/410 (5%) BRT/BRT 0.92
BRG7-L
410
391
N/A
N/A 391/435 (6%) BRT/BRT 0.90
BRG8-L
595
419
N/A
N/A 419/463 (6%) BRT/BRT 0.91
BRG9-L
392
446
N/A
N/A 392/384 (8%) BRT/BRT 1.02
BRG10-L
423
446
N/A
N/A 423/419 (8%) BRT/BRT 1.01
BRG11-L
432
446
N/A
N/A 432/427 (4%) BRT/BRT 1.01
BRG12-L
432
446
N/A
N/A 432/398 (8%) BRT/BRT 1.09
BRG13-L
436
446
N/A
N/A 436/456 (7%) BRT/BRT 0.96
BRG14-L
440
446
N/A
N/A 440/468 (6%) BRT/BRT 0.94
BRG15-L
427
446
N/A
N/A 427/437 (6%) BRT/BRT 0.98
BRG16-L
434
446
N/A
N/A 434/445 (8%) BRT/BRT 0.97
BRG17-L
392
297
362
339 339/290 (9%) DUC/BRT 1.17
BRG18-L
237
230
229
N/A 230/247 (6%) MIX/BRT 0.93
BRG19-L
330
334
N/A
N/A 330/315 (8%) BRT/BRT 1.05
MIG20-L
436
345
233
N/A 345/285 (9%) MIX/MIX 1.21
MIG21-L
338
230
176
N/A 230/207 (5%) MIX/MIX 1.11
MIG22-L
255
223
234
255 234/214 (9%) MIX/MIX 1.09
MIG23-L
178
154
166
183 166/159 (9%) MIX/MIX 1.04
DUG24-L
505
307
498
365 365/345 (3%) DUC/DUC 1.06
DUG25-L
515
334
479
382 382/388 (2%) DUC/DUC 0.98
DUG26-L
419
154
213
179 179/185 (4%) DUC/DUC 0.97
BRG1-G
340
448
N/A
N/A 340/335 (12%) BRT/BRT 1.01
BRG2-G
328
336
N/A
N/A 328/301 (11%) BRT/BRT 1.09
BRG3-G
188
250
N/A
N/A 188/224 (17%) BRT/BRT 0.84
BRG4-G
226
224
N/A
N/A 226/315 (11%) BRT/BRT 0.72
MIG5-G
222
192
127
N/A 192/160 (12%) MIX/MIX 1.20
DUG6-G
397
252
379
317 317/298 (8%) DUC/DUC 1.06
*
Not applicable (N/A) for all the test groups based on the presented design algorithm. For instance, in MIG5-G
test group, Pw,tefy is calculated due to Pr,yld < Pw,tefe, however, there is no need to estimate Pr,ult since Pw,tefy < Pr,yld.
†
Coefficient of variation (COV%) calculated over 3 specimens for LVL and over 4 specimens for glulam.
‡
BRT, MIX and DUC stand for brittle, mixed and ductile failure modes, correspondingly.
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6.7.2 Riveted joint subjected to perpendicular to grain loading
There was a considerable difference between the predicted wood splitting strength and the
rivet yielding resistance for the tested joints, therefore, the splitting failure was predicted to
occur in a brittle fashion corresponding to the rivet elastic deformation. The estimated tef,e
was 24.2, 40.1 and 51.0 mm for the Lp equal to 28.5, 53.5 and 78.5 mm respectively.
Following the presented design algorithm, for the BRG test groups (Table 6-2), the estimated
wood splitting resistance corresponding to the rivet elastic deformation, Pw,tefe, was lower
than the rivet yielding resistance perpendicular to grain, Pr,yld, therefore the connection
ultimate capacity was predicted as Pc,ult=Pw,tefe with a brittle failure mode which was in line
with the observations. The DUG11, 12 and 13 tests groups were conducted on small
specimens (nR=2; nC=3) using 40, 65 and 90 mm long rivets respectively under compression
with no possibility of wood failure.
The proposed design approach leads to a relatively good agreement between the predictions
and the test results with a coefficient of determination (r2) of 0.78, a mean absolute error
(MAE) of 17.2% and a standard deviation (STDEV) of 17.2% (Figure 6-17b).
(b)

550
Proposed Approach
r² = 0.89
MAE=7.8%
STDEV=10.3%

450

Predicted Average Strength [kN]

Predicted Average Strength [kN]

(a)

350

250

150
LVL tests

300
Proposed Approach
r² = 0.78
MAE=17.2%
STDEV=15.1%

250
200
150
100
50

LVL tests
Glulam tests

Glulam tests
50

0
50

150

250

350

450

550

Observed Average Test Strength [kN]

0

50

100

150

200

250

Observed Average Test Strength [kN]

Figure 6-17: Predictions vs. observations for the joint ultimate load-carrying capacity:
(a) parallel to grain loading; (b) perpendicular to grain loading
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Table 6-2: Prediction of connection ultimate strength perpendicular to grain using the
proposed design approach compared to experimental results on LVL and glulam

Test
groups

BRG1-L
BRG2-L
BRG3-L
BRG4-L
BRG5-L
BRG6-L
BRG7-L
BRG8-L
BRG9-L
BRG10-L
BRG11-L
DUG12-L
DUG13-L
DUG14-L
BRG1-G
BRG2-G
BRG3-G
BRG4-G
BRG5-G
BRG6-G
BRG7-G
BRG8-G
BRG9-G
BRG10-G
†
‡

Wood strength
Wood strength
Rivet
Rivet
corresponding
corresponding to
yielding
ultimate
to rivet elastic
rivet yielding
strength
strength
deformation
mode
Pr,yld (kN)
Pr,ult (kN)†
†
Pw,tefe (kN)
Pw,tefy (kN)

168
132
120
168
156
102
132
174
170
120
74
N/A
N/A
N/A
114
90
110
114
186
70
54
104
146
82

274
274
274
274
274
230
154
274
302
243
274
N/A
N/A
N/A
209
209
209
209
209
151
76
105
223
139

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Connection ultimate strength
(predicted/observed (COV%))
Ratio of
Pc,ult (kN)‡
Failure mode predicted to
observed

168/173 (8%)
132/158 (6%)
120/144 (4%)
168/167 (4%)
156/205 (5%)
102/115 (7%)
132/134 (4%)
174/147 (7%)
170/198 (2%)
120/160 (7%)
74/117 (8%)
44/49 (4%)
53/62 (3%)
58/65 (4%)
114/141 (12%)
90/115 (15%)
110/116 (8%)
114/133 (6%)
186/161 (6%)
70/107 (12%)
54/85 (9%)
104/108 (7%)
146/166 (6%)
82/139 (9%)

BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
DUC/DUC
DUC/DUC
DUC/DUC
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT
BRT/BRT

0.97
0.84
0.83
1.01
0.76
0.89
0.99
1.18
0.86
0.75
0.63
0.90
0.85
0.89
0.81
0.78
0.95
0.86
1.16
0.65
0.64
0.96
0.88
0.60

Not applicable (N/A) for all the test groups based on the presented design algorithm.
Coefficient of variation (COV%) calculated over 3 specimens for LVL and over 4 specimens
for glulam members.

6.8 Conclusions
The design procedures for timber connections in most design codes are based mainly on the
European Yield Model. For multi-fastener connections either loaded parallel or perpendicular
to grain, failure of the wood can be the dominant mode. A design procedure is proposed to
identify the wood and fastener capacities under possible brittle, mixed and ductile failure
modes of timber connections. For the wood capacity, the effective wood thickness is taken
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into account at each potential failure zone. The fastener resistance for yielding and ultimate
limit states are determined using the relevant wood embedment strength and the fastener
moment capacity. The proposed design procedure is verified using tests conducted on riveted
joints under longitudinal and transverse loadings on New Zealand Radiata Pine LVL and
glulam. The proposed design approach can be extended to other small dowel type fasteners
such as nails and screws for connection design improvement and failure modes prediction.

.
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Chapter 7
Extended Application for
Nails and Screws
Submitted for publication to the Journal of Structural Engineering, ASCE in April 2013.

7.1 Introduction
Test results from various sources (Foschi and Longworth 1975; Johnsson 2003; Quenneville
and Mohammad 2000; Stahl et al. 2004; Zarnani and Quenneville 2012a) demonstrate that for
multi-fastener connections, failure of wood can be the dominant mode. In existing wood
strength prediction models for parallel to grain failure in timber connections using dowel-type
fasteners, different methods consider the minimum, maximum or the summation of the tensile
and shear capacities of the failed wood block planes. This results in disagreements between
the experimental values and the predictions. It is postulated that these methods are not
appropriate since the stiffness in the wood blocks adjacent to the tensile and shear planes
differs and this leads to uneven load distribution amongst the resisting planes (Johnsson
2004; Zarnani and Quenneville 2012a).
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This chapter focuses on the nailed connections. A closed-form analytical method to
determine the load-carrying capacity of wood under parallel-to-grain loading in small doweltype connections in timber products is thus proposed. As shown in Figure 7-1, the proposed
stiffness-based model has already been verified in brittle and mixed failure modes of timber
rivet connections (Zarnani and Quenneville 2013e).
(a)

(b)

Figure 7-1: Timber rivet connections: (a) wood block tear-out in brittle and mixed failure
mode, (b) verification of the proposed stiffness-based model

For the wood strength, the stiffness of the adjacent loading volumes and strength of the
failure planes subjected to non-uniform shear and tension stresses are considered. The
effective wood thickness for the brittle failure mode is derived and related to the elastic
deformation of the nails. A mixed failure mode is also defined (a mixture of brittle and
ductile) and depends on the governing ductile failure mode of the nails. To help the designer,
a design procedure is presented which allows the designer to calculate the resistances
associated with the predictions of the different possible brittle, ductile and mixed failure
modes.
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Results of nailed joint tests on LVL and the test data available from literature on glulam
confirm the validity of this new method and show that it can be used as a design provision for
timber connections.

7.2 Stiffness-based predictive model
The proposed analysis for wood strength is best explained using the analogy of a linear
elastic spring system in which the applied load transfers from the wood member to the failure
planes in conformity with the relative stiffness ratio of each resisting adjacent volume to the
individual failure plane (Figure 7-2). By predicting these volumes stiffness, one can derive
the portion of the connection load that is channelled to each resisting plane and from the
resistance of each failure planes, one can determine which failure plane triggers the
connection failure.

Figure 7-2: Proposed elastic spring model – Kh, Kb and Kl are the stiffness of the wood
blocks loading the head, bottom and lateral failure planes

The difference in the loads channelled to the tensile and shear planes is a function of the
modulus of elasticity and modulus of rigidity, the volume of wood surrounding each of the
failure planes (bottom, end and edge distances - dz, da and de) and also the connection
geometry (Figure 7-3). For details regarding the determination of stiffness of the resisting
planes, refer to Zarnani and Quenneville (2013e).
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Figure 7-3: Simplified analytical model
By predicting the stiffness of the wood surrounding each of the failure planes (Kh, Kb and Kl),
one can predict the proportion of the total connection load applied to each plane,
Ri  Ki

K .

By further establishing the resistance of each of the failure planes as a

function of a strength criterion, one can verify which of the failure planes governs the
resistance of the entire connection.
It should be asserted that the strength of the shear planes cannot be higher than the tensile
capacity of the adjacent wood volume where the load is channelled to these resisting planes
(Figure 7-4). If the attracted load by the resisting shear planes be larger than the tensile
capacity of in-contact wood volume, then the wood block torn out from the member would be
as wide as or as deep as the member corresponding to wood failure mode (b) and (c) (Figure
7-5).

Figure 7-4: Loads acting on the wood volume adjacent to the shear resisting planes:
(a) bottom block, (b) lateral blocks
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Thus, the wood load carrying capacity of the connection (Equation (7.1)) is the load which
results in the earlier failure of one of the resisting planes due to being overloaded and equals
to the minimum of Pwh, Pwb and Pwl. It is important to note that the connection resistance
given by Equation (7.1) is a summation of the critical plane failure load plus the load carried
by the other planes.

Kb Kl

)
Kh Kh
fv,mCab Asb
K
K
Pwb  (1  h  l ).min
ft ,m X l d z
Kb Kb
Pwh  ft ,m Ath (1 

Pw = np.min

Pwl  (1 

K h Kb
f C A

).min v,m al sl
Kl Kl
2 ft ,mtef de

, Mode (a)
, Mode (a)
, Mode (c)

(7.1)

, Mode (a)
, Mode (b)

In Equation (7.1), ft,m and fv,m are the wood mean strength in tension and shear along the grain
(MPa). Ath, Asb and Asl are the areas of the head, bottom and lateral resisting planes with
respect to the wood effective thickness, tef, subjected to tension and shear stresses. Also,
Cab=0.5(nC+1)/(da/Sp+nC-1) and Cal=keCab are the ratios of the average to maximum stresses
on the bottom and lateral shear planes respectively (Zarnani and Quenneville 2013e). nC is
the number of columns; Sp is the column spacing; ke is a factor depending on de, and Xl is the
joint width. For a one-sided joint having only one plate, np=1, the member thickness value, b,
to be used to determine dz = b/2-tef is twice the thickness of the wood.

Grain

Mode (a)

Mode (b)

Mode (c)

Figure 7-5: Different possible failure modes of wood block tear-out
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It should be noted that when one plane fails, then the entire connection load transfers to the
remaining planes in accordance with their relative stiffness ratios. It could be possible that the
occurrence of the first failure of one plane does not correspond with the maximum load of the
connection. This is more susceptible in case of either small edge or bottom distances
accompanying large shear resisting areas which leads to wood failure mode (b) and (c)
respectively (Figure 7-5). Therefore, Equation (7.1) needs to be checked again for the
remaining planes by defining no value for the terms related to the failed planes.
In the case of fasteners which are inserted into predrilled holes, the area corresponding to the
cutting diameter is to be subtracted from the resisting plane surfaces. This affects the strength
of the tensile and shear resisting planes and not their stiffnesses.

7.3 Wood effective thickness
7.3.1 Brittle failure mode
For brittle failure modes, the wood effective thickness, tef,e, is determined from the elastic
deformation of the fastener modelled as a beam on an elasto-plastic foundation (Figure 7-6).
The fastener is supported by springs with bilinear response that simulate the local nonlinear
embedment behaviour of the timber surrounding it (Zarnani and Quenneville 2012e). By
using a steel plate of thickness greater than the fastener diameter, the condition of having a
thick plate can be achieved (Eurocode 5 2004). Therefore, the fastener head can be
considered to be rotationally fixed.

Figure 7-6: Spring model of elastic deformation of fastener as a beam on an elasto-plastic
foundation
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7.3.2 Mixed failure mode
As there is a transition between a purely brittle wood failure and a purely ductile woodfastener failure, there is a possibility that the failure observed is a mix of the two. In the
mixed failure mode, the wood fails following some deflection of the nails but before they
reach complete yielding (Zarnani and Quenneville 2013e). In this failure mode, the effective
wood depth, tef,y, is significantly smaller than the one associated with the brittle failure mode.
In mixed failure modes, tef,y is derived from the governing failure mode of the fastener. By
using a thick steel plate, the fastener head can be considered to be rotationally fixed and
therefore only three yield modes need to be considered (Figure 7-7). tef,y can be derived using
Equation (7.2) based on Johansen’s yield theory (1949) which is the foundation for the
European Yield Model (EYM) prediction formulas in Eurocode 5 (2004). In Equation (7.2),
Lp is the penetration depth of the fastener; d is the fastener diameter bearing on the wood; ƒh,y
is the embedment strength of the wood at yield point (5%-offset) which can be determined as
a function of d and the density of the wood (Zarnani and Quenneville 2012e); and Mr,y is the
yield moment capacity of the fastener given as Mr,y = Fb,yd3/6.

Lp

, Mode Im

M r, y

tef,y =

f h, y d
2



Lp

2

2

M r, y

, Mode IIIm

(7.2)

, Mode IV

f h, y d

Mode Im

Mode IIIm

Mode IV

Figure 7-7: Effective thickness based on the fastener embedment length
in different yielding modes
125

7.4 Design procedure
The design of timber joints using small dowel-type fasteners such as rivets, nails and screws
is governed by either the brittle, mixed or ductile failure mode of the joint. The occurrence
zone of these potential failure modes is illustrated on a typical load-displacement curve of a
timber joint (Figure 7-8).

Figure 7-8: Occurrence zone of potential failure modes of timber joints

In the brittle zone, the fasteners deflection is in the elastic range, therefore, the effective wood
thickness for the joint corresponds to the elastic deformation of the fasteners, tef,e (Figure 7-6).
In this failure zone, the wood capacity of the joint, Pw,tefe, is less than the fastener yielding
resistance, Pr,yld. It should be noted that the Pr,yld is not an ultimate failure but constitute a
boundary. As the yield point is reached, the effective wood thickness reduces if the yield
mode is not Mode I. This reduction in effective wood thickness, tef,y, leads to the generation
of a new joint failure mode (Figure 7-7). If the wood capacity of the new joint, Pw,tefy, cannot
resist the fastener yielding load, a sudden failure with slight deflection on the fasteners which
is called mixed failure mode occurs. If Pw,tefy > Pr,yld, the mixed failure mode can still happen
as the deflection of the joint progresses and if Pw,tefy is lower than the joint ultimate ductile
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strength, Pr,ult. If the wood strength based on tef,y is greater than Pr,ult, the ductile failure
governs and there is no wood rupture. By following the described mechanism for the
potential failure modes, the joint ultimate capacity, Pc,ult, can be predicted as follows (Zarnani
and Quenneville 2013a);

Pc,ult

Pw,tefe
Pr,yld
=
Pw,tefy
Pr,ult

if Pw,tefe < Pr,yld
if Pw,tefy < Pr,yld ≤ Pw,tefe
if Pr,yld ≤ Pw,tefy ≤ Pr,ult

(Brittle mode)
(Mixed mode)
(Mixed mode)

if Pr,ult < Pw,tefy

(Ductile mode)

(7.3)

If a designer wants to rely only on the yield limit state as the joint maximum capacity,
therefore, the above design procedure can be simplified to Pc,ult = min (Pw,tefe, Pr,yld).

7.5 Material and experimental method
7.5.1 Test setup
The specimens were loaded in tension parallel-to-grain using a displacement controlled MTS
loading system. The testing protocol outlined in ISO 6891 (1983) was followed. The
deformation of the connection was measured continuously with a pair of symmetrically
placed LVDTs. Data was recorded with a frequency of 2 Hz. The specimens were fabricated
with nailed connection in one end and bolts on the other end. The bolted connection was
sufficiently strong to allow failure of the tested nailed connections to be observed in all cases.
Additional plates were added between the grip and the nail plate with the total thickness of 25
mm to limit the plate deformation and also provide resistance for the out-of-plane moment of
the nail plate resulting from eccentricities at time of failure. The loading rate was adjusted to
1 mm/min and kept constant until the occurence of failure in both or either side of the nailed
connections. A typical specimen in the testing frame is shown in Figure 7-9.
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Figure 7-9: Typical specimen in testing apparatus

7.5.2 Nailed joints on LVL
The laboratory tests involved specimens with nail configurations designed to observe the
three possible modes of failure and to evaluate the effect of geometry on connection strength.
Specimens were manufactured from 90*200*1200mm and 90*240*1200mm New Zealand
Radiata Pine LVL grade 11. The tests series involved 8 groups with 3 replicates for each
configuration. Two sizes of nail were used; nails with a shank length of 30mm and a diameter
of 3.2mm (Lp=22mm) and nails with a shank length of 33mm and a diameter of 3.8mm,
(Lp=25mm). The geometric parameters of connections (Figure 7-10) tested varied from 8 to
10 for number of rows (nR) and 5 to 10 for number of columns (nC) as shown in Table 7-1. Sp
of 32, 38 and 72mm (Sp ≥10d) and Sq of 8 and 10mm (Sq ≥5d) were adopted conforming with
NZS3603 (Standards New Zealand 1993). The holes in the nail plate along the columns were
staggered by half of the column spacing (Sp) to increase the amount of nails for the failure
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block size while still conforming to the codes minimum spacing perpendicular to grain. Edge
distance, de varied from 55 to 92mm and end distance from 50 to 100mm (da >12d). The
specimens had nailed plates on both faces of timber, resulting in a symmetric connection. The
nail plates were 8 mm thick of 300 grade steel with predrilled 3.3mm and 3.9mm holes to
ensure the head of the nail was rotationally fixed. Nail holes on the wood were not predrilled. In six of the groups, the characteristics were specified in order to promote wood
failure and maximize the amount of observations on the brittle and mixed failure mechanism.

