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Chapter 1 

Introduction 

In Denmark it has been an old tradition to use timber in all kinds of structures. In 
particular, timber has been widely used for the load-bearing structure in roofs, walls, 
and floors. Today timber is used for structures as roof trusses and floor joists almost 
only. 

Timber structures are made with beams connected in joints with glue or a mechanical 
fastener. Th1e types of the mechanical fasteners are: nails, staples, bolts, dowels, screws 
and nail-plates . Bolts and dowels are generally applied to joints in solid· structures, 
and the other fastners are used in all kinds of light structures. Especially nail-plates 
are designed for trusses. 

For many years, joints were made of boards with nails, but the increasing industria­
lism and the need for quick and usable assembly had the result that today nearly all 
trusses are prefabricated with nail-plates . The word "nail-plate" has been used for dif­
ferent types of plates. There are two main types of nail-plates: steel plates perforated 
with holes in which separate nails are used, and steel plates perforated by a stamping 
machine, so the nails are made from the plate, see figure 1.2 on page 7. This type 
is sometimes called "punched metal plate" and requires a hydraulic pressing tool to 
embed the nails into the wood. Only joints with a nail-plate of the latter type will be 
analysed in this thesis. 

1.1 Motivation 

The dimensions of the beams and nail-plates in the timber structures are controlled by 
different load-cases. The beams and joints must not fail when the truss is subjected 
to the maximum load (e.g. a snow or wind load), and the deformations in the servi­
ceability state must not exceed certain values . The variation of the section forces and 
deformations of the trusses is determined by a model. Today, the design of trusses is 
determined using rather simple models which means that the material for the trusses 
is not optimally used . 

1 
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2 Chapter 1 Introduction 

In recent years , types of trusses have been used where the stiffness and strength are 
highly dependent on the joint properties, see figure 1.1, left. Furthermore, the design 
of all trusses in Denmark is almost always controlled by the deformations . 

New type Collar Tie Truss Normal Collar Tie Truss 

Figure 1.1: Two types of collar tie trusses. 

The deformation of a truss is composed of the deformations of the beams, which are 
fairly well known r and the deformations of the joints, which are a rather neglected area. 

The objective of this study is therefore to make better predictions of the deformations 
in the joints. Numerical methods for nail-plate joint modelling will be developed and 
tested. It is the idea that the models should serve as a research tool to achieve more 
knowledge 1 about the joint behaviour so that more optimal designs can be determi­
ned . In the 1long term, the models may be introduced into pratical truss engineering 
resulting in less material consumption to be of benefit for the environment and the 
competitiveness of the factory. In addition to increased knowledge about their utilities 
and limitations, the use of new models will also demand new production methods as 
well as new attitudes among the design engineers, e.g. the notion that utilization of 
contact between the timber members is a "daring" phenomenon should be changed. 
Contact between the timber members will also be analysed in this thesis. 

1.2 Modelling the Joint Behaviour 

Many different types of models have been developed for the design of trusses and the 
most importent are: 

1 Plane beam elements with pinned or rigid moment joints. 

2 Fictitious member model. 

3 Spring model. 

4 Foschi 's model. 

All the above models are plane frame models based on the finite element method, and 
th e dissimililarities are found in the joint modelling alone . The wood members of the 
truss are modelled by linear elastic beam elements located in the system line. The 
output from th e models is the section forces and deformations at the nodes . 
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In the first model, the joint can act as pinned or rigid, e.g. Suddart et al.(1981) and 
King et al. ( 1988) have modelled a parallel-chord wood truss with continuous chords 
with pinned web members. In order to account for the joint deformations, reduced 
modulus of eleasticity (MOE) values for the webs were used. The model has been 
implemented in the program Purdue Plane Structures Analyser II (PPSA II) described 
by Suddart et al.(1983). 

The "fictitious members model" is a frequently used truss model. The joints can 
also here be pinned or fixed, but small "fictitious" bar elements are located between 
the "true" beam elements to achieve the semi-rigid properties. The properties of the 
fictitious elements are to be estimated. Riberholt(1982) proposed the stiffness of the 
fictitious element to be as stiff as the adjacent (true) elements and Beineke et al.(1979) 
concluded that the stiffness could be determined from the plate length. 

In "the spring model" the joint stiffness is made by three mutually independent linear 
elastic springs each representing axial, shear and rational stiffness of the joint. The 
stiffness of the rotary springs are in direct proportion to the contact area between the 
plate and wood and the axial and shear stiffness are increased with increasing plate 
area, Maraghechi et al.(1984). 

Foschi(1979) has presented a model for nail-plate connections. The joint elements are 
treated as q, special beam element. The joint element establishes a nonlinear con­
nection between the nodes of the beams and the nodes of the nail-plate. 'rhe relative 
displacements between nail-plate and timber members are determined by rigid body 
considerations . The virtual work for the nails is based on the knowledge of four cha­
racteristic load-slip tests where the plate and the timber are located with the principal 
axes parallel or perpendicular to the load direction. Stiffness values in joints with ot­
her angels than tested are found using Hankinson's formula, see Foschi(1979) [15]. The 
load-slip description is nonlinear. Plate buckling, tension- and shear strength of the 
plate are also considered. Contact between the timber members is taken into account 
by geometric constraints (Lagrange multipliers). The constraints a!e used on selected 
points on the end of the timber members . The model has been implemented in the 
program SAT (Structural Analysis of Trusses). 

Other and more complicated models have been used to model the joint properties . 
Hunt(1987) has used the finite element program ADINA to analyse a 90 degree portal 
knee joint. Timber and plate are modelled by two dimensional plane stress isoparame­
tric 8 node elements with linear elastic orthotropic and isotropic material properties, 
respectively. The nails were modelled by 2 node Hermitian beam eleme:Bts with fixed 
rotation. The stiffness of the nails was determined from single nail tests . Also ana­
lysis using a nonlinear nail model (3-D elasto-plastic rectangular beam elements with 
bilinear strain hardning) was made. The nail stiffness perpendicular to the grain was 
70% of the nail stiffness parallel to the grain . Nail stiffness properties were determined 
by tests on single nail joints. No contact between the timber members was modelled. 
The model can estimate the distribution of the stresses in timber and plate and the 
size and direction of the forces in each nail. 
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1.2.1 Testing the Models 

In order to know the reliability of the models, experimental tests have been made by 
many different researchers. The result of the experimental tests (load-slip curves) is. 
compared to the result of the models. In the following, the conclusions of some of the 
works will be described in short. The model numbers refer to the item numbers on 
page 2. 

Feldborg et al.(1981) has made a large test programme in which splices, heel joints 
and pitch trusses are tested in short- and long-term loading. Deflections of the tested 
trusses are. compared to model 2. The stiffness of the fictitious member was determined 
by test on the mentioned joints. In general the model underestimates the deflections . 

Lau(1986) has tested model 2 on heel joints with different plate sizes and plate loca­
tions. Also the properties of "shear joints" tested with different angles between the 
shear plane and the principal axes of the plate were compared to model 4. Good 
agreement of the experimental data with the predicted stiffness values (linear part of 
load-slip curve-) of the shear tests was observed, but some differences exist. Model 4 
has underestimated the deformations and the failure loads of all the heel joints. The 
failure loads were underestimated by about 50% and 60% of the observed values. It 
is assumed that the differences between the failure loads can be caused by friction 
between1 the timber members. A method for calibrating the stiffness of the fictitious 
members 

1
to be used for the heel joints was presented. 

King et al.(1988) have tested parallel-chord wood trusses and compared deformations 
and section forces with four different joint analogs based on models 1 and 2. Analog 1 
was made with continuous chords with pinned web members . . Analog 2 was made as 
analog 1 but with a reduction factor for the MOE of the webs. Reduction factors were 
down to i of the average modulus. Analog 3 uses fictitious members with properties 
based on contact area between plate and wood. Analog 4 uses fictitious members as 
well, but with properties based on plate embedment (the size of the gap between the 
wood and the plate) and the weight of the jointed timber members. It was concluded 
that the axial load is independent on the joint stiffness, but the bending moment is 
very sensitive to the joint stiffness. Analogs 3 and 4 predicted the deflections better 
than analogs 1 and 2. 

Triche et al.(1988) have modelled several different truss types (parallel chord N- and 
V-trusses, pitched chord W-trusses) using model 4 and compared the deflections with 
experimental tests. Subroutines from SAT have been added to PPSA and a subroutine 
to calculate the nail forces from the node deformations has been made. The results are 
given as a ratio between the nail force and the maximum allowable nail force in each 
nail. The new program is called PPS AFT (PPSA Foschi-Triche), and it predicted the 
deformations very well. The midspan deflections were underestimated at the parallel 
chord trusses and overestimated at the pitch trusses. 

Lum et al.(1988) have tested models 1 and 4 with experimental tests on parallel chord 
trusses . The same MOE was used in the two models, and therefore, any differences 
between the models can be attributed to the joint model alone. At load levels below 
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halfthe design load, model 1 was able to predict the midspan deflections within 13%, 
but model 4 was able to predict the deflection within 2% of the test results. The 
deformations predicted by model 1 were smaller than the deformations predicted by 
model 4, which again were smaller than the deformations found in the test. 

Karacabeyli et al.(1990) have tested long span glulam pitched trusses and compared 
the deformations with models 1 and 4. In model 1, the chords are continuous and 
all the joints are pinned . It was found that both models 1 and 4 underestimated the 
bottom chord deflections by 20 and 10% at all load levels. Parameters of model 4 
requiring special attention were the steel properties and location of the slot openings 
of the plate and the location of the gap control points. Model 4 underestimated the 
failure load of the truss by 20%, but it identified the true failure type (inner zone of 
the heel plate) . 

Kjrer et al.(1992) and Mortensen et al.(1992) have tested the rotational stiffness of 
different knee joint designs and used the result to calibrate stiffness values used in 
model 3 and a finite element model with continum (timber and plate) and linear spring 
(nail) elements. The deformations from the models are compared to full-scale tests of 
modified collar tie trusses, as shown in figure 1.1, left. Good agreement between the 
deformations in the serviceability state was obtained. 

1.2.2 Testing Nail-Plate Joints 

The characteristics of a nail-plate joint depend on many different parameters as shown 
in table 1.1. 

Joint part Parameter 
Timber Type of wood 

Moisture content 
Density 
Late or early wood 
Part of the trunk 
Number and locations of knots 

Nail-plate Type of plate (Gang-N ail,HydroN ail,etc.) 
Steel material 
Plate surface (galvanized ,painted ,oiled,etc.) 
Nail pattern 
Geometry of the nails 

Joint characteristics Geometry of the joint 
Size of the plate (number of nails) 
Contact between the timber members 
Friction between the timber members 
Grain and plate direction 
Craftsmanship 
Embedding procedure of the nail-plate 

Loading Load level , direction, durat ion 
Type of load (continuous,cycli c,random) 

Table 1.1: Parameters affecting deformation and strength of a joi!lt. 
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Many investigations on nail-plate joints have been made to analyse the influence of 
some of the parameters in table 1.1. 

Aune(1970) has tested the influence of the angle of the grain with plate and load · 
direction on the load-slip curves of the joints. The joints were tested in tension, bending 
and some in compression. A gap was made between the timber members to avoid 
contact in the bending tests. 

Edlund( 1971) has tested tensile and bending splices to analyse the effect of moisture 
content, specific gravity of the wood, load duration, contact between the timber mem­
bers (gap -s~zes), gap between plate and timber, location of some nails in the gap 
between the timber members, eccentrically located nail-plates and combinations of 
moment, tension and shear on the stifness and strength. The work was followed up 
by tests on heel and peak joints together with tests on W-shaped pitch trusses with 
different inclination, Edlund(1973). 

As mentioned before, all models estimate the deformations and the section forces at the 
nodes and with this knowledge, the deflections and section forces can be calculated at 
all points of the tr-uss by means of different beam theories e.g. Bernoulli or Timoshenko. 
The section forces must be transmitted in the joints by the nails to the plate and/or 
by contact between the timber members. Many static models to handle this problem 
have been developed, see e.g. Noren(1981), Feldborg(1981) and others. 

I 

The works' described above have formed some of the design foundation in Eurocode 5 
[57]. 

1.3 Scope of the Project 

A short formulati~n of the aim is given as: 

Development and testing of models for determination 
of the stiffness properties of nail-plate joints. 

The aim is divided into the following specific objectives: 

• Test and analysis of the basic properties of a selected nail-plate type and a selected 
type/quality of wood. 

• Construct and test a complex numerical model to analyse arbitrary nail-plate 
joints. 

• In the light of analysis on selected joints, develop and test a (simple) plane frame 
model and determine the effect of different parameters. 

The scope of the study is limited to a.na.lyse short-term sta.tica.lly loaded joints, one type 
of nail-plate and one type of timber with constant moisture content . The experience 
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from the work can, however, be applied on other types of joints or joints with other 
types of nail-plates. 