Figure 7-10: Definition of connection geometry variables

All specimens were conditioned to 20°C and 65% relative humidity to attain a target 12%
equilibrium moisture condition (EMC). The wood had an average density of 607 kg/m 3 with
a coefficient of variation of 2% at the time of the tests and an average moisture content of
13.2%. The wood mean tensile and shear strengths (ft,m, fv,m) used in the analysis were
determined from the characteristic values provided by the manufacturer. A coefficient of
variation of COV=15% and COV=10% for the wood tensile and shear strengths respectively
was used to back calculate the average values. The estimated ft,m and fv,m were 39.8 MPa and
7.2 MPa correspondingly.
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7.5.3 Nailed joints on glulam
The REC, GRP, NOR, SPR and TEN test series presented in Table 7-1 were conducted by
Johnsson (2003). A similar test setup was used as shown in Figure 7-8. The specimens cross
sections were 90*225 to 360 mm from glulam of strength class GL28c (produced from
Norway Spruce). In the RECX series, the thickness of the specimen varied between 66, 78,
90, and 140 mm with 5 replicates in each group. The GRP series had nails placed in two
groups with a gap in between equal to 75, 150 and 300 mm for GRPS, GRPL and GRPX
respectively. All the joints consisted of one steel plate on one side. The nail used had a
diameter of 4.0 mm and penetration depth of Lp=40 mm. Nails were inserted in pre-drilled
holes for all the test series.
Table 7-1: Configuration of the nailed joints on LVL and glulam
Spacing of
Nail diameter
rows
Member Member End
and penetration
Test
and
columns
thickness width distance
(mm)
groups*
(mm)
b (mm) W (mm) da (mm)
nR
nC
Sp
Sq
d
Lp
BNG1-L
10
10
32
8
3.2
22
90
200
50
MNG2-L
10
9
32
8
3.2
22
90
200
50
MNG3-L
8
10
32
8
3.2
22
90
200
50
MNG4-L
8
10
32
8
3.2
22
90
240
50
MNG5-L
8
10
32
8
3.2
22
90
200
100
DNG6-L
8
6
32
8
3.2
22
90
200
50
MNG7-L
10
8
38
10
3.8
25
90
200
50
DNG8-L
10
5
72
10
3.8
25
90
200
50
RECS-G
9
7
28
7
4.0
40
90
225
66
RECL-G
19
8
28
7
4.0
40
90
265
80
RECX0-G 19
15
28
7
4.0
40
66
265
60
RECX1-G 19
15
28
7
4.0
40
78
265
60
RECX2-G 19
15
28
7
4.0
40
90
265
60
RECX4-G 19
15
28
7
4.0
40
140
265
60
GRPS-G
19
10
28
7
4.0
40
90
265
56
GRPL-G
19
13
28
7
4.0
40
90
265
56
GRPX-G
19
18
28
7
4.0
40
90
265
56
NORS-G
7
5
40
10
4.0
40
90
225
60
NORL-G
13
6
40
10
4.0
40
90
265
60
NORX-G
15
11
40
10
4.0
40
90
280
60
SPR-G
19
8
40
7
4.0
40
90
265
56
TENS-G
13
2
28
7
4.0
40
90
225
60
TENL-G
33
2
28
7
4.0
40
90
360
60
*
L and G stand for LVL and glulam respectively. In LVL groups, the joints are double-sided
(np=2) and in glulam one-sided.
No. of rows
and columns
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The wood had an average density of 454 kg/m3 and an average moisture content of 11.2%
(Johnsson 2004). The wood mean tensile strength reported in Johnsson (2004) and the mean
shear strength found by Crocetti et al (2010) for the same timber class of GL28c were used as
inputs to the proposed model. The ft,m and fv,m were 28.4 MPa and 4.9 MPa respectively. For
the stiffness properties, based on data available in the literature, an average ratio of modulus
of rigidity to modulus of elasticity (G/E) is considered equal to 0.045 and 0.069 for LVL and
glulam respectively in order to make the planes’ stiffness equations independent of G and E
values.

7.6 Results and discussion
7.6.1 Test observations
The load slip curve for each specimen tested in Auckland was plotted (Figure 7-11) and the
ultimate load and the types of failure were recorded. The peak loads ranged from 180 kN to
324 kN. The effect of the failure modes on the load-displacement plots is shown in Figure 411. When brittle or mixed failure occurred, the connection did not develop the full ductile
capacity of the fasteners and the ultimate capacity of the connection was dictated by plug
shear failure initiation. Specimens that failed brittlely experienced displacements of
approximately 1.5mm. Specimens for which a mixed failure was observed suffered slightly
more slip, experiencing minor plastic deformation of the fasteners before plug shear failure
occurred at a slip of 1.5-2.5mm. Brittle and mixed failure occurred in tests groups with a
large number of tightly spaced nails (Figure 7-12). When a brittle plug shear failure occurred,
a block of wood contained within the nail group was pulled away from either one side or both
sides of the specimens. In the case of ductile failures, the connections were able to reach the
full capacity of the nails. Before the ultimate capacity was reached, the connections
experienced large deformations, far beyond yield (defined by the 5%-offset method) and
design serviceability allowances.
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Figure 7-11: Load-slip plots for joint tensile tests in brittle, mixed and ductile failure modes

The specimens were named based on the observed modes of failure. BNG, MNG and DNG
stand for nail group configurations with brittle, mixed and ductile modes of failure
respectively.

Figure 7-12: Specimen and failed block exhibiting the brittle/mixed modes of wood failure

7.6.2 Wood effective thickness
The thickness of the wood block pulled out of the brittle and mixed failure mode specimens
was measured. The thickness was compared to the predicted effective thickness, tef (Table 72). For the brittle failure mode, the elastic deformation of the nail was assumed to determine
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the tef,e and in the case of mixed failure, the tef,y was predicted based on the bearing length
corresponding to the governing yielding mode of the nail.
Table 7-2: Experimental results on wood effective thickness compared to predictions
tef,e (mm)
tef,y (mm)
for brittle failure mode
for mixed failure mode
Average
Average
predicted
predicted
observed
observed
3.2
22
0.87Lp = 19.1
17.5
16.4
14.6
3.4
25
0.84Lp = 21.0
18.7
19.9
*
4.0
40
0.75Lp = 30.0
27.5
15.1
*
Average of 25-30 mm, based on the tests conducted by Johnsson (2003).
Nail
diameter, d
(mm)

Penetration
length, Lp
(mm)

The average measured block depth was within 2mm of the predicted effective thickness for
both the brittle and mixed failure modes. For the mixed failure modes, there was a visible
deformation of the nails, in the form of a plastic hinge formed at the plate (Figure 7-13). This
plastic hinge is consistent with the predicted ductile yield failure mode IIIm using Johansen’s
yield theory as can be observed in Figure 7-14. As shown in Table 7-2, a good agreement can
be found between the predictions and observations for the effective wood thickness.

Figure 7-13: Wood mixed failure showing
deformed nails

Figure 7-14: Ductile yielding of the nails
under failure mode IIIm

7.6.3 Validation of proposed stiffness-based model
Results for the current LVL groups tested and tests on glulam reported in Johnsson (2003) are
listed in Table 7-3 along with the predominant modes of failure observed. The connection
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ultimate capacities were calculated using the proposed stiffness-based model and the
algorithm presented to determine the connection failure mode. As shown in Table 7-3, for the
BNG test group, the estimated wood strength corresponding to the nail elastic deformation,
Pw,tefe, was lower than the nail yielding resistance, Pr,yld. For this configuration, the
connection ultimate capacity is predicted as Pc,ult=Pw,tefe with a brittle failure mode which is
consistent with the observation. However, in the MNG test groups, the predicted wood
strength for tef,e is higher than the nails yielding strength. The strength of the connection is
thus checked for the possible mixed or ductile modes of failure. In these test series a mixed
mode failure occurred which can be explained by the wood strength corresponding to tef,y
being weaker than the nails ultimate strength (Pw,tefy < Pr,ult). In the MNG2 test group, since
Pw,tefy is greater than Pr,yld, thus the connection ultimate capacity is determined as Pc,ult=Pw,tefy.
However, for the MNG3 and MNG4 test series where Pw,tefy < Pr,yld, Pc,ult is predicted as Pr,yld.
In the case of the DNG test groups, the wood strength based on tef,y is greater than the
connection ultimate ductile strength, Pr,ult, therefore, the ductile failure governs (Pc,ult=Pr,ult)
and there was no wood rupture.
For the REC, GRP, NOR, SPR and TEN test series (Johnsson 2003), since the nails were
inserted into predrilled holes, the area corresponding to the cutting diameter (0.8d) was
subtracted from the resisting plane surfaces. This affected the strength of the tensile and shear
resisting planes and not their stiffnesses. For the GRP series in which the nails were placed in
two groups with a gap in between, it was assumed that the gap is filled with the nails by the
same pattern (this assumption was only applied for defining the wood capacity). As shown in
Table 7-3, the predicted wood strength corresponding to the nail elastic deformation, Pw,tefe,
was lower than the nails yielding resistance, Pr,yld (except for the NOR group). Therefore,
Pc,ult=Pw,tefe and the observed thickness of the brittle failed blocks is comparable to the
bearing length based on the nail elastic deformation (Table 7-2). The yield and ultimate
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capacities of the nails with 3.2 and 3.8 mm in diameter were derived based on the conducted
tests and based on the values reported in Johnsson (2003) for the tests with nails of 4.0mm
diameter. The yielding strength used in the analysis were 1.4, 1.7 and 2.3 kN for the 3.2, 3.8
and 4.0 mm nails diameter respectively and for the ultimate resistance, 1.9, 2.8 and 3.2 kN
correspondingly. For all the experimental groups with the brittle/mixed fashion, the failure
modes of the wood block tear-out was predicted to be mode (a) (Figure 7-5) which was in
line with the test observations.
Table 7-3: Nailed connection ultimate strength prediction using the proposed analysis
compared to experimental results on LVL and glulam

Test
groups*

BNG1-L
MNG2-L
MNG3-L
MNG4-L
MNG5-L
DNG6-L
MNG7-L
DNG8-L
RECS-G
RECL-G
RECX0-G
RECX1-G
RECX2-G
RECX4-G
GRPS-G
GRPL-G
GRPX-G
NORS-G
NORL-G
NORX-G
SPR-G
TENS-G
TENL-G

Connection
Wood strength
Wood strength
Nail
Nail
Ultimate strength
corresponding
corresponding
yielding
ultimate
Pc,ult (kN)
to nail elastic
to nail
strength
strength
Ratio of
deformation
yielding mode
Observed
Pr,yld (kN)
Pr,ult (kN)*
Predicted
pred. to
Pw,tefe (kN)
Pw,tefy (kN)*
(COV%)
obser.

248
262
230
230
214
222
305
292
73
138
199
198
196
196
168
184
218
88
164
229
187
46
123

271
244
216
216
216
130
272
170
136
329
634
634
634
634
329
329
329
81
166
361
329
48
152

N/A
250
205
205
N/A
192
293
283
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
77
N/A
N/A
N/A
N/A
N/A

N/A
338
N/A
N/A
N/A
180
440
275
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

*

248
250
216
216
214
180
293
275
73
138
199
198
196
196
168
184
218
81
164
229
187
46
123

298 (9%)
263 (3%)
231 (4%)
228 (1%)
263 (7%)
180 (7%)
324 (5%)
275 (4%)
88 (9%)
162 (5%)
250 (9%)
200 (12%)
256 (15%)
255 (9%)
181 (7%)
217 (5%)
229 (8%)
97 (5%)
178 (6%)
293 (5%)
253 (3%)
59 (4%)
136 (11%)

0.83
0.95
0.94
0.95
0.81
1.00
0.90
1.00
0.83
0.85
0.80
0.99
0.77
0.77
0.93
0.85
0.95
0.84
0.92
0.78
0.74
0.78
0.90

Failure
mode†
Pred. Obser.

BRT
MIX
MIX
MIX
BRT
DUC
MIX
DUC
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
MIX
BRT
BRT
BRT
BRT
BRT

BRT
MIX
MIX
MIX
MIX
DUC
MIX
DUC
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT
BRT

Not applicable (N/A) for all the test groups based on the presented design algorithm. For instance, in MNG3-L
test group, Pw,tefy is calculated due to Pr,yld < Pw,tefe, however, there is no need to estimate Pr,ult since Pw,tefy < Pr,yld.
†
BRT, MIX and DUC stand for brittle, mixed and ductile failure modes, correspondingly.
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As shown in Table 7-2 and 7-3, there is very good conformity between the predictions and
observations for the thickness of the failed block, the governing failure mode, and the
strength of the connection. Figure 7-15 shows the strength predictions of the experimental
groups compared to the tests results. One can note that the proposed analysis results in
precise predictions with a coefficient of determination (r2) of 0.92, a mean absolute error
(MAE) of 16.6% and a standard deviation (STDEV) of 9.4%. It is assumed that this method
of calculation could also be applicable to screwed connections.

Figure 7-15: Comparison between predictions and test data in brittle/mixed failure modes

7.7 Conclusions
The closed form predictive model for determining the wood capacity of rivet connections in
glulam and LVL, developed by Zarnani and Quenneville (2013e), can be applied to nailed
connections. The method takes into account the strength of the failure planes and the stiffness
of the adjacent wood which distributes the member load to these planes. Also, a design
algorithm is presented which allows the designer to calculate the resistances associated with
the predictions of the different possible brittle, ductile and mixed failure modes. Results of
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nailed joint tests on LVL and the test data available from Johnsson (2003) on glulam confirm
the validity of this new method and show that it can be used as a design provision for the
wood load-carrying capacity prediction in timber connections. The proposed method can be
extended to other small dowel type fastener such as screws to predict accurately the
connection ultimate capacity and its failure mode.
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Chapter 8
Summary and Conclusion
The wood engineering society has dedicated a significant amount of effort over the last
decades to establish a reliable predictive model to determine the capacity of timber
connections under different failure modes, particularly, for wood failure mechanisms. For
multi-fastener connections either loaded parallel, perpendicular or at angle to the grain,
failure of the wood can be the dominant mode. The principal objective of this thesis was to
develop an improved design approach to identify the wood and fastener load-carrying
capacities in different loading directions under potential brittle, mixed and ductile failure
modes of timber rivet connections for various timber products. Through an integrated
experimental and analytical research program, the principal objective of this thesis was
achieved successfully and finally a design guide for timber rivet connections is developed for
practising engineers.

The ductile failure of timber rivets was investigated. The previous predictive models of rivet
capacity results in no increase of strength for longer rivets though the actual tests showed
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higher rivet resistance. In the new analysis proposed, the withdrawal and frictional
contribution to the lateral load-bearing capacity which is directly proportional to the rivet
penetration length was added to Johansen’s yield model. In addition, methods were provided
to predict the embedment and withdrawal strengths of the timber rivets to be used in the
model.

A detailed literature survey has indicated that in the existing prediction models for parallel to
grain wood failure in timber connections using dowel-type fasteners, different methods
consider the minimum, maximum or the summation of the tensile and shear capacities of the
failed wood block planes. This results in disagreements between the experimental values and
the predictions since the stiffness of the tensile and shear planes differs and this difference
leads to uneven load distribution amongst the resisting planes. A closed form analytical
method to determine the wood block tear-out resistance under longitudinal loading in rivet
connections in timber products was proposed. For the wood strength, the stiffness and
strength of the planes subjected to non-uniform shear and tension stresses were taken into
account.

In the case of perpendicular to grain loading, it was found that the available models for the
prediction of the splitting failure of dowel-type connections are determined generally based
on a crack growth of the entire member cross-section. These models can be appropriate for
stocky or rigid fasteners installed through the full thickness of the wood member. However,
for slender dowel-type fasteners such as timber rivets, particularly when the penetration depth
of the fastener does not cover the whole member thickness, the partial width splitting can
happen rather than splitting of the entire width. A design method was presented which takes
into account the observed two possible failure modes of wood; either partial or full width
splitting.
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The proposed analytical models for prediction of the wood strength under longitudinal and
transverse loadings were found to be the most comprehensive models according to the test
observations on the effect of different connection configuration parameters such as number of
fastener rows and columns, spacing along and across the grain, fastener penetration depth,
loaded and unloaded edge distances, end distance, and member thickness are considered. The
models presented were verified using an extensive testing regime conducted on riveted joints
under parallel and perpendicular to grain loadings on New Zealand Radiata Pine laminated
veneer lumber (LVL) and glulam and the test data from the literature. The results showed that
the proposed models can be used advantageously in comparison to other existing models.

In addition, a design procedure was developed to identify the wood and fastener capacities
under possible brittle, mixed and ductile failure modes of timber connections. For the wood
capacity, the effective wood thickness, tef, was taken into account at each potential failure
zone. The tef for the brittle failure mode was related to the elastic deformation of the fastener.
In the mixed failure mode, the effective wood thickness was derived from the bearing length
of the fastener depending on its governing failure mode. The fastener failing resistance under
yielding and ultimate limit states were determined using the relevant wood embedment
strength and the fastener moment capacity.

Based on the improved design approach presented, an efficient connection design can be
made by decreasing the difference between the capacity of the wood and the fastener. The
design approach developed gives the practitioners the ability to predict accurately the
connection ultimate capacity and its failure mode to avoid wood brittle/mixed failure and
promote the fastener ductile failure. As demonstrated for the nailed joints under parallel to
grain loading, this improved design approach can be extended to other dowel-type fasteners
such as screws and bolts.
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Chapter 9
Further Research
Although the objectives of the current study were delivered, there remain areas for research
to advance the understanding of the failure phenomenon in timber connections. To facilitate
future research direction, a set of recommendations for further research is provided.

There is more complexity arising from the anisotropic and brittle nature of the wood which
leads to needs for further numerical study under the intricate stress distribution. It would be
desirable to develop a numerical model to simulate the crack development and propagation in
the wood and study the joint behaviour during the loading.

Since cracks and crack-like features either already exist in the wood or are formed during the
fastener installation, applying the fracture mechanics principles provide an increased
knowledge on the behaviour of wood fracture process and the initiation of the connection
failure.
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To understand the influence of the load duration in the connection capacity, long-term testing
would be of interest. By analysing the time-dependent stress-strain behaviours of the wood
such as viscoelasticity, creep and relaxation, more insight regarding the connection strength
and stiffness in the long-term loading can be achieved.

In the conducted tests, the load was applied monotonically. Therefore, the consequences of
cyclic loads such as fatigue on the connection resistance are not included. For the connection
to be used in situations prone to seismic loads, additional cyclic testing and analysis should
be carried out to clarify this aspect and ensure that there is appropriate response especially for
the wood.

More attention is required to detect the onset of the effective wood thickness for the mixed
failure mode as a result of rivet yielding. The definition of yield value, Pr,yld, as the load at
5% diameter offset seems unfortunate for rivets since it does not correlate with the peak load,
Pr,ult, (Begel et al. 2004) and provides very low values of Pr,yld equal to about 0.55Pr,ult,
whereas the estimations using Johansen’s yield model show that the Pr,yld is approximately
equal to 0.85Pr,ult. One possible explanation can be related to the rivet material which is made
of hardened steel. The fact is that the difference between the yield and ultimate tensile
strengths in the hardened steel is lower compared to standard steel due to the effect of strain
hardening in the latter one. The use of advanced methods such as the X-ray photogrammetric
measuring would enable to track the generation of the effective wood thickness at the time of
rivet yielding.
In the case that the plane of the rivet plate is resisting an applied moment, the undesirable
tension stresses are developed perpendicular to grain. Since the timber is vulnerable in this
direction due to its low strength properties, the use of rivets is not recommended in such inplane moment connections. However, facing of in-plane moment is irresistible in group rivet
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connections loaded transversely where there is eccentricity between the reaction load applied
to the joint and the support where the reaction is resisted Therefore, further investigation of
the connection wood capacity under an applied moment would be of interest.

Investigating the connection wood failure in other engineered timber products such as crosslaminated timber (CLT) and cross-banded LVL (LVL-C) would be of benefit. In the CLT and
LVL-C, the perpendicular layers are the potential wood failure planes due to much weaker
strength and stiffness properties in comparison to the longitudinal ones.

To augment the experimental base, testing of very large connections in which the wood
failure would be so susceptible would be interesting. Moreover, testing of long connections
and multiple joints with large gap in between is recommended. In these cases, the uneven
load distribution amongst the fasteners is more critical which might result in local stress
concentrations and triggering the brittle rupture of the wood.
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Appendix A
Load-Slip Plots
In Appendix A, all the individual load-slip curves of the experiments are presented. This
appendix includes the tests conducted on the wood embedment and rivet withdrawal
resistances, material tensile strength, and the joints loaded parallel and perpendicular to grain.
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A.1 Experimental results of embedment tests
RP-LVL parallel to grain

RP-glulam parallel to grain

RP-LVL perpendicular to grain

RP-glulam perpendicular to grain

A.2 Experimental results of withdrawal tests
RP-LVL

RP-glulam
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A.3 Experimental results of material tensile tests
RP-LVL

RP-glulam

Specimens 1-8

Specimens 1-8

Specimens 9-15

Specimens 9-15

A.4 Riveted joints loaded longitudinally
A.4.1 Test series in RP-LVL
BRG1-L

BRG2-L
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BRG3-L

BRG4-L

BRG5-L

BRG6-L

BRG7-L

BRG8-L
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BRG9-L

BRG10-L

BRG11-L

BRG12-L

BRG13-L

BRG14-L
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BRG15-L

BRG16-L

BRG17-L

BRG18-L

BRG19-L

MIG20-L
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MIG21-L

MIG22-L

MIG23-L

DUG24-L

DUG25-L

DUG26-L

159

A.4.2 Test series in RP-glulam
BRG1-G

BRG2-G

BRG3-G

BRG4-G

MIG5-G

DUG6-G
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A.5 Riveted joints loaded transversely
A.5.1 Test series in RP-LVL
BRG1-L

BRG2-L

BRG3-L

BRG4-L

BRG5-L

BRG6-L
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BRG7-L

BRG8-L

BRG9-L

BRG10-L

BRG11-L

DUG12-L
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DUG13-L

DUG14-L

A.5.2 Test series in RP-glulam
BRG1-G

BRG2-G

BRG3-G

BRG4-G
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BRG5-G

BRG6-G

BRG7-G

BRG8-G

BRG9-G

BRG10-G
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A.6 Nailed joints loaded longitudinally
BNG1-L

MNG2-L

MNG3-L

MNG4-L

MNG5-L

DNG6-L
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MNG7-L

DNG8-L
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Appendix B
Timber Rivet Connections
Design Guide
In Appendix B, a design guide for timber rivet connections for practising engineers is
presented. The guide is developed based on the research outcomes of this thesis. To illustrate
the design process, a series of practical design examples are included for the different
applications of timber rivet connections.
In the engineering classroom, this guide can serve as a short textbook illustrating the
application of design principles for timber rivets using specific wood products such as
laminated veneer lumber (LVL), glulam and solid timber.
This design guide is under publication by the Structural Timber Innovation Company (STIC),
a trans-Tasman research consortium.
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PREFACE
With the commissioning of this document, the
Structural Timber Innovation Company (STIC)
wished to provide a design tool for timber rivet
connections under longitudinal and transverse
loadings using accepted state-of-the-art guideline
and that these guideline be accessible to as wide an
audience as possible, including practising
engineers, fabricators, students and developers.
Therefore, the authors are glad to provide this
design guide where the design of different
applications of timber rivets is explained and
examples are included as well. Design reference
tables for a limited range of samples are provided
in the back of the guide as well as flow charts with
summarised design steps at the beginning.
The authors hope that the information and tools
provided are useful, but we also assume that the
users of this guide are sufficiently knowledgeable
to be able to decide if the examples shown can be
followed directly or if they need to be modified in
order to fit their specific requirements. In other
words, one must possess a basic understanding of
structural engineering to use this guide.