The analysed nail-plate is from Gang-Nail Systems, type GNA 20 S, see figure 1.2. 
This nail-plate differs from other plates by its thickness, which is only 1mm. 

c:=J r==J r==J 

c:=::J r==:t r==:t 

c:=J r==J r==J 

A 
c:=::J c=:1 r==J 

t c:=::J c=:1 c=:1 

~ 

c=:1 c=:1 c=:1 

8 ~ 

c:=J I 

c=:1 I 

c:=::J I 

c:=J I 

c:=::J I 

c=:1 I 

B~ 

I 

I 

~ 

A 

t 

1 

2.9 
6 .88 1
2.24 

s ection B-B 

Figure 1.2: Nail-plate GNA 20 S from Gang-Nail Systems. Dimen­
sions In mm. 

The timber is Swedish spruce (Picea abies) of strength class K-24 according to the 
Danish Code of Practice for Structural Use of Timber (DS413, [56]) . It is placed in 
a conditioning room at 65% RH and 21 oc until the moisture content of the wood is 
about 13%. 

Only deformations below the first peak load of the load-displacement curve will be 
predicted. The "softning" path is not treated. (Methods to handle the softning paths 
in timber joints are treated in Jensen(1994)). The influence of unloading on the load­
displacements curves is analysed experimentally, but not implemented in any of the 
models. 

The determination of failure loads and failure types of the joints is given a secondary 
treatment in this study. The nail-plates are located symmetrically in a jpint. 

The complex numerical model is made with the finite element package, ABAQUS ver . 
5.2 from Habbit , Karlsson & Sorensen Inc. A numerical plane frame programme, AN­
TRUSS (ANalysis of TRUSSes) , is developed. The programme is based on further 
developments of the theory and techniques made by Foschi(1979) . 

I 

t 
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1.4 Method 

From the description in section 1.2 it appeared that the model during the development · 
is often tested on large full-scale structures with many different nail-plate joints. Howe­
ver, this procedure will result in lack of knowledge of the validity of each joint model 
and different variations of joint parameters, perhaps due to financial circumstances. 

The procedure for this study is shown in figure 1.3. The procedure is composed of seve-

Experimental work Theoretical work 

I Test of nail properties I 
I numerical model!--Development of a 

I Test of plate properties I 
I , 
I 

I Tensile tests on splices I Compare results I bad' 
I 

I OK' 
I I Bending tests on splices I 

1 
Compare results 

1 
bad! 

I I ~ 

I OK' 

I Test of more ~ample;- joints I 
I 

: Compare results I bad' 
I L e.IL. 

1
a ~e~joint _ - - _j 

I OK1 

A model to predict load-deformation 
properties of joints with arbitrary 
geometry has been developed . 

I Simple models can be I 
devoleped and tested 

Figure 1.3: Process diagram of the study. 

ral steps. First knowledge about the selected nail-plate and timber must be acquired. 
This is done by testing the plates and nails (nail-to-wood-behaviour) separately. Tests 
on the timber are only done in part. The compression and tension stiffness are tested 
in Jensen et al.(1993) and some bending test on beams are made in connection with 
this study. This "fundamental" knowledge is transferred to an ABAQUS model, which 
is still in progress . Second, in order to develop the ABAQUS model in "small steps", 
it is tested on a simple joint, the splice. In tension the splice gives an opportunity to 
test the "in grain" stiffness properties of the nails and the elastic-plastic properties of 
the plate. If there is divergence between the numerical result and the test result , the 
model is modified until an acceptable result is achieved. However , the need for the 
modification should be justified. 
Afterwards, the splice is tested in pure bending to test the dependence on the nail stiff­
ness in several directions , buckling effect in the plate and contact between the timber 
members. The same iterative procedure is used to obtain an acceptable result . 

Afterwards , the numerical model is tested on a more complex joint - a heel joint . (No 
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experimental work has been made on this joint in this study.) Finally, a numerical 
model is developed to predict the deformation of arbitrary joints. Based on knowledge 
about the dependence and sensitivity of different parameters on the joint characteri­
stics, a simple model will be developed. 

1.5 Reader's Guide 

In chapters ·2 to 4 the ABAQUS model will be developed and in chapters 5 and 6 
the AN-TRUSS model is developed . In the appendices, all the experimental tests are 
described. 

In chapter, 2 a numerical model for the tensile splices is developed with ABAQ US. 
Properties of the nail and the plate used in the programme are determined in appendi­
ces A and B, respectively. Load-slip curves of the splices are compared to experimental 
test results described in appendix B. The distribution of the stresses in timber and 
plate and also the distribution of the nail forces are given . 

In chapter 3 the ABAQUS model for the splice is further develop.ed in bending. Plate 
sizes, plate location and the effect of the gap in the compression zone will be treated, 
and load-shp curves are compared to experimental bending test described in appen­
dix D. The distribution of the stresses in timber and plate as well as the distribution 
of the nail forces is given. 

In chapter 4, the ABAQUS model is used on a heel joint. The distribution of the 
stresses in timber and plate as well as the distribution of the nail forces i's given . 

In chapter 5, the AN-TRUSS model is described and the theory for the implemented 
elements and procedures is given. 

In chapter 6, the AN-TRUSS model is used and the results are compared to the tests 
already made. Also, two examples of trusses are shown to highlight the difference 
between AN-TRUSS and a programme developed by Gang-Nail Systems based on 
fictitious elements. 

Finally, the conclusions are given in chapter 7. 
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Chapter 2 

Tensile Splices 

In this chapter a plane ABAQUS-model of a spliced joint subjected to tension will 
be described. The properties of the elements used to model the plate and timber are 
given , however, the nail model is described in chapter 3. The ABAQUS-results are 
compared to the experimental results from the tensile test in appe.ndix C, and finally 
the distribution of the stresses and the nail forces are shown. 

To avoid confusion it must be emphasized that in this chapter the term "load-displace­
ment curve" is used for the curve to describe the stiffness properties for a nail and the 
term "load-slip curve" is used when comparing the general joint properties. The gap 
is defined as the initial horizontal distance between the timber members. The slip is 
defined as the horizontal distance between the timber members minus the gap distance. 

I 

The slip for a loaded splice with no gap is shown in figure 2.1. 

2.1 Introduction 

A tensile splice is shown in figure 2.1. Tensile splices are generally used in rafters and 
chords of trusses. The load is transmitted by the plate and nails alone. 