Pouyan Zarnani
Pierre Quenneville

In the engineering classroom, this guide can serve
as a short textbook illustrating the application of
design principles for timber rivets using specific
wood products such as laminated veneer lumber
(LVL), glulam and solid timber. The current guide
does not provide explanation for riveted
connections on cross laminated timber (CLT) due
to the potential failure planes of the perpendicular
layers.
The authors wish to acknowledge Hank Bier and
Robert Finch who have contributed to the review
and commenting of this guide. Likewise, the
authors wish to express their gratitude to the work
of the inventor of the timber rivet, Dr. Borg
Madsen on whose work today rivets are being used
as an effective and versatile timber connectors.
To all readers of this guide, our desire is that you
will find the design examples helpful. We remain
open and encourage suggestions in order to further
advance the dissemination of knowledge of timber
connections. Please let us know how the document
could be improved by sending your comments to
pzar004@aucklanduni.ac.nz
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B.1 Introduction
B.1.1

Summary

The aim of this publication is to provide an aid for
engineers for designing timber rivet connections in
structural wood products made of Australasian
Radiata Pine, including sawn timber, glulam and
laminated veneer lumber (LVL). The design guide
includes the design checks for both wood and
fastener load-carrying capacities under different
loading directions; parallel and perpendicular to
grain. By using the design guide, an efficient
connection design can be made by decreasing the
difference between the capacity of the wood and
the rivets. Furthermore, the procedure allows the
practitioners to predict the potential brittle (wood
block tear-out/splitting), ductile (rivet yielding) and
mixed failure modes of the connection.

L=40 mm
L=65 mm
L=90 mm

Figure B.1-1: Timber rivets
Using either a standard hammer or a palm
pneumatic hammer, the rivets are driven through
holes in the side plates until the conical heads are
firmly seated with a maximum projection of 3.2
mm (half of the tip taper of 6.4 mm). When seated
in this manner, the rivet head slightly deforms the
steel side plate and wedges in place, creating a
fixity that restricts the rivet head from rotating
under load. This contributes to the overall stiffness
of the connection. They shall not be driven flush,
which results in losing head fixity. Timber rivets
are always driven with the long axis parallel to the
grain of the timber. They are installed in a spiral
pattern from the outside of the group in towards the
centre. By this way, the pre-stressed fibres will
prevent splitting from occurring (Madsen, 2000).
Please refer to Section B.3 for detailing of the
rivets and rivet plates.

Section B.1 provides an introduction to timber
rivets, along with the advantages and applications
of timber rivet connections and introduces two
building case studies. It also includes characteristic
stress tables for LVL, glulam and lumber.
Flowcharts illustrating the key design steps in the
design process are provided in Section B.2. Section
B.3 covers the basic details for timber rivet
connections. Section B.4 provides the design rules
for rivet connections including rivet capacity, wood
block tear-out and splitting capacity. To illustrate
the design process, a series of examples are
presented in Section B.5. Finally, reference
capacity design tables for joint samples under
parallel and perpendicular to grain loadings are
provided to speed up the computation process.

B.1.2

B.1.2.1

Advantages for Designers

Timber rivet connections offer a number of benefits
to the designers such as:



Timber Rivets



As demonstrated over the decades, small-diameter
fasteners have shown a significant advantage over
large-diameter fasteners such as bolts which cause
large localized stresses and force brittle ruptures in
the timber. Of this family of fasteners, the timber
rivet is a well-established example in timber
connection technology (Williams, 2006). The
development of a structural wood connection
providing satisfactory load transfer, joint stiffness,
easy manufacture, and good appearance led to the
invention of the timber rivets (McGowan and
Madsen, 1965). Timber rivets are hardened steel
nails with a rectangular cross section used in
making connections with high load transfer
capacity and high stiffness (Buchanan, 2007).
Rivets are available in 3 standard lengths; 40, 65,
and 90 mm (Figure B.1-1). They are always used
with a steel plate and the load transfer depends as
much on the steel plate capacity as on the rivet
connection capacity.






High load transfer capacity (see Table B.1-1)
Tight-fit dowel action providing stiff
connections
High ductility and the ability to dissipate
dynamic loads if detailed to fail in a ductile
fashion
Low variability in strengthened deflection
properties
No pre-drilling required and no reduction of
timber cross section
Easy to install and inspect in the field
A cost-effective alternative to other dowel type
fasteners

Table B.1-1: Rivet ultimate design capacity
under ductile failure in a typical double-sided
joint with an array of 8*8 in Radiata Pine LVL
Rivet Length

40 mm 65 mm 90 mm

Parallel-to-grain
loading

350 kN 495 kN 525 kN

Perpendicular-to-grain
345 kN 415 kN 440 kN
loading
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B.1.2.2

Applications

B.1.2.3

Timber rivet connections have been used
successfully in Canada and the U.S. in different
types of structures (Figure B.1-2) over the last 4
decades such as in:







Case Studies

B.1.2.3.1 Carterton Event Centre
Timber rivets have been used for the first time in
New Zealand in 2011, in the timber truss
connections of the Carterton Event Centre (Figure
B.1-3). The Trusses were constructed using LVL
members supplied by Juken New Zealand Ltd. The
auditorium trusses in the building were up to 24.6m
long and 4.8m high, so they were delivered to site
in two pieces. The riveted connection uses easily
man handle-able components that allowed the
required mid-span splice connection to be
completed without specialist lift equipment.

Long span truss connections
Long span beam splices
Beam-to-column and column-to-foundation
connections
Couple moment connections
Energy dissipating connections
Shear wall hold-down anchorages

Figure B.1-2: Sample applications of timber
rivet connections (Specialized Timber Fasteners
Ltd., Canada)
In large structures, where the ductile behaviour and
energy dissipation of the connections can be
desirable due to the applied wind and seismic
loads, the use of rivet connections would assure
more structural safety under these dynamic loads
(Popovski et al., 2002). Their high load-transfer
and high stiffness characteristics, ease of
installation, and flexibility in the field make them a
highly effective and reliable connector choice.

Figure B.1-3: Riveted connections of Caterton
Event Centre (McIntosh Timber Laminates
Ltd.)
Use of the rivets allowed the fabricator, McIntosh
Timber Laminates of East Tamaki, to save over
$30 k on this project when compared to the detailed
bolted connection option. It also allowed for
adjustments on site not possible with bolted
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fastenings. The timber rivets were found very userfriendly both in the work shop and onsite with
significantly less visual impact and material cost
compared to the conventional fasteners (STIC,
2012)

B.1.3

Wood Material Properties

The required strength and stiffness properties to be
used as input data in the design approach are
provided through the following tables. The values
are tabulated for available products and grades of
structural woods including LVL, glulam and sawn
timber (Figure B.1-5).

B.1.2.3.2 Trimble Bldg in Christchurch
In another project by TimberLab Solutions Ltd.
(formerly McIntosh Timber Laminates Ltd.), using
rivets in the connections of the structure and energy
dissipating system of the building (Figure B.1-4)
demonstrates the advantages of this timber fastener.
The Trimble building in south-west Christchurch
was damaged by the September and February
earthquakes. The new building was a design-build
project, which was undertaken by Mainzeal and
Opus, commencing in February 2012.

(a)

The building holds over 6,000 m2 of office space
over two levels and utilises LVL Pres-Lam frames
in one direction and Pres-Lam walls in the other to
resist seismic loads. The LVL of this building was
supplied by Carter Hold Harvey Ltd.
The principal structural engineer from Opus, and
the structural design team leader for the Trimble
project found that the compact timber rivets
provide high strength and stiff connections to take
significant seismic loads (Brown et al., 2012).

(b)

(c)
Figure B.1-5: Structural wood products: (a)
LVL, (b) glulam, (c) sawn timber

Figure B.1-4: Riveted connections of Trimble
building in Christchurch
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Table B.1-2: Characteristic stresses for dry LVL according to manufacturers instructions
Tension
Fracture
Modulus of
Shear
parameter
Parallel
Perp.
Elasticity
Rigidity
Grade
ft
ftp*
fs
Cfp*
E
G
(MPa)
(MPa)
(MPa)
(N/mm1.5)
(MPa)
(MPa)
Grade 11 LVL
30.0
1.45
6.0
16
11 000
550
Carter Holt Harvey Woodproducts
hySPAN
33.0
Hy90
19.0
hyONE
33.0
hyCHORD
30.0
Nelson Pine Industries
LVL 11
26.0
Wesbeam Pty.
e-beam
34.0
e-beam+
34.0

Mean
Density
ρ
(kg/m3)
620

1.45
1.45
1.45
1.45

5.3
5.3
5.3
5.3

16
16
16
16

13 200
9 500
16 000
11 000

660
475
660
550

620
640
620
600

1.45

5.0

16

11 000

550

570

1.45
1.45

5.3
5.3

16
16

13 200
14 000

660
700

650
660

* Based on testing on Radiata Pine LVL (tangential direction) at the University of Auckland (Barakat, 2011;
Song, 2010); for other species a reduction of 30% needs to be considered.
Table B.1-3: Characteristic stresses for dry GL grades of glulam according to AS/NZS 1328: 1998
Fracture
Tension
Modulus of
Shear
parameter
Parallel
Perp.
Elasticity
Rigidity
Grade
*
*
ft
ftp
fs
Cfp
E
G
(MPa)
(MPa)
(MPa)
(N/mm1.5)
(MPa)
(MPa)
GL8
10.0
1.19
3.7
11.1
8 000
530
GL10
11.0
1.19
3.7
11.1
10 000
670
GL12
12.5
1.19
3.7
11.1
11 500
770
* Based on testing on Radiata Pine lumber (45 degree to radial direction) at the University of Auckland (Li, 2010;
Song, 2010); for other species a reduction of 30% needs to be considered.
Note: an average density of 470 kg/m3 can be considered for Radiata Pine glulam.
Table B.1-4: Characteristic stresses for dry visually and mechanically graded timber according to NZS
3603: 1993
Fracture
Tension
Modulus of
Shear
parameter
Parallel
Perp.
Elasticity
Rigidity
Grade
ft
ftp*
fs
Cfp*
E
G
(MPa)
(MPa)
(MPa)
(N/mm1.5)
(MPa)
(MPa)
Visually graded timber
No. 1 Framing
4.0
1.19
3.8
11.1
6 000
400
VSG8
6.0
1.19
3.8
11.1
8 000
533
VSG10
8.0
1.19
3.8
11.1
10 000
667
Mechanically graded timber
MSG6
4.0
1.19
3.8
11.1
6 000
400
MSG8
6.0
1.19
3.8
11.1
8 000
533
MSG10
8.0
1.19
3.8
11.1
10 000
667
MSG12
14.0
1.19
3.8
11.1
12 000
800
MSG15
23.0
1.19
3.8
11.1
15 000
1 013
* Based on testing on Radiata Pine lumber (45 degree to radial direction) at the University of Auckland (Li, 2010;
Song, 2010); for other species a reduction of 30% needs to be considered.
Note: an average density of 430 and 450 kg/m3 can be considered for visually and mechanically graded Radiata
Pine timber, respectively.

178

Timber Rivet Connections Design Guide

B.2 Timber rivet connection design process flowchart
The design process for timber rivet connections under different loading directions is illustrated through the
following flowcharts. Mainly, two strength limit states are of interest; rivet resistance and wood resistance. Steel
plate capacity is not covered in these flowcharts and shall be checked using the appropriate steel design code.

B.2.1

Load applied parallel-to-grain
Start

Determine the design lateral load, N* at angle  = 0 to grain

Set:
Plate thickness
tp
Spacing along the grain
Rivet length
Lr
Spacing across the grain
Number of rows of rivets
nR
Loaded end distance
Number of rivets per row
nC
Unloaded edge distance
By satisfying minimum requirements (Section B.3)

Nl*

Grain
a1
a2
a3t
a4c

Figure B.2-1: Longitudinal loading

Calculate the design rivet yielding resistance parallel-to-grain, rQry,l
(Section B.4.1.3)
Calculate the design wood block tear-out resistance parallel-to-grain, ϕwQwe,l,
based on the wood effective thickness, tefe,l, corresponding to the rivet elastic
deformation (Section B.4.1.4)

Is the governing
failure mode of the wood block
tear-out either mode
(b) or (c)

Y

N
Y

Is the contribution
of the lateral shear planes ≥ 30%
of wood capacity

Recalculate the wood resistance for the remaining planes
to control whether residual planes can resist higher load
by allocating no value to the failed plane(s)
Adjust as needed:
Spacing along the grain
Plate thickness
tp
Spacing across the grain
Rivet length
Lr
Loaded end distance
Number of rows of rivets
nR
Unloaded edge distance
Number of rivets per row
nC
By satisfying minimum requirements (Section B.3)

N
ϕwQwe,l < ϕrQry,l

Y

Joint design lateral resistance
Qs,l = ϕwQwe,l (Brittle failure mode)

N
Calculate the design wood block tear-out resistance parallel-to-grain, ϕwQwy,l, based on
wood effective thickness, tefy,l, corresponding to the rivet yielding mode (Section B.4.1.4)
Recalculation is required in case of either failure mode (b) or (c)
Finally, contribution of lateral shear planes shall be less than 30% of wood capacity
ϕwQwy,l < ϕrQry,l

Y

Joint design lateral resistance
Qs,l = ϕrQry,l (Mixed failure mode)

Y

N
Calculate the design rivet ultimate resistance parallel-to-grain, rQru,l
(Section B.4.1.3)
ϕwQwy,l ≤ ϕrQru,l

N* ≤ Qs,l

Y

Joint design lateral resistance
Qs,l = ϕwQwy,l (Mixed failure mode)

N
Joint design lateral resistance
Qs,l = ϕrQru,l (Ductile failure mode)
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B.2.2

Load applied perpendicular-to-grain
Start

Determine the design lateral load, N* at angle  = 90 to grain
Set:
Plate thickness
tp
Spacing across the grain
Rivet length
Lr
Unloaded end distance
Number of rows of rivets
nR
Loaded edge distance
Number of rivets per row
nC
Unloaded edge distance
Spacing along the grain
a1
By satisfying minimum requirements (Section B.3)
Calculate the design rivet yield resistance perpendicularto-grain, rQry,p (Section B.4.1.3)
Calculate the design wood splitting resistance
perpendicular-to-grain, wQwe,p, based on the wood
effective thickness, tefe,p, corresponding to the rivet elastic
deformation (Section B.4.1.5)

wQwe,p < rQry,p

Y

a2
a3c
a4t
a4c

Set:
Plate thickness
tp
Spacing across the grain
Rivet length
Lr
Unloaded end distance
Number of rows of rivets
nR
Loaded edge distance
Number of rivets per row
nC
Unloaded edge distance
Spacing along the grain
a1
By satisfying minimum requirements (Section B.3)

Joint design lateral resistance
Qs,p = ϕwQwe,p (Brittle failure mode)

N
Calculate the design wood splitting resistance perpendicular-to-grain,
wQwy,p, based on the wood effective thickness, tefy,p, corresponding to the
rivet yielding mode (Section B.4.1.5)
ϕwQwy,p < ϕrQry,p

Y

Joint design lateral resistance
Qs,p = ϕrQry,p (Mixed failure mode)

N

Y

Calculate the design rivet ultimate resistance perpendicular-to-grain,
rQru,p (Section B.4.1.3)
ϕwQwy,p ≤ ϕrQru,p

N
N* ≤ Qs,p

Y

Joint design lateral resistance
Qs,p = ϕwQwy,p (Mixed failure mode)

N
Joint design lateral resistance
Qs,p = ϕrQru,p (Ductile failure mode)

Grain

Np*
Figure B.2-2: Transverse loading
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B.2.3

Load applied at an angle θ to grain
Start

Determine the design lateral load, N* at angle  to grain
Set:
Spacing across the grain
Plate thickness
tp
Loaded end distance
Rivet length
Lr
Unloaded end distance
Number of rows of rivets
nR
Loaded edge distance
Number of rivets per row
nC
Unloaded edge distance
Spacing along the grain
a1
By satisfying minimum requirements (Section B.3)

Calculate the joint design lateral resistance loaded parallelto-grain Qs,l (Use the flowchart from Section B.2.1)
Calculate the joint design lateral resistance loaded
perpendicular-to-grain, Qs,p (Use the flowchart from Section
B.2.2)

a2
a3t
a3c
a4t
a4c

Adjust as needed:
Spacing across the grain
Plate thickness
tp
Loaded end distance
Rivet length
Lr
Unloaded end distance
Number of rows of rivets
nR
Loaded edge distance
Number of rivets per row
nC
Unloaded edge distance
Spacing along the grain
a1
By satisfying minimum requirements (Section B.3)

Joint design lateral resistance
Qs,θ = min (ϕrQru,θ, Qs,l /cosθ, Qs,p /sinθ)

N* ≤ Qs,θ

Y
End

Nθ*
Grain

Figure B.2-3: Loading at an angle
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B.3 Detailing of rivets and rivet
plates (general notes)

B.3.3
Each rivet shall be placed with its major crosssectional dimension aligned parallel-to-grain. The
design criteria in Section B.4 are based on rivets
driven through holes in the side plates until the
conical heads are firmly seated with maximum
projection of 3.2 mm (rivets shall not be driven
flush).

B.3.1
The design methods specified in Section B.4 are for
timber rivets that meet the following criteria:
(i) ultimate tensile strength: 1000 MPa, minimum;
and
(ii) hardness: Rockwell (C32-39); and
(iii) finish: hot-dip galvanized; and
(iv) have dimensions as shown in Figure B.3-1.

Note: Timber rivets at the perimeter of the group
should be driven first. Successive timber rivets
should be driven in a spiral pattern from the outside
to the centre of the group.

Lr

B.3.4
6.4 mm

6.4±0.8 mm
6.4±0.2
mm

8.76±0.25
mm

3.18±0.12 mm
Shank
as = 12 mm
minimum

The minimum spacing of rivets shall be 15 mm
perpendicular-to-grain (a2) and 25 mm parallel-tograin (a1). For one-sided joints, the maximum
penetration of the rivet should be 70% of the
thickness of the wood member. For joints with rivets
driven from opposite faces of a wood member, the
rivet length shall be such that the points do not
overlap.

5.59±0.25 mm
Head
a1 = 25 mm
minimum

B.3.5
Minimum end and edge distances (Figure B.3-2)
shall be as follows;

a2 = 15 mm
minimum

where
nR = number of rows of rivets parallel to direction of
load
nC = number of rivets per row

as = 12 mm
minimum

(a) For parallel-to-grain loading:
Grain

(i) Unloaded edge distance, a4c: 25 mm
(ii) Loaded end distance, a3t:

Notes:
(1) Hole diameter: 6.9±0.1 mm
(2) Tolerance in location of holes: 3 mm maximum
in any direction.
(3) Wide face of rivets parallel-to-grain, regardless
of plate orientation.
(4) All dimensions are prior to galvanizing.

Table B.3-1: Loaded end distance a3t, for parallelto-grain loading
Number of rivets per row
nC
1-6
7-10
11-12
13-14
15-16
≥17

Figure B.3-1: Timber rivet joint; rivet details
(top) and typical steel plate configuration
(bottom)

B.3.2
Side plates shall have a cross-section adequate for
resisting tension, compression and shear forces, but
shall be not less than 3.2 mm thick. For wet service
conditions, side plates shall be hot-dip galvanized or
of any non-corrosive material. Particular attention
shall be paid to the possible interaction between any
timber treatment chemical and the side plate material
and protection.

Loaded end distance
a3t [mm]
75
100
125
150
175
200

(b) For perpendicular-to-grain loading:
(i) Unloaded edge distance, a4c: 25 mm
(ii) Loaded edge distance, a4t: 50 mm
(iii) Unloaded end distance, a3c:
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(Figure B.4-1). The failures can either be ductile
(Figure B.4-2) or brittle (Figure B.4-4a) or mixed
(Figure B.4-4b). The block tear-out in parallel-tograin loading (Figure B.4-3) and splitting in
perpendicular-to-grain loading (Figure B.4-7) are the
possible wood failures.