~~ 
load 

l J .. 
...,...---:> 

Figure 2.1: Tensile splice. 

ln the spring of 1993 analysis of tensile splices was made by Jensen et al.(1993 ). The 
load-slip curves of the joint and the deformation of the nail-plate were measured and 
compared to results from a ABAQUS model. Several plate sizes were tested,- see 
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12 Chapter 2 Tensile Splices 

table 2.1 on page 14. The timber used was as described on page 7 with a cross­
section of 170 x 45mm. The load procedure was controlled by the load and it was 
applied stepwise, see also appendix C. 
Also, tests with few nails (one or two rows) have been performed to determine the · 
stiffness of a single nail. The conclusions of the work are : 

• If the load-displacement curve from tests with a few nails is used as a load­
displacement curve for the springs in the numerical model, the load-slip curve 
from the model is too stiff compared to the load-slip curve from tests with tensile 
splices. 

• If the average load-slip curves from the tensile splices with nail failure are used 
as load-displacement curves for the springs in the numerical model there is good 
agreement between the finite element predictions and the experimental results. 
This is valid even for the joints with plate failure. 

• The minimum nail forces is 16% smaller than the maximum nail force in a nail­
group. 

• The plate can be considered as a rigid plate. 

It has been assumed that the difference between the numerical results and the test 
results in the first item can be caused by a group effect in the nails. 
Further experimental investigations of the nail behaviour have been made, see Nielsen 
et al.(1994). The objective of this work has been to analyse the influence of: number 
and location of the nails , unloading, grain direction and plate orientation on the nail 
stiffness. For further information , see Nielsen et al.(1994) or the summary of this 
paper in appendix A. The results from the paper will be used to determine the load­
displacement curve of the nails in the present ABAQUS model. 

The model described in section 2.2 is a simpler model than the model in Jensen et 
al.(1993) as the plate is modelled without holes and with a smaller number of elements. 

2.2 The Model 

A 2-dimentional model as shown in figure 2.2 is used to model the tensile splices. 

Both plate and timber are modelled as disks without holes. The disks are connected by 
springs (nails). As the tensile splice is symmetric, see figure 2.1, only the right part of 
the joint is modelled . The tensile splice is also symmetric in the (1,3)-plane, but as the 
same model will be used to model the bending problem only the vertical symmetries 
are used. 

In figure 2.2 the plate is hatched and the two disks are shown at different levels . In 
the numerical model the two disks are located at the same level and the springs have 
no extension in direction 3. The mesh of the plate elements coincides with the mesh 
of the timber elements . 
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Se.dion 8-8 f --a 

t2 
b 1 

t t 
I B 

Section A-A 
plate (t= lmm) timber (t=22.5mm) 

Figure 2.2: The element mesh of timber and plate and location of springs. 

The timber and pl~te are modelled with 8-nodes biquadratic isoparametric plane stress 
elements. The plane stress assumption is good when the disks are thin or Passion's 
ratio, v, is small. Each node has two degrees of freedom: displacements in direction 1 
and 2, see figure 2.2. The thickness of the plate elements are 1min and the thickness 
of the timber elements are 45~ = 22.5mm. 
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Figure 2.3: Location of nails and plates. 
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Five different plate sizes will be modelled and the number of plate elements and nails 
is dependent on the plate size, as shown in figure 2.3 and table 2.1. 

The timber is modelled as an anisotropic linear elastic material with properties as 
shown in table 2.2. 

The modulus of elasticity in direction 1, E1 , is found from test on the timber, see 
Jensen et a1.(1993), and the modulus in direction 2, E2 , and the shear modulus,G, are 
characteristic values from DS 413 [56] . Passion's value, v12 , is determined from Nielsen 
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14 Chapter 2 Tensile Splices 

Plate size Number of Number of Number of 

b x lmm plate elements nails on plate nails in model 

76 X 159 10 X 8 11 X 16 11 X 8 

103 X 159 14 X 8 15 X 16 15 X 8 

130 X 159 18 X 8 19 X 16 19 X 8 

130 X 218 18 X 11 19 X 22 19 X 11 

130 X 317 18 X 16 19 X 32 19 X 16 

Table 2.1: Number of plate elements and nails in the different plates. 

E] E2 1/]2 G 
MP a MP a - MP a 

Timber 12800 350 0.015 700 

Table 2.2: Material data for timber. 

et al.(1973). The numerical results are not sensitive to a variation of v12 between 0, 01 
and 0, 02, see Je~sen et al.(1993). 

The plate is modelled as an anisotropic linear elastic-plastic von Mises material with 
isotropic 1hardening. The anisotropic property is caused by the holes. The linear elastic 
stiffness plioperties are given in table 2.3 and they are determined by tensile test on 
nail-plates, see appendix B. 

E] E2 1/12 G 
MP a MP a - MP a 

Plate 125000 85000 0.11 75000 

Table 2.3: Material data for the plate. 

It was found difficult to determine reliable stress-strain data of the plate, partly because 
the stress distribution in the plate is very complicated due to the holes. The nail 
stamping of the plate will give rise to prestresses in the material and the holes will 
cause stress concentrations. (An example of a stress distribution in a linear elastic 
nail-plate with holes is shown in Kloch et al.(1990) and Jensen et a1.(1993)). The 
hardening poperties are given by parameters in table 2.4 which are determined by 
calibration of the model to the test results . 

A nail is modelled by two non-linear springs placed in directions 1 and 2. (In ABAQUS 
the non-linear spring stiffness is given by multi-linear curves , see e.g. figure 2.14 on 
page 21 ). The load-displacement curves for the springs will be the same for directions 
1 and 2 and th ey fit the load-displacement curves from the tests on nails, see also the 
discussion of the nail model on page 30. The "spring model" will behave too stiff for 
a nail displacement in other directions than 1 or 2. However, in tension the model is 
mainly dependent on the spring stiffness in direction 1, see also page 22. 
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The boundary constraints are shown in figure 2.4. 

300 ······ ··· ···· ···· ··········· ··· · 

jy [MPa] cp 

186 0.0 

190 0.025 

208 0.036 

235 0.056 

276 0.111 0 5 10 15 20 

Sp % 

Table 2.4: The dependence of yield stress, fy, on plastic strain, c:p. 
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Figure 2.4: Boundary constraints on the model. 

The left-hand edge of the plate (all nodes) is constrained in direction 1, and further­
more, the midnode is constrained in direction 2 also. The model is "loaded" by a 
displacement, U, of the right-hand timber edge. 

2.3 Results for the Tensile Splices 
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In this section the results for the tensile splices will be presented . The results from ·/ 
ABAQUS will be compared with the test results and the stress and nail force distribu- I 
tion will be shown . 

2.3.1 Load-Slip Curves 

In figures 2.5 to 2.9 the numerical results are compared to the experimental test results 
(Tensile test 1994) from appendix C. The solid lines are load-slip curves from ABAQUS 
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16 Chapter 2 Ten.sile Splices 

and the dashed lines are load-slip curves from tests. In the tests the specimens are 
unloaded once. 
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Figure 2.5: Load-slip curves from numerical and experimental tests of 
I 

tensile splice with plate size 76X159mm. 
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Figure 2.6: Load-slip curves from numerical and experimental tests of 
tensile splice with plate size 103Xl59mm. 



2.3 Results for the Tensile Splices 

70 --- -- - -- --
~ -~ -~ - -

~- - - ---;. - - -~<- -
60 / -~ ~ 

.,,"""' / - ---, .... , - / ~ 

50 
,,~ r .y / 

/ 

z 40 
~ ...... 

1;;:/ 
./ 

IV 
-o ea 
0 30 

...I 

,f} 
,7 

20 it' 
!~' 

10 /,if' 
r~" 

1/ 
0 

0.00 0.50 1.00 1.50 2.00 2.50 
Slip [mm] . ab-t!H>a 

Figure 2. 7: Load-slip curves from numerical and experimental tests of 
I 

tensile splice with plate size 130X159mm. 
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Figure 2.8: Load-slip curves from numerical and experimental tests of 
tensile splice with plate size 130X218mm. 

17 

11 
" ;I 
I ,, 

I. 

I' 
:l 



il 
I ., 

'• 

I 
I 
I 
., 
I 
I 

I 

i 

I 
I 

1. · 1· 
J,< 
M..L 

18 Chapter 2 Tensile Splices 

70 

60 

50 

..-. z 40 
~ 
"'C m 

30 0 
...J 

20 

10 

0 

0.00 0.50 1.00 1.50 2.00 2.50 
Slip [mm] IIIHH>S 

Figure 2.9: Load-slip curves from numerical and experimental tests of 
tensile splice with plate size 130X317mm. 
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Figure 2.10: Load-slip curves from the five ABAQUS tensile tests. 

In figures 2.5 to 2.9 it is seen that the numerical results correspond to the test results . 
In the tensile test with 130mm plate width , the plastic deformations are estimated on 
the safe side. The numerical model is loaded until a chosen deformation is obtained , 
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see U in figure 2.4. Therefore, the end of the solid curves do not indicate the failure 
load of the joint. In subsection 2.3.2 the failure type of the joint is discussed. 

In figure 2.10 the five numerical load-slip curves are shown. The stiffness increases · 
with increasing plate area, but the change in stiffness from a 130x218mm plate to a 
130 x 317mm plate is modest. The deformations in these plates are mainly affected by 
the plate deformation. The effect is also seen on the failure load for these plate sizes, 
see e.g. the test results in table C.2 on page 141. 

Since the numerical determined load-slip curve correspond to the test results, it is 
believed that ABAQUS can tell something about the joint behaviour when analysing 
deformations, stresses and strains. None of the following numerical results have been 
supported by experimental tests. 

Numerical tests with different material properties show that the numerical model is 
very sensitive to a variation of the nail properties in the tensile direction. To show this 
effect, the horizontal displacements of different points on timber and plate are shown in 
figure 2.11. The-location of the points is also shown. Point P on the plate is displaced 
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Figure 2.11: Load-displacement curves from different points on tensile 
splice with 103X159mm plate. Points A,B,C,D and E are 
located on the timber. Point P is located on the plate. 

linearly until the plate becomes plastic in the area near the edge. The gradient of the 
linear part of curve P fits the modulus of the plate (E1 in table 2.3), if the strain is 
assumed constant and the stress decreases linearly. 

The displacements of the nodes between points B and C at the centre of the timber 
are almost identical , but t he displacements increase as the distance to the horizontal 
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20 Chapter 2 Tensile Splices 

edges gets smaller. The difference between curves C and P denotes the displacements 
of the nails at this point. The deformed joint is shown in figure 2.16 on page 22. About 
20% of the displacement at point C is caused by the deformation of the plate. This 
effect increases when the plate gets plastic. The total effect of the plate on the slip­
(measured at a point between points A and E) is, however, below 10%, as shown in 
figure 2.12. The effect from the timber is almost the same. 
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Figure 2.12: Load-slip curves for models with increased stiffness. Plate 
size 103X159mm. 
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Figure 2.13 : Load-displacement curves from different points on tensile 
splice with 130 X317mm plate. Points A,B,C and E are 
located on the timber. Point P is located on the plate. 
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In figure 2.13 and figure 2.20 on page 25 the deformations of a splice with plate size 
130 x 317mm are shown. In figure 2.1:3 the displacements are increased from points B 
to C. The displacements of point C are affe cted by more than 60% of the deformations 
in the plate. 
The difference between the displacement at point C and E is smaller caused by the 
plate. The influence of the deformations from plate and nails can also be analysed in 
figure 2.14. If the load of each curve is divided by the number of nails in a plate they 
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Figure 21.14: Load-displacement curves for the compared to the load­
displacement curve for the nail model. 

can be compared to the load-displacement curves for the nail model used. The curve for 
the nail model is fitted to the test results in figure A.8 on page 121, see a~so figure 3.5 
on page 33 where the "I-beam curve" coincide with the nail model curve (not shown) . 
In figure 2.14 the five load-displacement curves from point B are compared with the 
nail model. It is seen that the nail model is stiffer than the load-displacement curves 
for the splices. The difference between the curves indicates the displacement caused by 
the plate deformation near the edge. The effect is small for the three smallest plates, 
but it has increased for the two largest plates. vVhen the plate gets plastic the effect is 
increased considerably. If the plate is assumed rigid the curves will coincide with the 
nail model. 

In figure 2.11 and figure 2.13 it is seen that there are significant deformations in the 
joint area. This is important to notice, when test results and numerical results are 
compared. In the determination of the nail stiffness the deformations of the plate must 
influence as little as possible. For the analysed nail-plate the estimation of the nail 
stiffnes_s is best for a test with a plate length :::; 159mm and a plate width equal to the 
timber width. The displacements are measured on the edges. The nail stiffness is then 
determined until the plate becomes plastic. Displacement measurings independent of 
the plate deformation are given in Nielsen et al.(1994) . 