Table B.3-2: Unloaded end distance a3c, for
perpendicular-to-grain loading
Number of rows
nR
1-6
7-10
11-12
13-14
15-16
≥17

Unloaded end distance
a3c [mm]
75
100
125
150
175
200

(c) In the steel side plates (Figure B.3-1):
(i) Edge distance to rivet centres, both ways,
as: 12 mm
(ii) Spacing along grain, a1: 25 mm
(iii) Spacing across grain, a2: 15mm
nC
nR
a2

Figure B.4-1: Occurrence zone of potential failure
modes of timber rivet joints

Ql

a4c
a1

b/2

Lp

b/2

Lp

Note: Using the Load and Resistance Factor Design
(LRFD) philosophy, a designer can evaluate the
reliability of a structure with regard to its ultimate
behaviour under extreme loads (e.g., earthquake and
wind) with significant displacements where
knowledge about the connection capacity beyond the
yielding load is critical. In recognition of this fact,
the design procedure presented enables a designer to
determine the connection ultimate capacity and its
failure mode. If a designer wants to rely only on the
yield limit state as the connection maximum
capacity, therefore, the following design procedure
can be simplified to:
Qs = min (ϕwQwe, ϕrQry).

a3t

Steel plates

Load parallel-to-grain
b/2
a4c
h

a1

nC
a4t

a3c

Lp

b/2
Lp

a2

B.4.1.2

nR

Joints shall be designed in accordance with the
following requirement;

Design requirement

N* ≤ Qs
Qp

Steel
plates

where
N* = design lateral load effects on joint, kN
Qs = joint design lateral resistance, kN, which shall
be derived as follows:

Load perpendicular-to-grain
Figure B.3-2: Geometry variables for timber rivet
joints

(i) For joints loaded parallel-to-grain
Qs = Qs,l

B.4 Structural design approach
B.4.1
B.4.1.1

(Eq. B.4.1)

where

Lateral resistance

ϕwQwe,l
ϕrQry,l
Qs,l =
ϕwQwy,l
ϕrQru,l

Potential failure modes

The design of timber rivet joints is governed by
different failure modes of the joint. The occurrence
zone of these potential failure modes is illustrated on
a typical load-displacement curve of a rivet joint

if ϕwQwe,l < ϕrQry,l
if ϕwQwy,l < ϕrQry,l ≤ ϕwQwe,l
if ϕrQry,l ≤ ϕwQwy,l ≤ ϕrQru,l
if ϕrQru,l < ϕwQwy,l

(Brittle mode)
(Mixed mode)
(Mixed mode)
(Ductile mode)

(Eq. B.4.2)
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where

(a)

ϕwQwe,l = design wood block tear-out resistance
parallel-to-grain, corresponding to rivet
elastic deformation, kN (Section B.4.1.4)
ϕrQry,l = design rivet yielding resistance parallelto-grain, kN (Section B.4.1.3-i)
ϕwQwy,l = design wood block tear-out resistance
parallel-to-grain, corresponding to rivet
yielding mode, kN (Section B.4.1.4)
ϕrQru,l = design rivet ultimate resistance parallelto-grain, kN (Section B.4.1.3-i)

(b)
Lp

Lp

Figure B.4-2: Different possible ductile failure
modes of rivets: (a) one plastic hinge formation,
(b) two plastic hinges
The design resistance of rivets shall be calculated as
follows:

(ii) For joints loaded perpendicular-to-grain
(i) For parallel-to-grain loading

Qs = Qs,p

- Rivet yielding resistance;
ϕrQry,l = ϕrQr,l in which ƒh,0 and Mr,l equal to ƒhy,0
and Mry,l respectively

where
ϕwQwe,p
ϕrQry,p
Qs,p =
ϕwQwy,p
ϕrQru,p

if ϕwQwe,p < ϕrQry,p
(Brittle mode)
if ϕwQwy,p < ϕrQry,p ≤ ϕwQwe,p (Mixed mode)
if ϕrQry,p ≤ ϕwQwy,p ≤ ϕrQru,p (Mixed mode)
if ϕrQru,p < ϕwQwy,p
(Ductile mode)

- Rivet ultimate resistance;
ϕrQru,l = ϕrQr,l in which ƒh,0 and Mr,l equal to ƒhu,0
and Mru,l respectively
where
ϕrQr,l =ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
(Eq. B.4.6)
where

(Eq. B.4.3)
where
ϕwQwe,p = design wood splitting resistance
perpendicular-to-grain, corresponding to
rivet elastic deformation, kN (Section
B.4.1.5)
ϕrQry,p = design rivet yielding resistance
perpendicular-to-grain, kN (Section
B.4.1.3-ii)
ϕwQwy,p = design wood splitting resistance
perpendicular-to-grain, corresponding to
rivet yielding mode, kN (Section
B.4.1.5)
ϕrQru,p = design rivet ultimate resistance
perpendicular-to-grain, kN (Section
B.4.1.3-ii)

ϕr =
=
k1 =
k12 =
kf =
=
=
np =
=
=
nR =
nC =

(iii) For joints loaded at an angle, Ө, to the grain

strength reduction factor for ductile failure
0.8
load duration factor (NZS3603:1993)
green timber factor (NZS3603:1993)
modification factor for joint position effect
0.9 for joint on edge grain of LVL
1.0 for joint on face grain of LVL or on
edge/face grain of glulam and lumber
number of plates
1 for one-sided joint
2 for double-sided joint
number of rows of rivets parallel to direction
of load
number of rivets per row

Qs = Qs,θ

Prl,a = characteristic strength parallel-to-grain for
rivet failure mode (a), kN (Section B.4.1.3.1-i)

where

Prl,b = characteristic strength parallel-to-grain for
rivet failure mode (b), kN (Section B.4.1.3.1-ii)

Qs,θ = min (ϕrQru,Ө, Qs,l /cosӨ, Qs,p /sinӨ)

(ii) For perpendicular-to-grain loading

(Eq. B.4.4)
where

r Qru , 

r Qru ,lr Qru , p
r Qru ,l sin 2   r Qru , p cos 2 

- Rivet yielding resistance;
ϕrQry,p = ϕrQr,p in which ƒh,90 and Mr,p equal to
ƒhy,90 and Mry,p respectively

(Eq. B.4.5)

- Rivet ultimate resistance;
ϕrQru,p = ϕrQr,p in which ƒh,90 and Mr,p equal to
ƒhu,90 and Mru,p respectively

B.4.1.3 Rivet resistance under ductile failure
The analysis and design formulae for the rivet
resistance in the following sections are based on two
possible ductile failure modes (Figure B.4-2).

where
ϕrQr,p =ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)
(Eq. B.4.7)
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where
(i) For rivet failure mode (a):


4M r , p
Prp,a = X r  J p f h,90 Lp d p   2 


f h,90 d p Lp 2



Prp,a= characteristic strength perpendicular-to-grain
for rivet failure mode (a), kN (Section
B.4.1.3.2-i)
Prp,b= characteristic strength perpendicular-to-grain
for rivet failure mode (b), kN (Section
B.4.1.3.2-ii)



B.4.1.3.1 Parallel-to-grain rivet strength
The rivet characteristic strength parallel-to-grain can
be calculated as:

(Eq. B.4.10)

where
ƒh,90 = embedment strength for rivet bearing
perpendicular-to-grain, MPa (Section
B.4.1.3.3-ii)
dp = rivet dimension bearing on the wood
perpendicular-to-grain,
= 6.4 mm
Mr,p = perpendicular-to-grain moment capacity of
the rivet (Section B.4.1.3.4-ii)

(i) For rivet failure mode (a):



4 M r ,l
Prl , a  X r  J p f h,0 Lp dl   2 



f h,0 dl Lp 2


Lp f ax  3

 10
5.33 

Lp f ax  3
 10
5.33 

 
  1
 
 

 
  1
 
 
(Eq. B.4.8)

The other variables are as specified in Section
B.4.1.3.1.

where

(ii) For rivet failure mode (b):

Xr

Lp f ax  3

Prp,b = X r  2 J p M r , p f h,90 d p 
10
5.33 

(Eq. B.4.11)

= adjustment factor for characteristic
resistance (see Section B.8 for details)
= 0.93 for LVL
= 0.87 for glulam
= 0.84 for lumber

Jp = side plate factor
= 1.0 for a side plate thickness, 6.3 mm ≤ tp
= 0.9 for a side plate thickness, 4.7 ≤ tp < 6.3 mm
= 0.8 for a side plate thickness, 3.2 ≤ tp < 4.7 mm
ƒh,0 = embedment strength for rivet bearing
parallel-to-grain, MPa (Section B.4.1.3.3-i)
Lp = rivet penetration length, mm
= Lr - tp - 3.2

B.4.1.3.3 Wood embedment strength
The embedment strength of wood for rivet, MPa,
shall be calculated as follows:
(i) For parallel-to-grain loading
- Yielding embedment strength;
fhy,0 = 75.1ρ(1-0.0037dl)10-3 for LVL
= 71.9ρ(1-0.0024dl)10-3 for glulam and lumber
where

where

ρ = wood mean density, kg/m3 (from tables in
Section B.1.3)

Lr = rivet length, mm
tp = side plate thickness, mm
dl = rivet cross-section dimension bearing on the
wood parallel-to-grain,
= 3.2 mm
Mr,l = parallel-to-grain moment capacity of the
rivet (Section B.4.1.3.4-i)
fax = withdrawal resistance per millimetre of
penetration, N/mm (Section B.4.2)

- Ultimate embedment strength;
fhu,0 = 90.4ρ(1-0.0037dl)10-3 for LVL
= 86.7ρ(1-0.0024dl)10-3 for glulam and lumber
(ii) For perpendicular-to-grain loading

(ii) For rivet failure mode (b):

- Yielding embedment strength;
fhy,90 = 49.9ρ (1-0.0037dp)10-3 for LVL
= 35.9ρ(1-0.0024dp)10-3 for glulam and
lumber

Lp f ax  3

Prl,b = X r  2 J p M r ,l f h,0 dl 
10 (Eq. B.4.9)
5.33 

The variables are as specified above.

- Ultimate embedment strength;
fhu,90 = 60.2ρ (1-0.0037dp)10-3 for LVL
= 43.3ρ(1-0.0024dp)10-3 for glulam and
lumber
B.4.1.3.4 Rivet moment capacity
The moment capacity of rivet shall be determined as
follows:

B.4.1.3.2 Perpendicular-to-grain rivet strength
The rivet characteristic strength perpendicular-tograin can be calculated as:
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(i) For parallel-to-grain loading

where
ϕw =
=
k1 =
k12 =
kf =
=
=

- Yielding moment capacity;

Mry,l = 24,900 Nmm
- Ultimate moment capacity;

Mru,l = 30,000 Nmm
(ii) For perpendicular-to-grain loading
- Yielding moment capacity;

np =
=
=
Pw,h =

Mry,p = 12,450 Nmm
- Ultimate moment capacity;

Mru,p = 15,000 Nmm

Pw,b =

B.4.1.4 Parallel-to-grain wood block tear-out
resistance

Pw,l =

The analysis and design formulae for wood block
tear-out strength in the following sections are based
on a linearly elastic spring system in which the
applied load transfers from the main loaded wood
block to the contact planes in conformity with the
relative stiffness ratio of the wood block adjacent to
each of the resisting planes. The wood capacity is the
sum of the load resisted by each plane when failure
of one of these planes triggers failure of the joint.
The analysis is based on three possible failure modes
of wood block tear-out as shown in Figure B.4-3.

The resistance calculation may necessitate iteration if
failure mode (b) or (c) governs the wood strength.
Thus, Eq. 4.12 for ϕwQw,l shall be recalculated for the
remaining planes (a second recalculation is required
if one of these failure modes occurs again) to control
whether the residual planes can resist higher load by
defining no value for the terms related to the failed
planes as follows;
(i) If failure mode (b) governs, use λ2 and λ3=0 in
Sections B.4.1.4.1 and B.4.1.4.2 and do not
consider Section B.4.1.4.3
(ii) If failure mode (c) governs, use λ1 and λ3-1=0 in
Sections B.4.1.4.1 and B.4.1.4.3 and do not
consider Section B.4.1.4.2

The design block tear-out resistance of the wood
shall be calculated as follows:
- Corresponding to the rivet elastic deformation;
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
- Corresponding to the rivet yielding mode;
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l

Note: The contribution of the side lateral shear
planes to the total wood load-carrying capacity of the
joint shall be less than 30% of the total joint capacity
to limit splitting on these resisting planes before
reaching the joint ultimate capacity. The maximum
contribution of the side lateral shear planes is given
by:

where
ϕwQw,l =ϕw k1 k12 kf np min (Pw,h, Pw,b, Pw,l)
(Eq. B.4.12)

Head
tensile plane - h

strength reduction factor for wood failure
0.7
load duration factor (NZS3603:1993)
green timber factor (NZS3603:1993)
modification factor for joint position effect
0.9 for joint on edge grain of LVL
1.0 for joint on face grain of LVL or on
edge/face grain of glulam and lumber
number of plates
1 for one-sided joint
2 for double-sided joint
characteristic resistance for failure of head
tensile plane, kN (Section B.4.1.4.1)
characteristic resistance for failure of bottom
shear plane, kN (Section B.4.1.4.2)
characteristic resistance for failure of side
lateral shear planes, kN (Section B.4.1.4.3)

Lateral
shear planes - l

Grain

Bottom
shear plane - b
Qw,l

Mode (a)

Mode (b)

Mode (c)

Figure B.4-3: Different possible failure modes of wood block tear-out
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(i) If the wood capacity governed when all resisting
planes contributed;
(1+λ2-1+λ3-1)-1 < 0.3

= wc (Lc + a3t)
where
a3t = loaded end distance, mm
As,l = areas of side lateral planes subjected to
shear stress, mm2
= 2tef,l (Lc + a3t)

(ii) If the wood capacity governed when the head
and lateral resisting planes contributed;
(1+λ2-1)-1 < 0.3
B.4.1.4.1

Joint resistance governed by the head
tensile plane failure
The characteristic resistance for the failure of the
joint triggered by the failure of the head tensile
plane, Pw,h, kN, is given by
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3

0

0.25 (2-dz /tef,l)2 , If dz <2tef,l
where
dz = bottom distance, mm
= b/2- tef,l for np=2
= b- tef,l
for np=1

, Mode (a)
(Eq. B.4.13)

where

where b = member thickness, mm

Xt = adjustment factor for tension strength
parallel-to-grain (see Section B.8 for details)
= 1.06 for LVL
= 1.19 for glulam
= 1.29 for lumber
ft = member characteristic strength in tension
parallel-to-grain, MPa, (from tables in
Section B.1.3)
At,h = area of head plane subjected to tensile stress,
mm2
= tef,l wc
where

0
F

where a4c = unloaded edge distance, mm
B.4.1.4.2 Joint resistance governed by the
bottom shear plane failure
The characteristic resistance for the failure of the
joint triggered by the failure of the bottom shear
plane or by the failure in tension of the wood block
adjacent to the bottom shear plane, Pw,b, kN, is given
by
Pw,b = (1+λ1-1+λ3)10-3 min

XsCb fs As,b , Mode (a)
Xt ft wc dz

where
a2 = spacing across the grain, mm
 As ,b
0.4
λ1 = 0.25 Lc (1  H ) 

 tef ,l At ,h  Lc







, Mode (c)
(Eq. B.4.14)

where
Xs = adjustment factor for longitudinal shear
strength (see Section B.8 for details)
= 1.02 for LVL
= 0.96 for glulam
= 0.93 for lumber
fs = member characteristic longitudinal shear
strength, MPa, (from tables in Section B.1.3)





where
ψ

, If a4c ≥ 1.25wc

=
0.16 (2.5-2 a4c /wc)2 , If a4c <1.25wc

tef,l = effective wood thickness parallel-to-grain
(Section B.4.1.4.4)
wc = a2 (nR-1)

 As ,l
0.2

λ2 = 0.5 Lc (1  F ) 
w A

Lc
 c t ,h

, If dz ≥ 2tef,l

H =

= G
E

λ3 =

tef ,l (1  F )  5 Lc As ,l  tef ,l wc2

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l

Cb =

0.5(nC  1)
nC  (a3t / a1 )  1

where
E

= wood modulus of elasticity parallel-to-grain,
MPa (from tables in Section B.1.3)
G = wood modulus of rigidity parallel-to-grain,
MPa (from tables in Section B.1.3)
Lc = a1 (nC - 1)






The other variables are as specified in Section
B.4.1.4.1.

where

B.4.1.4.3

Joint resistance governed by the side
lateral shear planes failure
The characteristic resistance for the failure of the
joint triggered by the failure of the lateral shear

a1 = spacing along the grain, mm
As,b = area of bottom plane subjected to shear
stress, mm2
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planes or by the failure in tension of the wood blocks
adjacent to the lateral shear planes, Pw,l, kN, is given
by
tefy,l

XsCl fs As,l , Mode (a)

Pw,l = (1+λ2-1+λ3-1)10-3 min

2Xt ft tef,l a4c , Mode (b)
(Eq. B.4.15)
where


M ry ,l
Lp 2
J p
, Rivet yielding mode (a)

f hy ,0 dl
2

=
M ry ,l

, Rivet yielding mode (b)
2 J p
f hy ,0 dl

(Eq. B.4.16)

The variables are as specified in Section B.4.1.3.1.

Cl = ke Cb
B.4.1.4.5 Multiple joints in tension parallel-tograin
In the case where there is more than one joint acting
in tension parallel-to-grain, such as in Figure B.4-5,
the wood block tear-out resistance of each joint can
be derived by considering the edge distance as;
a4c = min(a4c,a, a4c,b)

where
1

, If a4c ≥ 1.25wc

ke =
0.8 , If a4c < 1.25wc
The other variables are as specified in Sections
B.4.1.4.1 and B.4.1.4.2.

a4c,a

B.4.1.4.4 Parallel-to-grain wood effective
thickness
The wood effective thickness parallel-to-grain shall
be determined as follows:

a4c,b
a4c,b

CL

a4c,a

i) Corresponding to the rivet elastic deformation
(Figure B.4-4a);
tefe,l = Cr,l Jp Lp

Figure B.4-5: Multiple joints acting in tension
parallel-to-grain

where
Cr,l = 0.90
= 0.85
= 0.80

B.4.1.4.6 Joints in both face and edge grains
If the rivets are required to be driven in both face and
edge grains of the wood member, the following
requirements, as illustrated in Figure B.4-6, should
be satisfied in order to allow the top and side joints to
work independently.

, for Lp = 28.5 mm
, for Lp = 53.5 mm
, for Lp = 78.5 mm

For intermediate values of rivet penetration, Lp, use a
linear interpolation to determine the value of the
factor Cr,l.

Ql,top
ea

(a)

Ql,side

tefe L
p b
eb

CL

tefy

(b)

Lp

b

Figure B.4-4: Effective wood thickness:
(a) corresponding to rivet elastic deformationbrittle failure, (b) corresponding to rivet
governing yielding mode-mixed failure

Figure B.4-6: Spacing requirement between joints
for rivets driven in both face and edge grains
(i) Minimum distance between the top of the
member and the first rivet row of the side joint,
ea; 3 times the tefe,l of the top joint.

ii) Corresponding to the rivet yielding mode (Figure
B.4-4b);
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(ii) To determine the wood capacity of the side joint,
the edge distance should be considered as;
a4c = min(ea – 3tefe,l , eb)

np = number of plates
= 1 for one-sided joint
= 2 for double-sided joint

(iii) To determine the wood block tear-out capacity
of the top joint. The bottom distance should be
considered as; dz = 3tefe,l - tef,l

Ps,a = characteristic resistance for full width
splitting - mode (a) (Section B.4.1.5.1)
Ps,b = characteristic resistance for partial width
splitting - mode (b) (Section B.4.1.5.2)

B.4.1.5 Perpendicular-to-grain wood splitting
resistance

B.4.1.5.1 Full width splitting - failure mode (a)
The characteristic resistance for the wood splitting
failure of the whole member thickness, Ps,a, kN, is
given by

The analysis and design formulae for wood splitting
strength in the following sections are based on two
possible splitting failure modes; with crack width in
member cross section equal to (a) member thickness
or equal to (b) wood effective thickness on each side
of the member (Figure B.4-7). The wood capacity is
the lesser of the resistance in these two possible
splitting failure modes.

Ps , a  X p bC fp

he
103
he
1
h

(Eq. B.4.18)

where
(a)

(b)
b

tef,p

Xp = adjustment factor for tension perpendicularto-grain (see Section B.8 for details)
= 1.23 for LVL
= 1.28 for glulam
= 1.31 for lumber
b = member thickness, mm
Cfp = member characteristic fracture parameter,
N/mm1.5, (from tables in Section B.1.3)

tef,p

η

Figure B.4-7: Crack width in member cross
section in different splitting failure modes: (a)
entire member thickness, (b) tef,p on each side

=

min( he , a3c , L )  min( he , a3c , R )  wnet
2 he

where
γ

= effective crack length coefficient for
splitting mode (a)
= 4
for LVL
= 2.7 for glulam and lumber
a3c,L = minimum of unloaded end distance and half
of the distance to adjacent joint on the left
side, mm (Figure B.4-9)
a3c,R= minimum of unloaded end distance and half
of the distance to adjacent joint on the right
side, mm (Figure B.4-9)
wnet = net section of joint width
= a1 (nR - 1) – 6.4nR
he = effective member depth, mm
= h - a4c

The design splitting resistance of the wood shall be
calculated as follows:
- Corresponding to the rivet elastic deformation;
ϕwQwe,p = ϕwQw,p in which tef,p equals to tefe,p
- Corresponding to the rivet yielding mode;
ϕwQwy,p = ϕwQw,p in which tef,p equals to tefy,p
where
ϕw Qw,p = ϕw k1 k5 k12 kf np min( Ps , a , Ps ,b )
(Eq. B.4.17)
where

where

ϕw = strength reduction factor for wood failure
= 0.7

h = member depth, mm
a4c = unloaded edge distance, mm

k1 = load duration factor (NZS3603:1993)
k5 = modification factor for interaction effect
(see Section B.4.1.5.3)
= 0.60 for multiple joints
= 1.0 for single joint
k12 = green timber factor (NZS3603:1993)
kf = modification factor for joint position effect
= 0.55 for joint on edge grain of LVL
= 1.0 for joint on face grain of LVL or on
edge/face grain of glulam and lumber

B.4.1.5.2 Partial width splitting - failure mode (b)
The characteristic resistance for the wood splitting
failure corresponding to tef,p on each side of the
member, Ps,b, kN, is given by
Ps,b= Xp Ct ftp tef,p [wnet + min(βhe , a3c,L)+min(βhe, a3c,R)]×10-3
(Eq. B.4.19)
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M ry , p
Lp 2
J p

, Rivet yielding mode (a)
f hy ,90 d p
2

tefy,p = 
M ry , p

, Rivet yielding mode (b)
2 J p
f hy ,90 d p

(Eq. B.4.20)

where
Ct =

1.264𝜁 -0.37

, if 𝜁 < 1.9

1

, if 𝜁 ≥ 1.9

where

𝜁

=

ftp =
tef,p =
β

=
=
=

a4c
a2 (nC  1)
characteristic strength in tension
perpendicular-to-grain, MPa
(from tables in Section B.1.3)
wood effective thickness perpendicular-tograin, mm (Section B.4.1.5.4)
effective crack length coefficient for
splitting mode (b)
2.4 for LVL
1.6 for glulam and lumber

The variables are as specified in Section B.4.1.3.2.

B.4.2 Withdrawal resistance
The design withdrawal resistance (kN) from the side
grains of a timber rivet joint shall be taken as
follows;
ϕax Fax = ϕax k1 k12 kf nR nC Pax
where
ϕax = strength reduction factor for withdrawal
resistance
= 0.6
kf = modification factor for joint position effect
= 0.9 for joint on edge grain of LVL
= 1.0 for joint on face grain of LVL or on
edge/face grain of glulam and lumber
Pax = characteristic withdrawal resistance, kN
= Xax Lp fax 10-3

B.4.1.5.3 Multiple
joints
in
tension
perpendicular-to-grain
In the case where there is more than one joint acting
in tension perpendicular-to-grain, such as in Figure
B.4-8, the estimated wood splitting capacity of each
joint shall be reduced by 40% using the k5 factor to
take into account the effect of interaction between
joints.
a3c,L,1

a3c,R,1 a3c,L,2

(Eq. B.4.21)

a3c,R,2

where

Joint 1

Xax = adjustment factor for characteristic
withdrawal resistance (see Section B.8 for
details)
= 0.84 for LVL
= 0.61 for glulam
= 0.49 for lumber
Lp = rivet penetration length, mm
fax = withdrawal resistance per millimetre of
penetration, N/mm
= 15.9ρ dp(1-0.0037dp)10-3 for LVL
= 11.5ρ dp(1-0.0024dp)10-3 for glulam and
lumber

Joint 2

Figure B.4-8: Multiple joints acting in tension
perpendicular-to-grain
4.1.5.4

Perpendicular-to-grain wood effective
thickness
The wood effective thickness perpendicular-to-grain
shall be determined as follows:

where
ρ = wood mean density, kg/m3 (from tables in
Section B.1.3)
dp = rivet major cross-section dimension
= 6.4 mm

i) Corresponding to the rivet elastic deformation
(Figure B.4-4a);
tefe,p = Cr,p Jp Lp
where
Cr,p = 0.85
= 0.75
= 0.65

, for Lp = 28.5 mm
, for Lp = 53.5 mm
, for Lp = 78.5 mm

B.4.3

Joint deflection

The deflection of the joint due to rivet slip, δ, mm,
can be determined by

For intermediate values of rivet penetration, Lp, use a
linear interpolation to determine the value of factor
Cr,p.

(i) For parallel-to-grain loading:


δl = 41  1 

ii) Corresponding to the rivet yielding mode (Figure
B.4-4b);
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where
N l* = serviceability design load parallel-to-

grain, kN, for deflection under (SLS)
= ultimate design load parallel-tograin, kN, for deflection under (ULS)
ϕr Qru,l = design rivet ultimate resistance parallelto-grain, kN (Section B.3.1.3)
(ii) For perpendicular-to-grain loading:

N *p
δp = 5.51  1  0.99

r Qru, p

where






(Eq. B.4.23)

N *p = serviceability design load perpendicular-

ϕrQru,p

to-grain, kN, for deflection under (SLS)
= ultimate design load perpendicular-tograin, kN, for deflection under (ULS)
= design rivet ultimate resistance
perpendicular-to-grain, kN (Section
B.3.1.3)

(iii) For loading at angle θ to grain
δθ =

l 2   p 2

(Eq. B.4.24)
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Hanger connection

B.5 Design Examples

The example outlines the design of a hanger joint
that connects a glulam secondary beam to the
primary beam. The connection acts as two identical
joints resisting a load acting perpendicular-to-grain
(Figure B.5-4).

To illustrate the design process, a series of
examples are provided in this Section. To select an
appropriate rivet layout and start the design,
reference capacity tables for joint samples under
parallel and perpendicular to grain loadings are
provided in Section B.7.

Truss connection
The example outlines the design of a LVL truss
connection that connects the bottom chord, post,
and strut. Each joint is designed separately and
resists a load acting parallel-to-grain (Figure B.51).
Figure B.5-4: Hanger connection

Shear wall connections
The example outlines the design of the connections
in a LVL shear wall, including a hold-down and a
floor- wall connection. Each joint in the hold down
connection is identical and resists a load acting
parallel-to-grain. The two arrays of rivets in the
floor-wall connection act as one joint and resist a
load perpendicular-to-grain (Figure B.5-5).

Figure B.5-1: Truss connection

Base connection
The example outlines the design of a base joint that
connects a glulam column to the foundation. The
joint resists load acting at an angle to grain,
therefore requires calculation of the capacity for
both parallel-to-grain and perpendicular-to-grain.
(Figure B.5-2).

Figure B.5-2: Base connection

Moment connection
The example outlines the design of a connection
that transfers moment between two LVL members
in a beam. Each joint is identical and resists a load
acting parallel-to-grain (Figure B.5-3).

Figure B.5-5: Shear wall connections
Figure B.5-3: Moment connection
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End distance, a3t = 100 mm
Edge distance, a4c = 80 mm (based on member
width)

B.5.1 Truss Connection
For a truss node to connect the bottom chord, post,
and strut together, the rivet connection is arranged
as shown in Figure B.5-6. The rivet plates are
installed on opposing faces of the dry wood
members which are of grade 11 Radiata Pine LVL.

B.5.1.2.2 Joint-2
N* = 320.0 kN
Number of rows of rivets parallel to direction of
load, nR = 7
Number of rivets per row, nC = 8
Spacing along the grain, a1 = 25 mm
Spacing across the grain, a2 = 25 mm
End distance, a3t = 120 mm
Edge distance, a4c = 105 mm

B.5.1.1 Design Actions
It is assumed that after taking into account the
effect of the load duration factor, k1, the critical
load combination for the connection design is
[1.2G, 1.5Q] (AS/NZS1170). The design loads
acting on the joint are shown in Figure B.5-6. Two
strength limit states are of interest: rivet strength,
and wood strength. An efficient connection design
can be made by decreasing the difference between
the capacity of the wood and the rivets.

N* = 405 kN
Number of rows of rivets parallel to direction of
load, nR = 8
Number of rivets per row, nC = 9
Spacing along the grain, a1 = 25 mm
Spacing across the grain, a2 = 25 mm
End distance, a3t = 120 mm
Edge distance, a4c = 93 mm

N* = 150.0 kN

N*=123.0 kN
180*180 mm

260*180 mm

Joint 4

B.5.1.2.4 Joint-4

Joint 1

360*180 mm

N*=405 kN

B.5.1.2.3 Joint-3

N* = 123.0 kN
Number of rows of rivets parallel to direction of
load, nR = 5
Number of rivets per row, nC = 5
Spacing along the grain, a1 = 25 mm
Spacing across the grain, a2 = 25 mm
End distance, a3t = 75 mm
Edge distance, a4c = 40 mm

55°

Joint 3

Joint 2

N*=320.0 kN

Figure B.5-6: Design actions
Note: This example assumes that four standard
45 mm thicknesses of LVL have been laminated
together in a factory with full indoors quality
control of the secondary fabrication process. LVL
of 45 mm thickness has sufficient over thickness
tolerance to enable planning of the surface to glue
and deliver a 180 mm section. LVL of 90 mm
thickness is typically produced with a „minus‟
tolerance to fit inside framing so cannot be glued to
make 180 mm.

B.5.1.2 Connection Geometry
Try 65 mm long rivets with the following
configuration for each joint
Side plate thickness, tp = 10 mm
Note that the steel side plates need to be checked to
have a cross-section adequate for resisting tension
and compression forces.

B.5.1.2.1 Joint-1
N* = 150.0 kN
Number of rows of rivets parallel to direction of
load, nR = 5
Number of rivets per row, nC = 6
Spacing along the grain, a1 = 25 mm
Spacing across the grain, a2 = 25 mm
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B.5.1.3 Connection Lateral Resistance
Determine Prl,b using Section B.4.1.3.1(ii):

Qs = Qs,l

Lp f ax  3

(Brittle mode)
Prl ,b  X r  2 J p M r ,l f h,0 dl 
10
5.33 
(Mixed mode)

(Mixed mode) Calculate Prl,b:
(Ductile mode) P  0.93   2 1.0  24900  46.0  3.2

rl ,b

B.5.1.3.1 Joint-1
51.8  61.8  3

10
Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
5.33 
(brittle failure mode)
Prl,b = 4.12 kN
ϕwQwe,l
ϕrQry,l
Qs,l =
ϕwQwy,l
ϕrQru,l

if ϕwQwe,l < ϕrQry,l
if ϕwQwy,l < ϕrQry,l ≤ ϕwQwe,l
if ϕrQry,l ≤ ϕwQwy,l ≤ ϕrQru,l
if ϕrQru,l < ϕwQwy,l

Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
ϕr = 0.8
k1 = 0.8 for load combination [1.2G, 1.5Q]
k12 = 1.0 for dry timber
kf = 1.0 for face grain
np = 2
nR = 5
nC = 6

Therefore, the rivet yield capacity parallel-to-grain,
ϕrQry,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 0.80.81.01.0256min(4.11, 4.12)
= 157.8 kN (Rivet yielding mode: a)
Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
ϕw
= 0.7
Determine Pw,h using Section B.4.1.4.1:
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
Xt = 1.06 for LVL
ft
= 30 MPa for grade 11 LVL
At,h = tef,l wc
tef,l = tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 44.2 mm
wc = a2 (nR-1) = 100 mm
At,h = 4420 mm2

Determine Prl,a using Section B.4.1.3.1(i):


4 M r ,l  
  1
Prl , a  X r  J p f h ,0 Lp dl   2 


f h,0 dl Lp 2  

 


Lp f ax  3

 10
5.33 
Xr
Jp
fh,0
ρ
dl
ƒhy,0
Lp
Lr
tp
Lp
Mr,l
fax
dp
fax

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

0.93 for LVL
1.0
ƒhy,0
75.1ρ (1-0.0037dl) 10-3 for LVL
(Section B.4.1.3.3)
620 kg / m3 for grade 11 LVL
3.2 mm
46.0 MPa
Lr – tp – 3.2
65 mm
10 mm
51.8 mm
Mry,l
24900 Nmm
15.9ρ dp(1-0.0037dp)10-3
6.4 mm
61.6 N/mm

 As ,b
0.4

 tef ,l At , h  Lc


1  0.25 Lc (1  H ) 

, mode (a)






G
E
G = 550 MPa for grade 11 LVL
E = 11000 MPa for grade 11 LVL
ψ = 0.05
Lc = a1 (nC-1) = 125 mm
dz = 45.8
H = 0.23
As,b = 22500 mm2
0.4
 22500

1  0.25  0.05 125  (1  0.23) 


 44.2  4420 0.05 125 

ψ =

1  0.215
 As ,l
0.2

w A
 c t , h  Lc

2  0.5 Lc (1  F ) 

Calculate Prl,a:

Prl,a = 0.93× 1.0  46.0  51.8  3.2 


F =
As,l =





0.13
19890 mm2


19890
0.2



 100  4420 0.05 125 

2  0.5  0.05 125  (1  0.13) 

2  0.209

= 4.11 kN
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Calculate Pw,h:
Pw,h = 1.06
Pw,h = 200.2 kN , mode (a)
Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b
Pw,b = (1+λ1-1+λ3) 10-3 min 
 X t ft wc d z
Xs = 1.02 for LVL
Cb = 0.39
fs = 6 MPa for grade 11 LVL

3 

tef ,l (1  F )  5 Lc As ,l  tef ,l wc2

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.209-1+0.974-1) -1< 0.3
0.147 < 0.3
The connection does not need to be redesigned.

, mode (a)
, mode (c)

Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
224.2 ≥ 157.8 (unsatisfied)
Thus, check if ϕwQwy,l < ϕrQry,l . If so, then Qs,l =
ϕrQry,l (mixed failure mode)






Wood capacity parallel-to-grain corresponding
to rivet yielding mode, ϕwQwy,l
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l

44.2  (1  0.13)
3 
100  (1  0.23)

 5  0.05 125 19890  44.2 100 2 

2 
 2.5  0.05 125  22500  100  44.2 

tef,l = tefy,l

 Jp

3  0.974
Calculate Pw,b:

 1.0 

Pw,b=10-3
53703
Pw,b= 6.625 min 
145644
Pw,b = 359.5 kN , mode (a)

f hy ,0 dl



Lp 2

, yielding mode (a)

2

24900
51.82

46.0  3.2
2

tef,l = 38.9 mm

, mode (a)
, mode (c)

The recalculated wood capacity (by following the
same design procedure as defined above):
ϕwQwy,l = 208.2 kN (failure governed by head
tensile plane, mode (a))
Note that if the yielding mode (b) was governing
then the reduction of wood strength would be much
higher.

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l , mode (a)
Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tefe,l a4c , mode (b)
Cl = 0.32

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.

Calculate Pw,l:
Pw,l =  10-3
1.02  0.32  6 19890
 min 
2 1.06  30  44.2  80
38842
Pw,l = 6.811103 min 
9855033

M ry ,l

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.209-1+0.713-1) -1< 0.3
0.139 < 0.3
The connection does not need to be redesigned..

, mode (a)
, mode (b)

Pw,l =k , mode (a)

Check if Qs,l = ϕrQry,l (mixed failure mode)
If ϕwQwy,l < ϕrQry,l
208.2 ≥ 157.8 (unsatisfied)

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
= 0.720.81.01.0min (200.2, 359.5,
260.9)
= 224.2 kN (failure governed by head
tensile plane, mode (a))

Thus, check if ϕwQwy,l ≤ ϕrQru,l . If so, then Qs,l =
ϕwQwy,l (mixed failure mode)
Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.
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fh,0

Mr,l

= ƒhu,0
= 90.4ρ (1-0.0037dl) 10-3 for LVL (Section
B.4.1.3.3)
= 55.4 MPa
= Mru,l
= 30000 Nmm

The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 185.5 kN (Rivet failure mode: a)
Check if Qs,l = ϕwQwy,l (mixed failure mode)
If ϕwQwy,l ≤ ϕrQru,l
208.2 > 185.5 (unsatisfied)
Thus, Qs,l = ϕrQru,l (ductile failure mode)
Qs,l = 185.5 kN
Check joint ultimate lateral resistance
N* ≤ Qs
N* = 150.0 kN
Qs = Qs,l
= 185.5 kN
150.0 ≤ 185.5, OK (Joint mode of failure: ductile)
Adopt 65 mm long rivets with an array of 5 rows
by 6 columns, spacing 25 mm by 25 mm along
and across the grain, and 100 mm end distance
(see Figure B.5-7)

Joint 1: 5*6, 25*25 mm
End distance: 100 mm

Figure B.5-7: Connection configuration of
Joint 1
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tef ,l (1  F )  5 Lc As ,l  tef ,l wc2

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l
44.2  (1  0.19)
3 
150  (1  0.23)

B.5.1.3.2 Joint-2
Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
(brittle failure mode)

3 

Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
nR = 7
nC = 8
ϕrQry,l = 0.80.81.01.0278min(4.11, 4.12)
= 294.6 kN (Yielding mode of failure: a)

 5  0.05 175  26078  44.2 1502 

2 
 2.5  0.05 175  44250  150  44.2 

3  0.524
Calculate Pw,b:
Pw,b = 
1.02  0.38  6  44250
 min 

1.06  30 150  45.8

Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
Determine Pw,h using Section B.4.1.4.1:
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
At,h = tef,l wc
tef,l = tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 44.2 mm
wc = a2 (nR-1) = 150 mm
At,h = 6630 mm2
 A
0.4 
1  0.25 Lc (1  H )  s ,b 

 tef ,l At , h  Lc 


Lc
dz
H
As,b

=
=
=
=

102908
218466

Pw,b = 4.554  103 min 

, mode (a)

= 470.1 kN

, mode (a)
, mode (c)

, mode (a)

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l , mode (a)
Pw,l = (1+λ2-1+λ3-1) 10-3 min 
, mode (b)

2 X t ft tef ,l a4 c
Cl = 0.31
Calculate Pw,l:
Pw,l =  × 10-3
1.02  0.31 6  26078
× min 
2 1.06  30  44.2 105

a1 (nC-1) = 175 mm
45.8
0.23
44250 mm2

0.4 
 44250
1  0.25  0.05  175  (1  0.23)


 44.2  6630 0.05  175 
1  0.330
 A
0.2 
2  0.5 Lc (1  F )  s ,l 

w A
 c t , h  Lc 
F
= 0.19
As,l = 26078 mm2
 26078
2  0.5  0.05 175  (1  0.19) 
 150  6630







0.2

0.05 175 

49095
Pw,l = 8.689 103 min 
295168
Pw,l = 422.9 kN , mode (a)

, mode (a)
, mode (b)

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
= 0.720.81.01.0min (317.0, 470.1,
422.9)
= 355.0 kN (failure governed by head
tensile plane, mode (a))
Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.

2  0.173

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.173-1+0.524-1) -1< 0.3
0.115 < 0.3

Calculate Pw,h:
Pw,h = 1.06306630(1+0.330+0.173) 10-3
Pw,h = 317.0 kN , mode (a)
Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b , mode (a)
Pw,b = (1+λ1-1+λ3) 10-3 min 
 X t ft wc d z , mode (c)
Cb = 0.38

The connection does not need to be redesigned.
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Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
355.0 ≥ 294.6 (unsatisfied)

and across the grain, and 120 mm end distance
(see Figure B.5-8)

Thus, check if ϕwQwy,l < ϕrQry,l . If so, then Qs,l =
ϕrQry,l (mixed failure mode)
Wood capacity parallel-to-grain corresponding
to rivet yielding mode, ϕwQwy,l
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l
tef,l = tefy,l
tef,l = 38.9 mm
End distance: 120 mm
Joint 2: 7*8, 25*25 mm

The recalculated wood capacity (by following the
same design procedure as defined above):
ϕwQwy,l = 340.3 kN
Note that if the yielding mode (b) was governing
then the reduction of wood strength would be much
higher.

Figure B.5-8: Connection configuration of
joint 2

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.173-1+0.372-1) -1 < 0.3
0.106 < 0.3
The connection does not need to be redesigned.
Check if Qs,l = ϕrQry,l (mixed failure mode)
If ϕwQwy,l < ϕrQry,l
340.3 ≥ 294.6 (unsatisfied)
Thus, check if ϕwQwy,l < ϕrQru,l . If so, then Qs,l =
ϕwQwy,l (mixed failure mode)
Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 346.5 kN (Rivet failure mode: a)
Check if Qs,l = ϕwQwy,l (mixed failure mode)
If ϕwQwy,l ≤ ϕrQru,l
340.3 ≤ 346.5 OK
Qs,l = ϕwQwy,l
= 340.3 kN
Check joint ultimate lateral resistance
N* ≤ Qs
N* 320.0 kN
Qs = Qs,l
= 340.3 kN
320.0 ≤ 340.3, OK (Joint mode of failure: mixed)
Adopt 65 mm long rivets with an array of 7 rows
by 8 columns, spacing 25 mm by 25 mm along
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Cb = 0.39
tef ,l (1  F )  5 Lc As ,l  tef ,l wc2
3 

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l
44.2  (1  0.33)
3 
175  (1  0.23)

B.5.1.3.3 Joint-3
Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
(brittle failure mode)
Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
nR
= 8
nC
= 9
ϕrQry,l = 0.80.81.0289 min(4.11, 4.12)
= k(Yielding mode of failure: a)

 5  0.05  200  28288  44.2 1752 

2 
 2.5  0.05  200  56000  175  44.2 

3  0.349
Calculate Pw,b:
Pw,b = (1+0.391-1+0.349)  10-3
1.02  0.39  6  56000
min 
1.06  30 175  45.8

Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
Determine Pw,h using Section B.4.1.4.1:
, mode (a)
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
At,h = tef,l wc
tef,l = tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 44.2 mm
wc = a2 (nR-1) = 175 mm
At,h = 7735 mm2
 A
0.4 
1  0.25 Lc (1  H )  s ,b 

 tef ,l At , h  Lc 


Lc = a1 (nC-1) = 200 mm
H = 0.23
As,b = 56000 mm2
 56000
λ1 = 0.25  0.05  200  (1  0.23) 
 44.2  7735
0.4

0.05  200 
λ1 = 0.391
 A
0.2 
2  0.5 Lc (1  F )  s ,l 

w A
 c t , h  Lc 
F = 0.33
As,l = 28288 mm2
 28288
λ2 = 0.5  0.05  200  (1  0.33) 
 175  7735


133660
254877

Pw,b = 6.384  103 min 
= 526.4 kN

, mode (a)
, mode (c)

, mode (a)

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l
Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tef ,l a4 c
Cl = 0.32
Calculate Pw,l:
Pw,l = ×
1.02  0.32  6  28288
× min 

2 1.06  30  44.2  93
54658
Pw,l = 11.218 103 min 
261434
Pw,l = 610.3 kN , mode (a)

, mode (a)
, mode (b)

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
= 0.720.81.01.0  min (375.7, 526.4,
610.3)
= 420.8 kN (failure governed by head
tensile plane)
Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.