In figure 2.15 the load-slip curves from point B have been normalized. The load is 
divided by the plate width, and the displacement is normalized by a plate length on 
159mm (norm. disp . = displacement 159~) . The curves in figure 2.15 almost coincide. 
This means that a joint model, where the stiffness mainly depends on the plate ~rea 
should give resonable results, see also chapter 6. 
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1.00 

Figure· 2.15: Normalized load-displacement curves. 

2.3.1 Stress and Force Distribution 

Numerical results will be presented for the plate sizes 103 x l59mm and 130 x 317mm. 
Scaled joint deformation will be shown and the stress distribution will be presented 
with contour curves. Nail forces will be shown in vector plots. 

Tensile splice with plate size 103X159mm. 

In figure 2.16 the undeformed and deformed joint are shown. 
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Figure 2.16: Undeformed joint (grey), deformed timber (green) timber 
and deformed plate (red). Timber area originally covered 
by the plate is shown in blue. Displacement magnification 
factor: 25. Load: 47.2kN. 
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In figure 2.16 it is seen that a large part of the slip is caused by deformation of the 
nails and deformation of the plate near the edge. In figure 2.17, the stress dis tribution 
in the timber is shown. The maximum stress in the timber (9,42MPa) occurs at the 

Sll VALUE 
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+8.00E+OO 
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Figure 2.17: Stresses in timber (MPa) parallel to the grain. The loca­
tion of the plate is shown as a solid line. Load: 47.2kN. 

end of the plate, and it is 52% larger than the stress in the non-affected beam. 

In figure 2.18 the nail forces on the upper half of the timber are shown. It is seen that 
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Figure 2.18: Nail forces on the upper half of the plate. Load: 47.2kN. 

some nails are loaded in direction 2. This is caused by the deformation of plate and 
timber, see figure 2.16. The maximum force occurs in the first row and the forces are 
decreasing towards the right. The nail forces are distributed as shown in table 2.5. 
The minimum nail force is 15% smaller than the max. nail force. 

From table 2.5 it is seen that the load capacity of the nails (rv 240N, see figure 2.14 on 
page 21 is not exhausted and the maximum von Mises stress in the plate is 232MPa, 
see figure 2.19, which is smaller than the maximum stress (276MPa), see table 2.4 on 
page 15. Tests on tensile splices with plate size 103 x 159mm failed at this load level 
at the nails , see table C.2 page 141. The numerical model has more load capacity and 
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24 Chapter 2 Tensile Splices 

Force interval [N] No. of nails 
189.3 < p :S 195.8 75 
195.8 < p :S 202.3 24 
202.3 < p :S 208.8 6 
208.8 < p :S 215.3 4 
215 .3 < p :S 221.7 11 

Table 2.5: Nail force distribution m plate. Plate size 103 X159mm. 

MISES 

Load: 47.2kN. 

VALUE 
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+l-.12E+02 

+1.39E+02 
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Figure 2.19: von Mises stresses in plate (MPa). Load: 47.2kN. 

the failure type cannot be determined on the basis of the model at this load level. The 
failure in experimental tests was started by withdrawal of the nails at the back of the 
plate. This phenomenon depends on the geometry of the plate and the withdrawal 
resistance of the nails, which are not included in the numerical model. 



2.3 Results for the Tensile Splices 

Tensile splice with plate size 130X317mm. 

In figure 2.20 the undeformed and deformed joint are shown. 

W
.! 

I 

l 

I 

' I 

I ! : 
i ! I I 

i i i 

Figure 2.20: Undeformed joint (grey), deformed timber (green) and de­
formed plate (red). Timber area originally covered by the 
plate is shown in blue. Displacement magnification factor: 
25. Load: 64. 7kN. 

25 

In figure 2.20 it is seen that a large part of the slip is caused by deformation of the left 
area (close to the edge) of the plate. This part (.·v15mm) is in the plastic state, see the 
plate stresses in figure 2.22. 

In figure 2.21, the stress distribution in the timber in direction 1 is shown. The maxi-
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Figure 2.21: Stress in timber (MPa) parallel to the grain. The location 
of the plate is shown as a solid line. Load: 64. 7kN. 

mum stress in the timber occurs in front of the plate and is 11% larger than the stress 
in the non-affected beam .. 

In figure 2.23 the nail forces on the upper half of the timber are shown. The maximum 
nail forces occur in the first nail rows, and from the fifth nail row the forces are almost 
equal. The minimum nail force is 57% smaller than the maximum nail force, a; seen 
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Figure 2.22: von Mises stresses in plate in MPa. Load: 64. 7kN. 
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Figure 2.23: Nail forces on the upper half of the plate. Load: 64.7kN. 

in table 2.6. The load capacity of the nails is not used, and the joint will fail in the 
plate due to the large stresses near the edge. This type of failure is also found by the 
tests . 

2.4 Summary 

A numerical model of the tensile splice has been made. Plate and timber are modelled 
as disks without holes. The timber is considered as a linear elastic material and the 
nail-plate is considered as a linear elastic, plastic von Mises material with isotropic 
strain hardning. The nails are modelled as nonlinear springs . 

Load-slip curves from the numerical model correspond to the results from tests on five 
different plate sizes in tests with nail failure and in tests with plate failure as well. Since 
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Force interval [N] No. nails 
84.6 < p:::; 109.9 235 
109.9 < p :::; 135.2 27 
135.2 < p:::; 160.5 17 
160.5 < p :::; 185.8 4 
185.8 < p:::; 211.2 21 

Table 2.6: Nail force distribution in plate. Load: 64.7kN. 

the load-slip curves fit it is believed that the numerical model can estimate stresses 
and nail forces too. 

The stiffness of a splice joint is sensitive to the stiffness of the nails and the stiffness of 
the plate area near the timber edge. The deformation of the plate can affect the slip 
of the joint by more than 60%. 

From the discussion in appendix C it is concluded that the load procedure affects the 
stiffness and failure load of the joint. This is the reason for the divergences between 
the numerical model and the tests in the work done by Jensen et al.(1994). 

The maximum stresses in the timber occur at the front edge of the plate. The maximum 
nail force1 occurs in the middle of the first nail row. The variation of the nail forces 
is found to be 15% for a 103 x 159mm plate and to be 57% for a 130 x 317mm plate. 
The minimum nail force is found near the centre of the plate. 
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Chapter 3 

Bending Splices 

In this chapter, splice joints subjected to bending load, see figure 3.1, will be described. 
As described in th-e previous chapter, the load in the tensile splices was transmitted by 
the nails mainly in the grain direction. In the bending case the load will be transmitted 
by the nails through the plate and by contact between the timber members, if the gap 
here is so small that it can be closed. As the nails will be loaded in directions non­
parallel to yhe grain direction, a more complex nail model must be used. The effect of 
plate size, plate location and contact between the timber members will be treated. 