0.2


0.05  200 
λ2 = 0.136

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.136-1+0.349-1) -1< 0.3
0.089 < 0.3

Calculate Pw,h:
Pw,h = 1.0630
Pw,h = 375.7 kN , mode (a)
Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b
Pw,b = (1+λ1-1+λ3) 10-3 min 
 X t ft wc d z






The connection does not need to be redesigned.

, mode (a)
, mode (c)
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Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
420.8 ≥ 378.8 (unsatisfied)

Adopt 65 mm long rivets with an array of 8 rows
by 9 columns, spacing 25 mm by 25 mm along
and across the grain, and 120 mm end distance
(see Figure B.5-9)

Thus, check if ϕwQwy,l < ϕrQry,l . If so, then Qs,l =
ϕrQry,l (mixed failure mode)
Wood capacity parallel-to-grain corresponding
to rivet yielding mode, ϕwQwy,l
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l
tef,l = tefy,l
tef,l = 38.9 mm
The recalculated wood capacity (by following the
same design procedure as defined above):
ϕwQwy,l = 409.5 kN
Note that if the yielding mode (b) was governing
then the reduction of wood strength would be much
higher.

End distance: 120 mm
Joint 3: 8*9, 25*25 mm

Figure B.5-9: Connection configuration of
joint 3

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.136-1+0.245-1) -1< 0.3
0.081 < 0.3
The connection does not need to be redesigned.
Check if Qs,l = ϕrQry,l (mixed failure mode)
If ϕwQwy,l < ϕrQry,l
409.5 ≥ 378.8 (unsatisfied)
Thus, check if ϕwQwy,l ≤ ϕrQru,l . If so, then Qs,l =
ϕwQwy,l (mixed failure mode)
Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 445.5 kN (Rivet fialure mode: a)
Check if Qs,l = ϕwQwy,l (mixed failure mode)
If ϕwQwy,l ≤ ϕrQru,l
409.5 ≤ 445.5 OK
Qs,l = ϕwQwy,l
= 409.5 kN
Check joint ultimate lateral resistance
N* ≤ Qs
N* 405 kN
Qs = Qs,l
= 409.5 kN
405 ≤ 409.5, OK (Joint mode of failure: mixed)
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B.5.1.3.4 Joint-4
Note that the force is applied in such a way that the
member is in compression, therefore, there is no
need to check the wood block tear-out resistance.
Rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
nR
= 5
nC
= 5
ϕrQr,l = 0.80.81.01.0255 min(4.83, 4.84)
ϕrQr,l = 154.7 kN (Rivet mode of failure: a)
Check joint ultimate lateral resistance
N* ≤ Qs
N* 123.0 kN
Qs = Qs,l
= ϕrQru,l
= 154.7 kN
123.0 ≤ 154.7, OK (Joint mode of failure: ductile)
Adopt 65 mm long rivets with an array of 5 rows
by 5 columns, spacing 25 mm by 25 mm along
and across the grain, and 75 mm end distance (see
Figure B.5-10)

Joint 4: 5*5, 25*25 mm
End distance: 75 mm

Figure B.5-10: Connection configuration of
joint 4
Note: If ductile behaviour at the connection
ultimate capacity is desirable, the failure mode of
the connection can be improved from brittle/mixed
to ductile by increasing the wood resistance with
larger rivet spacing across and along the grain.
Spreadsheets can be used to speed up computation,
and once set up, adjustments in spacing, end and
edge distances and capacities for a range of rivet
lengths can be evaluated relatively quickly.
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Note that the steel side plates shall be checked to
have a cross-section adequate for resisting tension
and shear forces.

B.5.2 Base Connection
For a base joint to connect the column to the
foundation, the rivet connection is arranged as
shown in Figure B.5-11. The rivet plates are
installed on opposing faces of the dry wood
member which is of GL10 Radiata Pine glulam.

B.5.2.3 Connection Lateral Resistance
Qs =
=
Ө =
Np* =
Nl* =
Ө =

Note: It is assumed that the joint acts as a pin,
therefore, the effect of connection eccentricity is
not taken into account.

B.5.2.1 Design Actions

Qs,θ
min (ϕrQru,Ө, Qs,l/cosӨ, Qs,p/sinӨ)
tan-1(Np*/Nl*)
50 kN
120 kN
tan-1(50/120) = 22°

Wood capacity parallel-to-grain,
Qs = Qs,l

It is assumed that after taking into account the
effect of the load duration factor, k1, the critical
load combination for the connection design is
[0.9G, Wu] (AS/NZS1170). The design loads acting
on the joint are shown in Figure B.5-11. Two
strength limit states are of interest: rivet strength,
and wood strength. An efficient connection design
can be made by decreasing the difference between
the capacity of the wood and the rivets.

ϕwQwe,l
ϕrQry,l
Qs,l =
ϕwQwy,l
ϕrQru,l

if ϕwQwe,l < ϕrQry,l
if ϕwQwy,l < ϕrQry,l ≤ ϕwQwe,l
if ϕrQry,l ≤ ϕwQwy,l ≤ ϕrQru,l
if ϕrQru,l < ϕwQwy,l

(Brittle mode)
(Mixed mode)
(Mixed mode)
(Ductile mode)

Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
(brittle failure mode)

Nl*=120 kN

Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
ϕr = 0.8
k1 = 1.0 for load combination [0.9G, Wu]
k12 = 1.0 for dry timber
kf = 1.0 for edge grain of glulam
np = 2
nR = 8
nC = 9

*

Np =50 kN

500*135 mm

Determine Prl,a using Section B.4.1.3.1(i):



4 M r ,l
Prl , a  X r  J p f h,0 Lp dl  2 
 1
2


f h,0 dl Lp




Lp f ax  3

 10
5.33 

Figure B.5-11: Design actions
B.5.2.2 Connection Geometry
Try 65 mm long rivets with the following
configuration
Number of rows of rivets parallel to direction of
load, nR = 8 for tension force and nR = 9 for shear
force
Number of rivets per row, nC = 9 for tension force
and nC = 8 for shear force
Spacing along the grain, a1 = 35 mm
Spacing across the grain, a2 = 25 mm
End distance, a3t (for tension force)/a3c,L (for shear
force) = 200 mm
Upper end distance, a3c,R = 2520mm (based on a
column free height of 3000mm)
Edge distance, a4c = 163 mm (based on member
width)
Side plate thickness, tp = 10 mm

Xr
Jp
fh,0

=
=
=
=

ρ
dl
ƒhy,0
Lp
Mr,l

=
=
=
=
=
=
=
=

fax

0.87 for glulam
1.0
ƒhy,0
71.9ρ (1-0.0024dl) 10-3 for glulam
(Section B.4.1.3.3)
470 kg/m3 for GL10 glulam
3.2 mm
33.5 MPa
51.8 mm
Mry,l
24900 Nmm
11.5ρ dp(1-0.0024dp)10-3
34.1 N/mm

Calculate Prl,a:

202

Timber Rivet Connections Design Guide
 A
0.2 
λ2 = 0.5 Lc (1  F )  s ,l 

w A
 c t , h  Lc 
F = 0.07
As,l = 42438 mm2
 42438
λ2 = 0.5  0.067 175  (1  0.07) 
 175  7736



Prl,a = 0.87  1.0  33.5  51.8  3.2 



 51.8  34.1  3
4  24900
 1 
10
 2 
2

5.33 
33.5  3.2  51.8



Prl,a = 2.86 kN
Determine Prl,b using Section B.4.1.3.1(ii):
Lp f ax  3

Prl ,b  X r  2 J p M r ,l f h,0 dl 
10
5.33 

Calculate Prl,b:

Prl ,b  0.87   2 1.0  24900  33.5  3.2


λ2

Calculate Pw,h:
Pw,h = 1.19117736(1+0.573+0.368)10-3
Pw,h = 196.5 kN , mode (a)

51.8  34.1  3
10
5.33 
Prl,b = 3.13 kN


Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b , mode (a)
Pw,b = (1+λ1-1+λ3) 10-3 min 
, mode (c)
 X t ft wc d z
Xs = 0.96 for glulam
Cb = 0.37
fs = 3.7 MPa for GL10 glulam
tef ,l (1  F )  5 Lc As ,l  tef ,l wc2 
3 


wc (1  H )  2.5 Lc As ,b  wc tef2 ,l 
44.2  (1  0.07)
3 
175  (1  0.54)

Rivet capacity corresponding to yielding parallelto-grain, ϕrQry,l:
ϕrQry,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 0.81.01.0289min(2.86, 3.13)
= 329.3 kN (Yielding mode of failure: a)
Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
ϕw
= 0.7

 5  0.067  280  42438  44.2 1752 

2 
 2.5  0.067  280  84000  175  44.2 

Determine Pw,h using Section B.4.1.4.1:
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
, mode (a)
Xt
ft
At,h
tef,l

λ3 = 0.642

=
=
=
=

1.19 for glulam
11 MPa for grade GL10 glulam
tef,l wc
tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 44.2 mm
wc = a2 (nR-1) = 175 mm
At,h = 7736 mm2
 A
0.4 
1  0.25 Lc (1  H )  s ,b 

 tef ,l At , h  Lc 


ψ

=

G
E
ψ
Lc
dz
H
As,b

=
=
=
=
=
=
=

Calculate Pw,b:
Pw,b = (1+0.573-1+0.642)10-3
0.96  0.37  3.7  84000
× min 
1.19 11175  23.3
110396
Pw,b = 3.387 10-3 min 
53374
Pw,b = 180.8 kN , mode (c)

, mode (a)
, mode (c)

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l , mode (a)
Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tef ,l a4 c , mode (b)
Cl = 0.30

G
E
670 MPa
10000 MPa
0.067
a1 (nC-1) = 280 mm
23.3
0.54
84000 mm2

Calculate Pw,l:
Pw,l = (1+0.368-1+0.642-1) × 10-3
0.96  0.30  3.7  42438
 min 
2 1.19 11 44.2 163

 84000
λ1 = 0.25  0.067  280  (1  0.54) 
 44.2  7736

λ1

0.2

0.067  280 
= 0.368


44619
Pw,l= 5.27510-3 min 
188616
Pw,l =237.0 kN , mode (a)

0.4


0.067  280 
= 0.573
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Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
253.2 < 329.3 OK
Qs,l = ϕwQwe,l
= 253.2 kN

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
ϕwQwe,l = 0.721.01.01.0 min(196.5, 180.8,
237.0)
= 253.2 kN (failure governed by bottom
shear plane, mode (c))

Wood capacity perpendicular-to-grain,
Qs = Qs,p
ϕwQwe,p
ϕrQry,p
Qs,p =
ϕwQwy,p
ϕrQru,p

Wood failure mode (c) governs failure, therefore
the wood capacity, ϕwQwe,l shall be recalculated
from the remaining planes to control whether the
residual head tensile plane and lateral shear planes
can resist higher load:

if ϕwQwe,p < ϕrQry,p
(Brittle mode)
if ϕwQwy,p < ϕrQry,p ≤ ϕwQwe,p (Mixed mode)
if ϕrQry,p ≤ ϕwQwy,p ≤ ϕrQru,p (Mixed mode)
if ϕrQru,p < ϕwQwy,p
(Ductile mode)

Check if ϕwQwe,p < ϕrQry,p . If so, then Qs,p= ϕwQwe,p
(brittle failure mode)

λ1 = 0.0
λ3-1 = 0.0

Pw,h = 1.19117736(1+0.0+0.368)10-3
= 138.5 kN
, mode (a)

Rivet capacity corresponding to yielding
perpendicular-to-grain, ϕrQry,p
ϕrQry,p = ϕrQr,p in which fh,90 and Mr,p equal to
fhy,90 and Mry,p respectively
= ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)

Determine Pw,l using Section B.4.1.4.3:
 X s Cl f s As ,l , mode (a)

Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tef ,l a4 c , mode (b)

Determine Prp,a using Section B.4.1.3.2(i):



4M r , p
Prp , a  X r  J p f h,90 Lp d p  2 
 1
2


f h,90 d p Lp





Determine Pw,h using Section B.4.1.4.1:
, mode (a)
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3



Calculate Pw,l:
Pw,l = (1+0.368-1+0.0) × 10-3
0.96  0.30  3.7  42438
 min 
2 1.19 11 44.2 163
44619
Pw,l= 3.71710-3 min 
188616

Lp f ax  3
 10
5.33 

fh,90 = ƒhy,90
= 35.9ρ (1-0.0024dp) 10-3 for glulam
(Section B.4.1.3.3)
dp
= 6.4 mm
ƒhy,90 = 16.6 MPa

, mode (a)
, mode (b)

Pw,l =167.1 kN , mode (a)
Mr,p = Mry,p
= 12450 Nmm

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,l)
= 0.721.01.01.0 min(138.5, 167.1)
= 193.5 kN (failure governed by head
tensile plane, mode (a))

Calculate Prp,a:

Prp, a  0.87  1.0  16.6  51.8  6.4



 51.8  34.1  3
4  12450
 2 
 1 
10
2


5.33 
16.6  6.4  51.8


Prp,a = 2.56 kN

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
residual head tensile plane and lateral shear planes
resist lower load of 193.5 kN compared to wood
capacity of 253.2 kN involving all resisting planes.
Thus, ϕwQwe,l = 253.2 kN.

Determine Prp,b using Section B.4.1.3.2(ii):

Lp f ax  3

Prp ,b  X r  2 J p M r , p f h,90 d p 
10
5.33 


Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.368-1+0.642-1) -1< 0.3
0.190 < 0.3

Calculate Prp,b:

Prp ,b  0.87  2 1.0  12450 16.6  6.4

51.8  34.1  3

10
5.33 

The connection does not need to be redesigned.
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Prp,b = 2.29 kN

Calculate Ps,b:
Ps,b = 1.281.3881.1939.2 [ 222.4+ min(1.6
337, 200) + min(1.6337, 2520)] 10-3
Ps,b = 79.7 kN

Rivet capacity corresponding to yielding
perpendicular-to-grain, ϕrQry,p:
ϕrQry,p = ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)
= 0.81.01.0298 min(2.56, 2.29)
= 263.8 kN (Yielding mode of failure: b)

Therefore, the wood capacity perpendicular-tograin corresponding to rivet elastic deformation,
ϕwQwe,p:
ϕwQwe,p = ϕw k1 k12 kf k5 np min (Ps,a , Ps,b)
= 0.71.01.01.01.02 min (45.1,
79.7)
= 63.2 kN (governing failure, splitting
width equal to member width, mode (b))

Wood
capacity
perpendicular-to-grain
corresponding to rivet elastic deformation,
ϕwQwe,p
ϕwQwe,p= ϕwQw,p in which tef,p equals to tefe,p
= ϕw k1 k5 k12 kf np min (Ps,a , Ps,b)
ϕw = 0.7
k5 = 1.0 for one joint

Check if Qs,p = ϕwQwe,p (brittle failure mode)
If ϕw Qwe,p < ϕrQry,p
63.2 < 263.8 OK
Qs,p = ϕwQwe,p
= 63.2 kN

Determine Ps,a using Section B.4.1.5.1:
Ps,a=XpηbCfp

he
103
he
1
h

Ultimate rivet capacity at angle, θ=22°, to the
grain, ϕrQru,Ө

Xp = 1.28 for glulam
η

=

γ =
he =
he =
wnet =
wnet =
a3c,L =
a3c,R=

r Qru , 

min( he , a3c , L )  min( he , a3c , R )  wnet
2 he

r Qru ,l sin 2   r Qru , p cos 2 

Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)

2.7 for glulam
h - a4c
500-163 = 337 mm
a1 (nR - 1) – 6.4nR
222.4 mm
200 mm
2520 mm

fh,0

η = 0.732
b = 135 mm
Cfp = 11.1 N/mm1.5 for GL10 Radiata Pine glulam

Mr,l

= ƒhu,0
= 86.7ρ (1-0.0024dl) 10-3 for glulam
(Section B.4.1.3.3)
= 40.4 MPa
= Mru,l
= 30000 Nmm

The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 390.3 kN (Rivet failure mode: a)

Calculate Ps,a:
Ps,a=1.280.73213511.1

r Qru ,lr Qru , p

337
103
337
1
500

Ps,a = 45.1 kN
Ultimate rivet capacity perpendicular-to-grain,
ϕrQru,p
ϕrQru,p = ϕrQr,p in which fh,0 and Mr,p equal to fhu,90
and Mru,p respectively
= ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)

Determine
using Section B.4.1.5.2:
Ps,b= XpCtftptef,p [wnet+min(βhe,a3c,L)+min(βhe,
a3c,R)]×10-3
a4c
𝜁 =
a2 (nC  1)
𝜁 = 0.776
Ct = 1.388
ftp = 1.19 MPa
tef,p = tefe,p (Corresponding to rivet elastic
deformation, Section B.4.1.5.4)
= 39.2 mm
β = 1.6 for glulam

Mr,p =
=
ƒh,90 =
=
=

Mru,p
15000 Nmm
ƒhu,90
43.3ρ (1-0.0024dp) 10-3 for glulam
20.0 MPa

The rivet ultimate capacity perpendicular-to-grain
(by following the same design procedure as defined
above):
ϕrQru,p = ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)
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= 311.2 kN (Rivet failure mode: b)

for a range of rivet lengths can be evaluated
relatively quickly.

Therefore, the ultimate rivet capacity at angle,
Ө=22°, to the grain, ϕrQru,Ө:
ϕrQru,Ө =
ϕrQru,Ө =

r Qru ,lr Qru , p

r Qru ,l sin 2   r Qru , p cos2 
390.3  311.2
390.3  sin 2 22  311.2  cos 2 22

ϕrQru,Ө = 376.9 kN
Check joint ultimate lateral resistance
N* ≤ Qs

N *  Nl*2  N *p 2

N *  1202  502
N* = 130.0 kN
Qs = Qs,θ
= min (Qs,l/cosӨ, Qs,p/sinӨ, ϕrQru,Ө)
= min (253.2/cos22°, 63.2/sin22°, 376.9)
= min (273.1, 168.7, 376.9) = 168.7 kN
130.0 ≤ 168.7, OK (Connection mode of failure:
Brittle wood splitting perpendicular-to-grain)
Adopt 65 mm long rivets with an array of 8 rows
by 9 columns, spacing 35 mm by 25 mm along
and across the grain, and 200 mm end distance
(see Figure B.5-12)

Configuration:
8*9, 35*25 mm

End distance:
200 mm

Figure B.5-12: Connection configuration
Note: If ductile behaviour at the connection
ultimate capacity is desirable, the failure mode of
the connection can be improved from brittle/mixed
to ductile by increasing the wood resistance with
larger rivet spacing across and along the grain.
Spreadsheets can be used to speed up the
computation process, and once set up, adjustments
in spacing, end and edge distances and capacities

206

Timber Rivet Connections Design Guide
Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
ϕr = 0.8
k1 = 0.8 for load combination [1.2G, 1.5Q]
k12 = 1.0 for dry timber
kf = 1.0 for face grain
np = 2
nR = 5
nC = 10

B.5.3 Moment Connection
To develop the moment in a beam splice, the rivet
connection is arranged as shown in Figure B.5-13.
The rivet plates are installed on opposing faces of
the dry wood member which is of grade 11 Radiata
Pine LVL.
Note: Shear is transferred by another scheme.

B.5.3.1 Design Actions
It is assumed that after taking into account the
effect of the load duration factor, k1, the critical
load combination for the connection design is
[1.2G, 1.5Q] (AS/NZS1170). The design loads
acting on the joint are shown in Figure B.5-13.
Two strength limit states are of interest: rivet
strength, and wood strength. An efficient
connection design can be made by decreasing the
difference between the capacity of the wood and
the rivets.

115 kNm

Determine Prl,a using Section 4.1.3.1(i):


4 M r ,l  
  1
Prl , a  X r  J p f h ,0 Lp dl   2 


f h,0 dl Lp 2  
 





115 kNm

Xr
Jp
fh,0

=
=
=
=

ρ
dl
ƒhy,0
Lp
Lr
tp
Lp
Mr,l

=
=
=
=
=
=
=
=
=
=
=
=

610*135 mm

Figure B.5-13: Design actions
B.5.3.2 Connection Geometry
Try 65 mm long rivets with the following
configuration
Number of rows of rivets parallel to direction of
load, nR = 5
Number of rivets per row, nC = 10
Spacing along the grain, a1 = 30 mm
Spacing across the grain, a2 = 25 mm
End distance, a3t = 150 mm
Edge distance, a4c = 50 mm (minimum of the edge
distance and half the distance between adjacent
joints)
Side plate thickness, tp = 10 mm
Note that the steel side plates shall be checked to
have a cross-section adequate for resisting tension
and shear forces.

fax
dp
fax

0.93 for LVL
1.0
ƒhy,0
75.1ρ (1-0.0037dl) 10-3 for LVL
(Section 4.1.3.3)
620 kg / m3 for grade 11 LVL
3.2 mm
46.0 MPa
Lr – tp – 3.2
65 mm
10 mm
51.8 mm
Mry,l
24900 Nmm
15.9ρ dp(1-0.0037dp)10-3
6.4 mm
61.6 N/mm

Calculate Prl,a:

Prl , a  0.93  1.0  46.0  51.8  3.2


 51.8  61.6  3
4  24900
 2 
 1 
10
2


5.33 
46.0  3.2  51.8


Prl,a = 4.11 kN
Determine Prl,b using Section B.4.1.3.1(ii):
Lp f ax  3

Prl ,b  X r  2 J p M r ,l f h,0 dl 
10
5.33 


B.5.3.3 Connection Lateral Resistance
Qs = Qs,l
ϕwQwe,l
ϕrQry,l
Qs,l =
ϕwQwy,l
ϕrQru,l

Lp f ax  3
 10
5.33 

if ϕwQwe,l < ϕrQry,l
if ϕwQwy,l < ϕrQry,l ≤ ϕwQwe,l
if ϕrQry,l ≤ ϕwQwy,l ≤ ϕrQru,l
if ϕrQru,l < ϕwQwy,l

(Brittle mode)
Calculate Prl,b:
(Mixed mode)

(Mixed mode) Prl ,b  0.93   2 1.0  24900  46.0  3.2

(Ductile mode)
51.8  61.6  3

10
5.33 
Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
(brittle failure mode)
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Prl,b = 4.12 kN
Therefore, the rivet yield capacity parallel-to-grain,
ϕrQry,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 0.80.81.01.02510 min(4.11, 4.12)
= 262.9 kN (Yielding mode of failure: a)

Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b
Pw,b = (1+λ1-1+λ3) 10-3 min 
 X t ft wc d z
Xs = 1.02 for LVL
Cb = 0.39
fs = 6 MPa for grade 11 LVL

Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
ϕw
= 0.7
Determine Pw,h using Section B.4.1.4.1:
, mode (a)
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
Xt = 1.06 for LVL
ft
= 30 MPa for grade 11 LVL
At,h = tef,l wc
tef,l = tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 44.2 mm
wc = a2 (nR-1) = 100 mm
At,h = 4420 mm2
 A
0.4 
1  0.25 Lc (1  H )  s ,b 

 tef ,l At , h  Lc 


G
ψ=
E
G = 550 MPa for grade 11 LVL
E = 11000 MPa for grade 11 LVL
ψ = 0.05
Lc = a1 (nC-1) = 270 mm
As,b = wc (Lc + a3t) mm2
As,b = 42000 mm2

 42000
λ1 = 0.25  0.05  270  (1  0.54) 
 44.2  4420

F =
As,l =
As,l =
λ2 =

0.4

0.05  270 
0.378
 As ,l
0.2 
0.5 Lc (1  F ) 


w A
 c t , h  Lc 
0.36
2tef,l (Lc + a3t)
37133 mm2
 37133
0.5  0.05  270  (1  0.36) 
 100  4420

44.2  (1  0.36)
100  (1  0.54)

λ3

 5  0.05  270  37133  44.2 1002 

2 
 2.5  0.05  270  42000  100  44.2 
= 1.130

Calculate Pw,b:
Pw,b = ×10-3
1.02  0.39  6  42000
× min 
1.06  30  100  23.3
100484
Pw,b = 4.776 min 
74094
Pw,b = 354.0 kN , mode (c)

71115
Pw,l = 4.219 103 min 
140556
Pw,l =k , mode (a)

, mode (a)
, mode (c)

, mode (a)
, mode (b)

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:
ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
= 0.720.81.01.0min (253.7, 354.0,
300.8)
= 284.1 kN (failure governed by head
tensile plane, mode (a))

0.2

0.05  270 
= 0.427


λ2

λ3 =






Calculate Pw,l:
Pw,l =  10-3
1.02  0.31 6  37133
 min 
2 1.06  30  44.2  50



λ2 =

tef ,l (1  F )  5 Lc As ,l  tef ,l wc2

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l

, mode (c)

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l , mode (a)
Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tef ,l a4 c , mode (b)
Cl = 0.31

dz = 23.3
H = 0.54

λ1 =

λ3 =

, mode (a)

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.

Calculate Pw,h:
Pw,h = 1.06
Pw,h = 253.7 kN , mode (a)
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The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 309.3 kN (Rivet failure mode: a)

Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
 -1< 0.3
0.237 < 0.3
The connection does not need to be redesigned.

Check if Qs,l = ϕwQwy,l (mixed failure mode)
If ϕwQwy,l ≤ ϕrQru,l
283.9 ≤ 309.3 OK
Qs,l = ϕwQwy,l
= 283.9 kN

Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
284.1 ≥ 262.9 (unsatisfied)
Thus, check if ϕwQwy,l < ϕrQry,l . If so, then Qs,l =
ϕrQry,l (mixed failure mode)

Check joint ultimate lateral resistance
N* ≤ Qs
M*
N* =
0.410
N* = 280.5 kN
Qs = Qs,l
Qs = 283.9 kN
280.5 ≤ 283.9, OK (Joint mode of failure: mixed)

Wood capacity parallel-to-grain corresponding
to rivet yielding mode, ϕwQwy,l
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l
tef,l = tefy,l

= Jp
= 1.0 

M ry ,l
f hy ,0 dl



Lp 2

, yielding mode (a)

2

Adopt 65 mm long rivets with an array of 5 rows
by 10 columns, spacing 30 mm by 25 mm along
and across the grain, and 150 mm end distance
(see Figure B.5-14)

24900
51.82

46.0  3.2
2

tef,l = 38.9 mm
The recalculated wood capacity (by following the
same design procedure as defined above):
ϕwQwy,l = 283.9 kN
Note that if the yielding mode (b) was governing
then the reduction of wood strength would be much
higher.

Edge distance:
50 mm
End distance:
150 mm

Configuration:
5*10, 30*25 mm

Figure B.5-14: Connection configuration
Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.427-1+0.684-1) -1 < 0.3
0.208 < 0.3
The connection does not need to be redesigned.

Note: If ductile behaviour at the connection
ultimate capacity is desirable, the failure mode of
the connection can be improved from brittle/mixed
to ductile by increasing the wood resistance with
larger rivet spacing across and along the grain.
Spreadsheets can be used to speed up computation,
and once set up, adjustments in spacing, end and
edge distances and capacities for a range of rivet
lengths can be evaluated relatively quickly.

Check if Qs,l = ϕrQry,l (mixed failure mode)
If ϕwQwy,l < ϕrQry,l
283.9 ≥ 262.9 (unsatisfied)
Thus, check if ϕwQwy,l < ϕrQru,l . If so, then Qs,l =
ϕwQwy,l (mixed failure mode)
Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
fh,0

= ƒhu,0
= 90.4ρ (1-0.0037dl) 10-3 for LVL (Section
B.4.1.3.3)
= 55.4 MPa

Mr,l = Mru,l
= 30000 Nmm
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Check if ϕwQwe,p < ϕrQry,p . If so, then Qs,p =
ϕwQwe,p (brittle failure mode)

B.5.4 Hanger Connection
For a hanger joint to transfer load from a secondary
beam to the primary beam, the rivet connection is
arranged as shown in Figure B.5-15. The secondary
beam rivet plates are installed on opposing faces of
the dry wood member which is of grade GL 10
Radiata Pine glulam.

Rivet capacity corresponding to yielding
perpendicular-to-grain, ϕrQry,p
ϕrQry,p = ϕrQr,p in which fh,90 and Mr,p equal to
fhy,90 and Mry,p respectively
= ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)
ϕr = 0.8
k1 = 0.8 for load combination [1.2G, 1.5Q]
k12 = 1.0 for dry timber
kf = 1.0 for edge grain of glulam
np = 2
nR = 4
nC = 4

B.5.4.1 Design Actions
It is assumed that after taking into account the
effect of the load duration factor, k1, the critical
load combination for the connection design is
[1.2G, 1.5Q] (AS/NZS1170). The design loads
acting on the joint are shown in Figure B.5-15. The
design load acting on the secondary beams is
assumed to be distributed evenly across the two
joints in the hanger connection. Two strength limit
states are of interest: rivet strength, and wood
strength. An efficient connection design can be
made by decreasing the difference between the
capacity of the wood and the rivets.

Determine Prp,a using Section 4.1.3.2(i):



4M r , p
Prp , a  X r  J p f h,90 Lp d p  2 
 1
2


f h,90 d p Lp






630*135 mm

405*90 mm

Xr =
Jp =
fh,90 =
=

N*= 25 kN

Total load = 50 kN

dp =
ρ =
ƒh,90 =
Lp =
Mr,p =
=
fax =
fax =

Figure B.5-15: Design actions
B.5.4.2 Connection Geometry
Try 65 mm long rivets with the following
configuration
Number of rows of rivets parallel to direction of
load, nR = 4
Number of rivets per row, nC = 4
Spacing along the grain, a1 = 30 mm
Spacing across the grain, a2 = 60 mm
Half the distance to the adjacent joint on the right
side, a3c,R = 95 mm
Half the distance to the adjacent joint on the left
side, a3c,L = 1115 mm (based on 2600 mm spacing
between secondary beams)
Unloaded edge distance, a4c = 225 mm
Loaded edge distance, a4t = 225 mm
Side plate thickness, tp = 10 mm
Note that the steel side plates shall be checked to
have a cross-section adequate for resisting tension
and shear forces.

0.87 for glulam
1.0
ƒhy,90
35.9ρ (1-0.0024dp) 10-3 for glulam
(Section 4.1.3.3)
6.4 mm
470 kg / m3 for grade GL10 glulam
16.6 MPa
51.8 mm
Mry,p
12450 Nmm
11.5ρ dp(1-0.0024dp)10-3
34.1 N/mm

Calculate Prp,a:

Prp , a  0.87  1.0 16.6  51.8  6.4


 51.8  34.1  3
4 12450
 2 
 1 
10
2


5.33 
16.6  6.4  51.8


Prp,a = 2.56 kN
Determine Prp,b using Section B.4.1.3.2(ii):

B.5.4.3 Connection Lateral Resistance
Qs = Qs,p
ϕwQwe,p
ϕrQry,p
Qs,p =
ϕwQwy,p
ϕrQru,p

Lp f ax  3
 10
5.33 

if ϕwQwe,p < ϕrQry,p
(Brittle mode)
if ϕwQwy,p < ϕrQry,p ≤ ϕwQwe,p (Mixed mode)
if ϕrQry,p ≤ ϕwQwy,p ≤ ϕrQru,p (Mixed mode)
if ϕrQru,p < ϕwQwy,p
(Ductile mode)
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Lp f ax  3

Prp ,b  X r  2 J p M r , p f h,90 d p 
10
5.33 

Calculate Prp,b:

Prp ,b  0.87  2 1.0  12450 16.6  6.4

51.8  34.1  3

10
5.33 
Prp,b = 2.29 kN
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Rivet strength perpendicular-to-grain, ϕrQry,p:
ϕrQry,p = ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b) 10-3
= 0.80.81.0244min(2.56, 2.29)10-3
= 46.9 kN (Yielding mode of failure: b)

Calculate Ps ,b :
Ps,b =1.281.1641.1939.2 [64.4+ min(1.6405,
1115) + min(1.6405, 95)] 10-3
Ps,b = 56.1 kN

Wood
capacity
perpendicular-to-grain
corresponding to rivet elastic deformation,
ϕwQwe,p
ϕwQwe,p = ϕwQw,p in which tef,p equals to tefe,p
= ϕw k1 k5 k12 kf np min (Ps,a, Ps,b)
ϕw = 0.7
k5 = 0.6 for multiple joints

Therefore, the wood capacity perpendicular-tograin corresponding to rivet elastic deformation,
ϕwQwe,p:
ϕwQwe,p = ϕw k1 k5 k12 kf np min (
)
= 0.70.80.61.01.02min(37.0, 56.1)
= 24.9 kN (governing failure, splitting
with crack width equal to member
thickness, mode (a))

Determine Ps,a using Section B.4.1.5.1:
Ps,a=XpηbCfp

Check if Qs,p = ϕwQwe,p (brittle failure mode)
If ϕwQwe,p < ϕrQry,p
24.9 < 46.9 OK
Qs,p = ϕwQwe,p
= 24.9 kN

he
103
he
1
h

Xp = 1.28 for glulam



Check connection ultimate lateral resistance
N* ≤ Qs
N* = 25 kN
Qs = Qs,p
= 24.9 kN
25 ≈ 24.9, OK (Connection mode of failure:
wood splitting failure mode (a), corresponding to
crack width equal to member thickness)

min( he , a3c , L )  min( he , a3c, R )  wnet
2 he

γ = 2.7 for glulam
he = h - a4c
he = 630-225 = 405 mm
wnet = a1 (nR - 1) – 6.4nR
wnet = 64.4 mm
a3c,L = 1115 mm
a3c,R= 95 mm
min(2.7  405,1115)  min(2.7  405,95)  64.4

2  2.7  405
η = 0.573

Adopt 65 mm long rivets with an array of 4 rows
by 4 columns on either side of the secondary
beam, spacing 30 mm by 60 mm along and across
the grain, and 50 mm unloaded edge distance (see
Figure B.5-16)
Configuration:
4*4, 30*60 mm

b = 135 mm
Cfp = 11.1 N/mm1.5 for Radiata Pine LVL

Unloaded edge
distance = 225 mm

Calculate Ps,a:
Ps,a=1.280.57313511.1

405
103
405
1
630

Loaded edge
distance = 225 mm

Ps,a = 37.0 kN

Distance to adjacent joint: 190 mm

Determine
using Section B.4.1.5.2:
Ps,b= XpCtftptef,p [wnet+min(βhe,a3c,L)+min(βhe,
a3c,R)]×10-3
a4c
𝜁 
a2 (nC  1)
𝜁 = 1.25
Ct = 1.164
ftp = 1.19 MPa
tef,p = tefe,p (Corresponding to rivet elastic
deformation, Section B.4.1.5.4)
= 39.2 mm
β = 1.6 for glulam

Figure B.5-16: Connection configuration
Note: If ductile behaviour at the connection
ultimate capacity is desirable, the failure mode of
the connection can be improved from brittle/mixed
to ductile by increasing the wood resistance with
larger rivet spacing across and along the grain.
Spreadsheets can be used to speed up computation,
and once set up, adjustments in spacing, end and
edge distances and capacities for a range of rivet
lengths can be evaluated relatively quickly.
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B.5.5 Shear Wall Connections

B.5.5.1 Hold-down connection

For a shear wall to resist loads during a design
earthquake, a rivet hold-down connection and
floor-wall connection are arranged as shown in
Figure B.5-17. The rivet plates are installed on
opposing faces of the dry wood member which is
of grade 11 Radiata Pine LVL.

B.5.5.1.1 Connection Geometry
Try 65 mm long rivets with the following
configuration for each joint
Side plate thickness, tp = 8 mm
Note that the steel side plates need to be checked to
have a cross-section adequate for resisting tension
and compression forces.

Design Actions
It is assumed that after taking into account the
effect of the load duration factor, k1, the critical
load combination for the connection design is [G,
ΨcQ, Eu] (AS/NZS1170). The design loads acting
on the joint are shown in Figure B.5-17. Two
strength limit states are of interest: rivet strength,
and wood strength. In order to achieve a targeted
system ductility at design drift under ultimate limit
state (ULS), the slip of the rivets in the hold-down
and floor- wall connections are required to be less
than 2 and 3 mm respectively. An efficient
connection design can be made by decreasing the
difference between the capacity of the wood and
the rivets; however the deflection requirements
may be critical for the rivet capacity.

N* = 205.0 kN
Number of rows of rivets parallel to direction of
load, nR = 6
Number of rivets per row, nC = 6
Spacing along the grain, a1 = 30 mm
Spacing across the grain, a2 = 30 mm
End distance, a3t = 150 mm
Edge distance, a4c = 100 mm (minimum of edge
distance and half the distance to an adjacent joint)
The rivet groups on either side of the energy
dissipater are considered multiple joints acting
parallel-to-grain and the connection is designed
in accordance with Section B.4.1.4.5.
B.5.5.1.2 Connection Lateral Resistance
Qs = Qs,l
ϕwQwe,l
ϕrQry,l
Qs,l =
ϕwQwy,l
ϕrQru,l

270*1800 mm

if ϕwQwe,l < ϕrQry,l
if ϕwQwy,l < ϕrQry,l ≤ ϕwQwe,l
if ϕrQry,l ≤ ϕwQwy,l ≤ ϕrQru,l
if ϕrQru,l < ϕwQwy,l

(Brittle mode)
(Mixed mode)
(Mixed mode)
(Ductile mode)

Check if ϕwQwe,l < ϕrQry,l . If so, then Qs,l = ϕwQwe,l
(brittle failure mode)

Np*= 1200 kN

Rivet capacity corresponding to yielding
parallel-to-grain, ϕrQry,l
ϕrQry,l = ϕrQr,l in which fh,0 and Mr,l equal to fhy,0
and Mry,l respectively
= ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
ϕr = 0.8
k1 = 1.0 for load combination [G, ΨlQ, Es]
k12 = 1.0 for dry timber
kf = 1.0 for face grain
np = 2
nR = 6
nC = 6

Total load = 615 kN

Determine Prl,a using Section B.4.1.3.1(i):


4 M r ,l  
  1
Prl , a  X r  J p f h ,0 Lp dl   2 


f h,0 dl Lp 2  

 


Lp f ax  3

 10
5.33 

Nl*= 205 kN

Figure B.5-17: Design actions
Note: The design load acting on the energy
dissipaters in the hold-down connection is assumed
to be distributed evenly across the three rivet joints.
The rivet configuration in the floor-wall connection
acts as one joint.

Xr
Jp
fh,0
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=
=
=
=

0.93 for LVL
1.0
ƒhy,0
75.1ρ (1-0.0037dl) 10-3 for LVL
(Section B.4.1.3.3)
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ρ
dl
ƒhy,0
Lp
Lr
tp
Lp
Mr,l
fax
dp
fax

=
=
=
=
=
=
=
=
=
=
=
=

620 kg / m3 for grade 11 LVL
3.2 mm
46.0 MPa
Lr – tp – 3.2
65 mm
8 mm
53.8 mm
Mry,l
24900 Nmm
15.9ρ dp(1-0.0037dp)10-3
6.4 mm
61.6 N/mm

G
E
G =
E =
ψ =
Lc =

ψ=

dz
H
As,b
As,b

550 MPa for grade 11 LVL
11000 MPa for grade 11 LVL
0.05
a1 (nC-1) = 150 mm

=
=
=
=

89.3
0.0
wc (Lc + a3t)
45000 mm2


45000
45.7
 6855


1  0.25  0.05 150  (1  0.0) 


Prl,a = 0.93× 1.0  46.0  53.8  3.2 




0.4

0.05 150 

1  0.369
 As ,l
0.2

w A
 c t , h  Lc

2  0.5 Lc (1  F ) 
= 4.22 kN
F =
As,l =

Determine Prl,b using Section B.4.1.3.1(ii):

0.220
27419 mm2


27419
150
 6855


Lp f ax 

Prl ,b  X r  2 J p M r ,l f h,0 dl 

5.33 

Calculate Prl,b:

2  0.5  0.05 150  (1  0.22) 


Prl ,b  0.93   2 1.0  24900  46.0  3.2

53.8  61.8  3

10
5.33 
Prl,b = 4.14 kN

2  0.156



0.2

0.05 150 

Calculate Pw,h:
Pw,h = 1.06
Pw,h = 332.5 kN , mode (a)
Determine Pw,b using Section B.4.1.4.2:
 X s Cb f s As ,b
Pw,b = (1+λ1-1+λ3) 10-3 min 
 X t ft wc d z
Xs = 1.02 for LVL
Cb = 0.35
fs = 6 MPa for grade 11 LVL

Therefore, the rivet yield capacity parallel-to-grain,
ϕrQry,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 0.81.01.01.0266min(4.22, 4.14)
= 238.4 kN (Rivet yielding mode: b)
Wood capacity parallel-to-grain corresponding
to rivet elastic deformation, ϕwQwe,l
ϕwQwe,l = ϕwQw,l in which tef,l equals to tefe,l
= ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
ϕw
= 0.7
Determine Pw,h using Section B.4.1.4.1:
Pw,h = Xt ft At,h (1+λ1+λ2) 10-3
Xt = 1.06 for LVL
ft
= 30 MPa for grade 11 LVL
At,h = tef,l wc
tef,l = tefe,l (Corresponding to rivet elastic
deformation, Section B.4.1.4.4)
= 45.7 mm
wc = a2 (nR-1) = 150 mm
At,h = 6855 mm2
 A
0.4 
1  0.25 Lc (1  H )  s ,b 

 tef ,l At , h  Lc 







3 

tef ,l (1  F )  5 Lc As ,l  tef ,l wc2

wc (1  H )  2.5 Lc As ,b  wc tef2 ,l

45.7  (1  0.22)
150  (1  0.0)
 5  0.05 150  27419  45.7 150 2 

2 
 2.5  0.05 150  45000  150  45.7 
3  0.424

Calculate Pw,b:
Pw,b = 10-3
1.02  0.35  6  45000
× min 
1.06  30  150  89.3
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3 
, mode (a)

, mode (a)
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96390
Pw,b = 4.134 min 
425961

Pw,b =395.2 kN

, mode (a)

tef,l = 26.0 mm

, mode (c)

The recalculated wood capacity (by following the
same design procedure as defined above):
ϕwQwy,l = 360.1 kN (failure governed by head
tensile plane, mode (a))

, mode (a)

Determine Pw,l using Section B.4.1.4.3:

 X s Cl f s As ,l , mode (a)
Pw,l = (1+λ2-1+λ3-1) 10-3 min 

2 X t ft tef ,l a4 c , mode (b)
Cl = 0.28

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.
Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
(1+0.156-1+0.168-1) -1< 0.3
0.075 < 0.3
The connection does not need to be redesigned.