The numerical results are compared with the experimental bending tests described in 
appendix D. Some examples of the stress distribution in plate and timber are given 
and some plots of the force distribution in the nails are shown. 

p p 
200 800 500 500 800 200 

~I I 1'----x-------=[ I=-J --------r-------'1 ... ... 

Figure 3.1: Bending load on the splices. Dimensions in mm. 

3.1 The Model 

A 2-D model, as shown in figure 3.2, is used to model a bending splice with an eccentri­
cally located plate (the hatched area). As the bending splices are symmetric only, the 
right-hand part of the splice is modelled. The first 350mm of the model has the same 
grid and geometric dimensions as used for the tensile splice model, see figure 2.2 and 
figure 3.2. 23 x 6 "new" timber elements have been added to the tensile splice model. 

In the experimental bending tests two "stiff'' plates of the width lOOmm are used to 
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p 

"stiff plale" 

500 ---~----- BOO ------•.:>fl.*--• 200~ 

~~--------------1500 

Figure 3.2: ABAQUS model of a bending slice. Dimensions in mm. 

distribute the load and reaction, see appendix D. In the model, this constraint is made 
by forcing the nodes underneath the plates always to lie on a straight line, see figure 3.2. 
The plate edge at the centre line is constrained in direction 1, and the middle node 
of the stiff plate at the support is constrained in direction 2. The load is made by a 
vertical displacement of the middle node of the stiff plate above the beam. 

The timber and plate elements have the same properties as mentioned in section 2.2. 
I 

Six different models are made to compare the numerical results with the experimental 
results. The plate size and location in each model and the corresponding test are given 
in table 3.1. The main difference between the models is the plate size and the location 
of the plate. The gap size can be changed in each model. 

Model Plate size Plate location Exp. bend test 

mm senes no. 

MO - - BEO 

M76C 76 X 159 centre BEl 

M76E 76 X 159 eccentric BE2,BE4 

M130C 130 x 317 centre BE3 

M103E 103 X 159 eccentric BE5 

M103C 103xl59 centre BE6,BE7 ,BES 

Table 3.1: Plate size and location in the six ABAQUS bending models. 

3.1.1 Modelling the Nail 

When modelling the nails , three different nail models can be used for ABAQUS, see 

figure 3.3. 

Spn:ng2: 
Two springs placed at right angles to each other acting in a fixed direction 
e.g. directions 1 and 2, see figure 3.3. The springs connects the two nodes 
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Spring2 SpringA !-beam 

node 

Figure 3.3: Three different nail models. 

(shown as circles) each representing a point on the timber and the plate. 
This model has been used to model the tensile splices. The stiffness in 
the _springs can be non-linear and different in each spring. The non-linear 
stiffness is given by multi-linear curves. 

SpringA : One non-linear spring between two nodes whose line of action is the line 
joining the two nodes. As the rotation of the action line in this model 
will be large, the model will use a non-linear geometric solver, which will 
demand further iterations. The spring properties are "isotropic" since the 
stiffness is independent on the direction of the action line. The non-linear 
stiffness is given by multi-linear curves. 

!-beam : An elastic-plastic I-beam is placed orthogonally on the ( \,2)-plane be­
tween a node on the "timber plane" and a node on the "plate plane" . 
Only displacements in the (1,2) plane are free. The stiffness and strength 
can depend on the load direction, and they are calibrated by the geome­
tric dimensions on the beam, modulus of elasticity and the hardning 
parameters. 

In appendix A it is found that initial stiffness is only slightly affected by orientation 
of the plate, grain and load. The failure load, however, is different since the ultimate 
load gets smaller when the angular difference between the grain and load direction 
is increased. These nail properties cannot be modelled with the Spring2 and SpringA 
models. The Spring2 model will act too stiffly in directions non-parallel to the principal 
axes, and SpringA will give the same stiffness and failure load in all d'irections. The 
!-beam model can model these properties, see figure 3.4. 

In figure 3.4, five load-displacements curves with the !-beam model for different di­
rections ( 1 = 0°, 20°, 30°,45°, 90°) of the displacement vector are shown. The numbers 
on the curves denote the angle between the displacement vector and the force vector, 
(! - '!9), at the load level. It is seen that the angle is increased with increasing load 
and the force vector searches against a stiffer area. ( 1- '!9) has a variation between 0° 
and 18°, which is of the same size as found by Jensen(1994). The load is parallel to 
th e displacement in the directions of the principal system. (! = 0° 1\ 90° =? '!9 = -~) 
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32 Chapter 3 Bending Splices 

In figure 3.5, the load-displacement curve of the !-beam nail model is shown (solid line). 
The dashed curves are maximum and minimum load-displacement curves from tests 
with several nail rows loaded parallel to the grain, see figure A.8 on page 121. 
The Spring2 model was used for the nails in the tensile splice model, and the load­
displacement curve for this model coincides with the !-beam curve in figure 3.5. 
For 1 > 0°, the stiffness properties of the !-beam model are chosen so that the same 
load-displacements curves as shown in figure A.14 on page 125 are obtained . (Since no 
reliable test results have been made with 1 = 90°, the load-displacement curve for this 
angle is estimated). 

In the following, the !-beam model will be used to model the nails . The difference 
between th~ load-displacement curves form a bending splice with the !-beam model 
and a bending splice with the SpringA model is analysed in section 3.2.1. 

3.1.2 Modelling Contact 

If the gap between the timber members is small, these will be in contact at the beam 
end above the plate, see figure 3.2. To model this effect , the nodes on the upper half 
of the beam are connected to a contact element (in ABAQUS: A slide line element). 
In the contq~,ct surfaces axial forces and friction forces can be transmitted. The friction 
between the ;timber members is dependent on the axial forces , a property which can be 
involved with the contact elements. However, friction is omitted in the models caused 
by a lack of informations on this subject. In the tested bending splices the influence 
of friction on the stiffness is small, whereas in heel joints the effect is considerable. 
According to Lau(1986), the friction effect can increase the strength of a heel joint and 
should not be ignored. 

3.2 Results 

In this section the results for the bending splices will be presented. The results from 
ABAQUS will be compared with the test results, and the stress and nail force distri­
bution will be shown. 