Calculate Pw,l:
Pw,l = 10-3 
1.02  0.28  6  27419
min 
2 1.06  30  45.7 100
46146
Pw,l = 9.768 103 min 
290652
Pw,l =k , mode (a)

, mode (a)
, mode (b)

Check if Qs,l = ϕrQry,l (mixed failure mode)
If ϕwQwy,l < ϕrQry,l
360.1 ≥ 238.4 (unsatisfied)

Therefore, the wood capacity parallel-to-grain
corresponding to rivet elastic deformation, ϕwQwe,l:

Thus, check if ϕwQwy,l < ϕrQru,l . If so, then Qs,l =
ϕwQwy,l (mixed failure mode)

ϕwQwe,l = ϕw np k1 k12 kf min (Pw,h, Pw,b, Pw,l)
= 0.721.01.01.0min (332.5, 395.2,
454.6)
= 465.5 kN (failure governed by bottom
shear plane, mode (a))

Ultimate rivet capacity parallel-to-grain, ϕrQru,l
ϕrQru,l = ϕrQr,l in which fh,0 and Mr,l equal to fhu,0
and Mru,l respectively
fh,0

Wood failure mode (a) governs failure, therefore no
recalculation is required (Section B.4.1.4). The
wood capacity involves all resisting planes.
Mr,l
Check that the contribution of the lateral shear
planes is less than 30% of the total joint capacity:
(1+λ2-1+λ3-1)-1 < 0.3
 -1< 0.3
0.103 < 0.3
The connection does not need to be redesigned.

The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = ϕr k1 k12 kf np nR nC min (Prl,a, Prl,b)
= 280.3 kN (Rivet failure mode: b)

Check if Qs,l = ϕwQwe,l (brittle failure mode)
If ϕwQwe,l < ϕrQry,l
465.5 ≥ 238.4 (unsatisfied)

Check if Qs,l = ϕwQwy,l (mixed failure mode)
If ϕwQwy,l ≤ ϕrQru,l
360.1 > 280.3 (unsatisfied)

Thus, check if ϕwQwy,l < ϕrQry,l . If so, then Qs,l =
ϕrQry,l (mixed failure mode)

Thus, Qs,l = ϕwQru,l (ductile failure mode)
Qs,l = 280.3 kN

Wood capacity parallel-to-grain corresponding
to rivet yielding mode, ϕwQwy,l
ϕwQwy,l = ϕwQw,l in which tef,l equals to tefy,l

Check joint ultimate lateral resistance
N* ≤ Qs
N* = 205.0 kN
Qs = Qs,l
Qs = 280.3 kN
205.0 ≤ 280.3, OK (Joint mode of failure: ductile)

tef,l = tefy,l

 Jp

M ry ,l
f hy ,0 dl



Lp 2

= ƒhu,0
= 90.4ρ (1-0.0037dl) 10-3 for LVL (Section
B.4.1.3.3)
= 55.4 MPa
= Mru,l
= 30000 Nmm

, yielding mode (a)

2
Joint Deflection parallel-to-grain
The joint deflection must not exceed 2mm
δl ≤ 2 mm

24900
53.82
 1.0 

46.0  3.2
2
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δl


Nl*
= 4 1  1 
r Qru ,l






N l* = ultimate design load parallel-to-grain, kN,
for deflection under (ULS)

205 
δl = 4 1  1 

280.3 

δl = 1.93mm

1.93

≤ 2, OK

Adopt 65 mm long rivets with an array of 6 rows
by 6 columns, spacing 30 mm by 30 mm along
and across the grain, and 150 mm end distance
spaced at 200 mm on either side of the energy
dissipaters (see Figure B.5-18)

Configuration:
6*6, 30*30 mm
200 mm 200 mm
End distance:
150 mm

Figure B.5-18: Connection configuration of
the hold down connection
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B.5.5.2

Jp = 1.0
fh,90 = ƒhy,90
= 49.9ρ (1-0.0037dp) 10-3 for LVL
(Section B.4.1.3.3)
dp = 6.4 mm
ρ
= 620 kg / m3 for grade 11 LVL
ƒh,90 = 30.2 MPa
Lp = 28.8 mm
Mr,p = Mry,p
= 12450 Nmm
fax = 15.9ρ dp(1-0.0037dp)10-3
= 61.6 N/mm

Floor-wall connection

B.5.5.2.1 Connection Geometry
Try 65 mm long rivets with the following
configuration for each joint
Side plate thickness, tp = 8 mm
(The steel side plates need to be checked to have a
cross-section adequate for resisting tension and
compression forces).
N* = 1200 kN
Number of rows of rivets parallel to direction of
load, nR = 8
Number of rivets per row, nC = 30 (as two 8*15
rivet joints either side of the connection)
Spacing along the grain, a1 = 30 mm
Spacing across the grain, a2 = 30 mm
Unloaded end distance on the left side,
a3c,L = 3450 mm
Unloaded end distance on the right side,
a3c,R = 3450 mm
Unloaded edge distance, a4c = 25 mm
Loaded edge distance, a4t = 25 mm
Note: The two rivet groups are located along the
load direction and are connected by the steel
plate. There is possibility of splitting only at the
unloaded edge of the steel plate. No splitting is
possible between the two groups of rivets.

Calculate Prp,a:

Prp, a  0.93  1.0  30.2  51.8  6.4

 51.8  61.6  3

4  12450
 2 
 1 
10
2


5.33 
30.2  6.4  51.8



Prp,a = 4.89 kN
Determine Prp,b using Section B.4.1.3.2(ii):

Lp f ax  3

Prp ,b  X r  2 J p M r , p f h,90 d p 
10
5.33 


Calculate Prp,b:

Prp ,b  0.93   2 1.0  12450  30.2  6.4
B.5.5.2.2 Connection Lateral Resistance

Qs = Qs,p
51.8  61.6  3

10
5.33 
ϕwQwe,p if ϕwQwe,p < ϕrQry,p
(Brittle mode)
ϕrQry,p if ϕwQwy,p < ϕrQry,p ≤ ϕwQwe,p (Mixed mode) Prp,b = 3.46 kN
Qs,p =
ϕwQwy,p if ϕrQry,p ≤ ϕwQwy,p ≤ ϕrQru,p (Mixed mode)
Rivet strength perpendicular-to-grain, ϕrQr,p:
ϕrQru,p if ϕrQru,p < ϕwQwy,p
(Ductile mode) ϕ Q = ϕ k k k n n n min (P , P )
r

r,p

Check if ϕwQwe,p < ϕrQry,p . If so, then Qs,p =
ϕwQwe,p (brittle failure mode)

p

R

C

rp,a

rp,b

Determine Ps,a using Section B.4.1.5.1:

Determine Prp,a using Section B.4.1.3.2(i):



4M r , p
Prp , a  X r  J p f h,90 Lp d p  2 
 1
2


f h,90 d p Lp





Xr

1 12 f

Wood
capacity
perpendicular-to-grain
corresponding to rivet elastic deformation,
ϕwQwe,p
ϕwQwe,p= ϕwQw,p in which tef,p equals to tefe,p
= ϕw k1 k5 k12 kf np min (Ps,a , Ps,b)
ϕw = 0.7
k5 = 1.0

Rivet capacity corresponding to yielding
perpendicular-to-grain, ϕrQry,p
ϕrQry,p = ϕrQr,p in which fh,90 and Mr,p equal to
fhy,90 and Mry,p respectively
= ϕr k1 k12 kf np nR nC min (Prp,a, Prp,b)
np = 2
nR = 8
nC = 30



r

= 0.81.01.02830min (4.89, 3.46)
= 1330.1 kN (Yielding mode of failure: b)

Ps,a=XpηbCfp

Lp f ax  3
 10
5.33 

he
103
he
1
h

Xp = 1.23 for LVL



= 0.93 for LVL
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2 he
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γ =
he =
he =
wnet =
wnet =
a3c,L =
a3c,R=

Check if Qs,p = ϕwQwe,p (brittle failure mode)
If ϕwQwe,p < ϕrQry,p
1208.5 < 1330.1 OK
Qs,p = ϕwQwe,p
= 1208.5 kN

4 for LVL
h - a4c
1800-30 = 1770 mm
a1 (nR - 1) – 6.4nR
158.8 mm
3450 mm
3450 mm



min(4 1770,3450)  min(4 1770,3450)  158.8
2  4 1770

η

= 0.499

Check connection ultimate lateral resistance
N* ≤ Qs
N* = 1200 kN
Qs = Qs,p
= 1208.5 kN
1200 ≤ 1208.5, OK (Connection mode of failure:
wood splitting failure mode (a), corresponding to
crack width equal to the member thickness)

b = 270 mm
Cfp = 16 N/mm1.5 for LVL

Ultimate rivet capacity perpendicular-to-grain,
ϕrQru,p
ϕrQru,p = ϕrQr,p in which fh,90 and Mr,p equal to
fhu,90 and Mru,p respectively

Calculate Ps,a:
Ps,a=1.230.49927016

1770
103
1770
1
1800

fh,90 = ƒhu,90
= 60.2ρ (1-0.0037dp) 10-3 for LVL (Section
B.4.1.3.3)
= 36.4 MPa
Mr,p = Mru,p
= 15000 Nmm

Ps,a = 863.2 kN
Determine
using Section B.4.1.5.2:
Ps,b= XpCtftptef,p [wnet+min(βhe,a3c,L)+min(βhe,
a3c,R)]×10-3
a4c
𝜁 =
a2 (nC  1)
𝜁 = Unloaded edge distance/Connection depth

The recalculated rivet ultimate capacity (by
following the same design procedure as defined
above):
ϕrQru,l = 1557.9 kN (Rivet failure mode: b)

Connection depth = 2a2(nC-1)+Lgap
(See the note in Section B.5.5.2.1)
Lgap =
𝜁 =
Ct =
ftp =
tef,p =

Joint Deflection parallel-to-grain
The joint deflection must not exceed 3mm
δp ≤ 3 mm

N *p 

δp = 5.5 1  1  0.99
r Qru , p 




β

N *p = ultimate design load perpendicular-to-grain,

900 mm
0.014
6.133
1.45 MPa
tefe,p (Corresponding to rivet elastic
deformation, Section B.4.1.5.4)
= 40.3 mm
= 2.4 for LVL

kN, for deflection under (ULS)
Calculate Ps ,b :
Ps,b = 1.236.1331.4540.3  [158.8 + min
(2.41770, 3450) + min(2.41770, 3450)]
 10-3
Ps,b = 3110.5 kN


1200 
δp = 5.5 1  1  0.99

1557.9 

δp = 2.82 mm

Therefore, the wood capacity perpendicular-tograin corresponding to rivet elastic deformation,
ϕwQwe,p:
ϕwQwe,p = ϕw k1 k12 kf k5 np min (Ps,a , Ps,b)
= 0.71.01.01.01.02min(863.2,
3110.5)
= 1208.5 kN (governing failure, splitting
width equal to member width, mode (a))

2.82

≤ 3.0, OK

Adopt 65 mm long rivets in two arrays of 8 rows
by 15 columns, spacing 30 mm by 30 mm along
and across the grain. The two arrays will be
spaced 900mm apart with 30 mm loaded and
unloaded edge distances, 3450 mm end distances
on to the left and right side. (see Figure B.5-19)
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Configuration of each joint:
8*15, 30*30 mm
Edge distance:
30 mm

900 mm

Figure B.5-19: Connection configuration of
the floor-wall connection
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B.7 Reference Capacity Tables
Table B.7-1: Reference design capacity (kN) for a double-sided joint loaded parallel to grain using
Radiata Pine LVL grade 11 (spacing a1=25 mm; a2=25 mm)
Rivet length,
Lr (mm)
40

Member
thickness, b (mm)
90

135

65

135

180

90

180

225

Rivets per
row, nC
6

Number of rows, nR

8

6
199
264

8
265
353

10
331
441

12
397
530

14
464
618

10

241

327

415

504

593

12

206

278

351

426

501

14

186

249

314

380

447

6
8

199
234

265
321

331
409

397
497

464
586

10

256

350

444

540

636

12

267

362

460

559

658

14
6

283

384

487

591

695

8

278
316

371
428

464
543

557
659

650
775

10

363

482

607

733

861

12

408

533

665

800

937

14

462

593

735

881

1029

6
8

278
347

371
471

464
597

557
725

650
854

10

397

534

675

817

961

12

469

619

775

935

1096

14
6

533

694

864

1040

1217

8

253
337

337
449

428
562

521
674

615
786

10

421

562

702

842

983

12

505

657

816

980

1147

14

559

708

870

1039

1212

6
8

253
337

337
449

428
562

521
674

615
786

10

421

562

702

842

983

12

505

674

842

1011

1179

14

590

780

963

1153

1346

Notes:
(1) Member depth is assumed to be two times the joint depth, h = 2×a2(nR-1).
(2) The joint is located at the centre of the member.
(3) End distance is considered based on minimum requirements.
(4) The value of k1, k12 and kf factors are assumed to be equal to one.
(5) Steel plate is considered to be 10 mm thick.
(6) Ultimate design capacity of 40, 65 and 90 mm long rivets under ductile failure is calculated as 2.76,
3.87 and 4.09 kN per rivet respectively.
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Table B.7-2: Reference design capacity (kN) for a double-sided joint loaded parallel to grain using
Radiata Pine glulam GL8 (spacing a1=25 mm; a2=25 mm)
Rivet length,
Lr (mm)
40

Member
thickness, b (mm)
90

135

65

135

180

90

180

225

Rivets per
row, nC
6

Number of rows, nR

8

6
85
96

8
116
130

10
148
165

12
180
201

14
212
236

10

81

109

138

167

197

12

71

95

120

145

170

14

75

90

109

132

155

6
8

97
128

134
175

171
222

208
270

245
318

10

136

185

235

285

336

12

129

175

221

269

316

14
6

121

163

206

250

294

8

117
131

160
176

203
222

247
268

291
315

10

147

193

241

291

341

12

169

218

270

324

378

14

160

203

249

297

347

6
8

126
146

172
196

220
248

267
300

314
353

10

167

221

278

336

394

12

198

259

323

389

455

14
6

226

291

361

433

506

8

156
170

213
226

271
285

329
344

387
404

10

184

240

300

360

422

12

205

261

322

385

449

14

231

286

349

414

481

6
8

163
180

222
240

283
302

343
366

404
430

10

197

259

324

390

457

12

224

287

355

425

497

14

255

321

393

468

545

Notes:
(1) Member depth is assumed to be two times the joint depth, h = 2×a2(nR-1).
(2) The joint is located at the centre of the member.
(3) End distance is considered based on minimum requirements.
(4) The value of k1, k12 and kf factors are assumed to be equal to one.
(5) Steel plate is considered to be 10 mm thick.
(6) Ultimate design capacity of 40, 65 and 90 mm long rivets under ductile failure is calculated as 2.08,
2.62 and 2.98 kN per rivet respectively.
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Table B.7-3: Reference design capacity (kN) for a double-sided joint loaded perpendicular-to-grain using
Radiata Pine LVL grade 11 (spacing a1=25 mm; a2=25 mm)
Rivet length,
Lr (mm)

Member
thickness, b (mm)

Rivets
per row,
nC

6

8

10

12

14

40

90

6

24

26

29

31

33

8

30

32

33

34

36

10

33

34

36

37

38

12

36

37

39

40

41

14

39

40

41

42

43

6

24

26

29

31

33

8

32

34

36

39

41

10

39

41

44

46

48

12

47

49

51

54

56

14

54

56

59

61

63

6

40

42

45

47

50

8

45

47

49

52

54

10

50

52

54

56

58

12

54

56

58

59

61

14

58

60

62

63

65

6

41

45

49

53

57

8

54

58

62

66

70

10

67

69

72

74

77

12

72

75

77

79

82

14

78

80

82

84

86

6

53

57

60

63

67

8

60

63

66

69

72

10

67

69

72

74

77

12

72

75

77

79

82

14

78

80

82

84

86

6

53

58

63

68

73

8

69

74

80

85

90

10

83

86

90

93

96

12

91

93

96

99

102

14

97

100

103

105

108

135

65

135

180

90

180

225

Number of rows, nR

Notes:
(1) Member depth is assumed to be two times the joint depth, h = 2×a2(nC-1).
(2) The joint is located at the centre of the member.
(3) End distances on the left and right sides of the joint are assumed to be large enough that they do not affect
the joint wood capacity.
(4) The value of k1, k5, k12 and kf factors are assumed to be equal to one.
(5) Steel plate is considered to be 10 mm thick.
(6) Ultimate design capacity of 40, 65 and 90 mm long rivets under ductile failure is calculated as 2.72, 3.23 and
3.44 kN per rivet respectively.
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Table B.7-4: Reference design capacity (kN) for a double-sided joint loaded perpendicular-to-grain using
Radiata Pine glulam GL8 (spacing a1=25 mm; a2=25 mm)
Rivet
length, Lr
(mm)

Member
thickness,
b (mm)

Rivets per
row, nC

6

8

10

12

14

40

90

6

15

17

19

21

23

8

20

22

23

25

27

10

24

26

28

29

30

12

27

28

29

31

32

14

29

30

31

32

33

6

15

17

19

21

23

135

65

135

180

90

180

225

Number of rows, nR

8

20

22

23

25

27

10

24

26

28

30

32

12

28

30

32

34

36

14
6

32
26

34
29

36
33

38
36

40
40

8

33

37

39

41

43

10

38

40

42

44

46

12

41

42

44

46

48

14

43

45

47

48

50

6

26

29

33

36

40

8

33

37

40

43

47

10

41

44

47

51

54

12

48

51

55

58

61

14
6

55
34

59
38

62
42

65
47

67
51

8

43

47

52

55

58

10

50

53

55

58

61

12

54

57

59

61

64

14

58

60

62

65

67

6

34

38

42

47

51

8

43

47

52

56

60

10

52

57

61

65

70

12

62

66

70

75

79

14

71

75

78

81

84

Notes:
(1) Member depth is assumed to be two times the joint depth, h = 2×a2(nC-1).
(2) The joint is located at the centre of the member.
(3) End distances on the left and right sides of the joint are assumed to be large enough that they do not
affect the joint wood capacity.
(4) The value of k1, k5, k12 and kf factors are assumed to be equal to one.
(5) Steel plate is considered to be 10 mm thick.
(6) Ultimate design capacity of 40, 65 and 90 mm long rivets under ductile failure is calculated as 1.62,
2.16 and 2.27 kN per rivet respectively.
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 ftp , m  Qwk , p   1-1.645COVw, p
Xp = 


 ftp , k  Qwm, p   1-1.645COVtp


 
= 1.23 for LVL
= 1.28 for glulam
= 1.31 for lumber

B.8 Adjustment Factors
B.8.1 Adjustment factor for tension
parallel to grain
Xt = adjustment factor for tension parallel-to-grain
 ft , m  Qwk ,l   1  1.645COVw,l 

  

 f 

 t , k  Qwm,l   1  1.645COVt 
= 1.06 for LVL
= 1.19 for glulam
= 1.29 for lumber






where
COVtp = coefficients of variation for the
conducted tensile strength material property tests
perpendicular-to-grain
= 0.18 for LVL
= 0.25 for glulam
= 0.29 for lumber (estimated by adding
half the difference between LVL and
Glulam)

where
COVt = coefficients of variation for the
conducted tensile strength material property tests
parallel to grain
= 0.12 for LVL
= 0.24 for glulam
= 0.30 for lumber (estimated by adding
half the difference between LVL and
glulam)
COVw,l = maximum coefficients of variation for
the conducted connection wood strength
tests parallel to grain
= 0.09 for LVL
= 0.17 for glulam
= 0.21 for lumber (estimated by adding
half the difference between LVL and
glulam)

where
COVw,p = maximum coefficients of variation for
the conducted connection wood strength tests
perpendicular-to-grain
= 0.08 for LVL
= 0.15 for glulam
= 0.19 for lumber (estimated by adding
half the difference between LVL and
glulam)

B.8.4 Adjustment factor for rivet
characteristic resistance
Xr = 1-1.645COVr
= 0.93 for LVL
= 0.87 for glulam
= 0.84 for lumber

m and k indices stand for the mean and
characteristic values, respectively.

B.8.2 Adjustment factor for
longitudinal shear

where
COVr = maximum coefficients of variation for
the conducted connection rivet strength tests
= 0.04 for LVL
= 0.08 for glulam
= 0.10 for lumber (estimated by adding
half the difference between LVL and
glulam)

Xs = adjustment factor for longitudinal shear
 f s , m  Qwk ,l   1-1.645COVw,l 

  

 f 

 s , k  Qwm,l   1-1.645COVs 
= 1.02 for LVL
= 0.96 for glulam
= 0.93 for lumber
where

B.8.5 Adjustment factor for
characteristic withdrawal resistance

COVs = coefficients of variation for the
conducted longitudinal shear strength material
property tests
= 0.10 for LVL
= 0.15 for glulam
= 0.18 for lumber (estimated by adding
half the difference between LVL and
glulam)

Xax = 1-1.645COVax
= 0.84 for LVL
= 0.61 for glulam
= 0.49 for lumber
where
COVax = coefficients of variation for the
conducted rivet withdrawal strength tests
= 0.10 for LVL
= 0.24 for glulam
= 0.31 for lumber (estimated by adding
half the difference between LVL and
glulam.

B.8.3 Adjustment factor for tension
perpendicular to grain
Xp = adjustment factor for tension perpendicularto-grain
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