3.2.1 Load-Displacement Curves 

In figure 3.6 to 3.11 the load-displacement curves from ABAQUS are compared to the 
load-displacement curves from tests described in appendix D. The load is given as half 
the total vertical load (P in figure 3.2 on page 30) and the vertical displacement is 
measured 40mm from the centre of the beam, see figure D.3 on page 151. The solid 
lines are load-vertical displacement curves from ABAQUS and the dashed lines are 
load-displacement curves from the tests. The test specimens are unloaded once. g is 
the gap size in mm. The end of the curves from ABAQUS do not denote failure_load . 
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Figure 3.4: Load-displacement curves from the I-beam nail model. "Y 
is the angle between the grain direction (1-axis) and the 
displacement vector u. iJ is the angle between the force 
vector f and the grain direction ( 1-axis). 
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Figure 3.5 : Load-displacement curves for the I-beam model. Dashed 
lines are load-displacement curves from nail tests with se­
veral nail rows loaded in the grain direction. 
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5.0 --,--------.-----,--- ------,,----T"------, 

2.0 -+------+-t-:>f-=-----'-tr~...,..+-test:--:-~BE:::Q.:--:1:-, E=--1., 1:-:12:-:.2;-::;G:=:Pa------l 

D teat BEQ-2, E • 11.9GPa 
if teal BEQ-3, E = Q.3GPa 
!::, teal BE0-4, E = 16.7GPa 
X teat BE0-5, E = 12.1GPa 

0.0 4.0 8.0 12.0 16.0 

Vertical displacement [mm] 

Figure 3.6: Load-displacement curves for a beam (with no plate). Se­
ries BEO. 
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/ c~ BE1-3,g-1 ,3 
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Vertical displacement mm be1 ... b• 

Figure 3. 7: Load-displacement curves for bending splices with plate 
size 76X159mm centrically located. Series BEl. 
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BE2, g =Of' / 1
BE4-1, g = 1. 

I 
"0 I 

Ctl f 
3 2.0-+----~~~~~L-~--~--------4-------~ 

BE4- , g=0.3 

0.0 10.0 20.0 30.0 40.0 

Vertical displacement mm be2-aba 

Figure 3.8: Load-displacement curves for bending splices with plate 
size 76X159mm eccentrically located. Series BE2, BE4. 

g=2.0 

z 3.0 
~ BE3-3, g=1. 7 

BE3-2, g=2.0 
"0 BE3-5, g= .4 Ctl 
0 2.0 .....J 

0.0-+---------+--------~--------~------~ 

0.0 10.0 20.0 30.0 40.0 

Vertical displacement mm be3-aba 

Figure 3.9 : Load-displacement curves for bending splices with plate 
size 130X317mm centrically located. Series BE3. 
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5.0 ----,-----,.-----,-----.,..-------, 

- / -
4.0 ~ 

/ 
/ / 

/ -
;-1,3,4, g=1.6 

3.0 

2.0 

0.0 -f------j-----+------1-------l 

0.0 10.0 20.0 30.0 40.0 

Vertical displacement mm be5-abo 

Load-displacement curves for bending splices with 
size 103X159mm eccentrically located. Series BE5. 
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plate 

Vertical displacement mm 

Load-displacement curves for bending 
size 103 X159mm centrically located. 
BE8. 

splices with plate 
Series BE6, BE7, 
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In_figure 3.6 it is seen that the "timber model" (the model without a plate) fits the 
tests with E "'12000MPa. In general the load-displacement curves from ABAQUS fit 
the test results, but when contact occurs, the displacements are underestimated . In 
the bending tests, the fibres in the the contact zone are pressed into each other (called · 
butt effect), which it is a well-known phenomenon from compression tests on timber. 
It will result in decreased stiffness in the compression zone whereas the stiffness in the 
ABAQUS model is unchanged. The butt effect is removed in test series BE2, and in 
figure 3.8 the numerical result fits the test result in contact. The butt efffect can be 
included in the model by decreasing the stiffness of the timber elements closest to the 
contact surface. The butt effect is largest in a splice, but in other joint types, e.g. a 
heel joint, the effect will vanish caused by the changed grain direction. 

In test series BE3, buckling was observed before contact (is observed as the "horizontal" 
part of the load-displacements curves in figure 3.9). The load-displacement curves from 
ABAQUS fit the test results in buckling, but the vertical part is caused by plastic 
deformation in the plate. 

The load level where contact occurs is also estimated well by the model. This is, since 
as no special attention has been given to achieve well-defined gaps and contact surfaces 
at the test specimens. 

The stiffness of the bending splices is not sensitive to the modelling of the nail. In 
figure 3.12, two load-displacement curves with different nail models are shown. The 
splice has a 76 X 159mm eccentrically located plate and a gap size of 1.1 mm. The 
numerical models with the SpringA nail model can then also be used to determine 
stiffness properties of a nail-plate joint. 

5.0 

4.0 

z 3.0 
.:.:: 

"0 
ro 
3 2.0 

1.0 

0.0 

g=:·y 
1-beam~ 

k:pringA /;/ 

/ 
V 

I 

~ 
0.0 10.0 20.0 30.0 

Vertical displacement mm 

Figure 3.12: Load-displacement curves for bending splices with an I­
beam and a SpringA nail model. Plate size 76 Xl59mm, 
eccentrically located. 
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38 Chapter 3 Bending Splices 

3.2.2 Stress and Force Distribution 

In the following, the stress distributions in the timber and plate are given for splices. 
with 76 x 159mm plates. First, results are given for a splice with a centrally located 
plate and without/with contact between the timber members. Second, results for a 
splice with an eccentrically located plate and contact between the timber members are 
shown. 

Splice wi-th Centrally Located Plate 

In figure 3.13 the undeformed and the deformed model are shown. 

-
I 

-- -
F 

-
,--

J-
r +--
I I~ I I ~ 

Figure 3.13: Undeformed (red) and deformed model (timber: green, 
plate: black) of a bending splice with a centrally located 
plate. Displacement magnification factor: 6. 

In figure 3.14, the stresses in the left-hand part of the timber is shown. Contact between 
the timber members has not yet occurred. 

The stress distribution in figure 3.14 is asymmetric, and the "Navier distribution" is 
established at a distance of 350mm from the timber edge (the right edge of figure 3.14). 
The stress on the lower edge calculated by Navier's formula is found as rvl.39MPa, 
which fits with the stress contour in figure 3.14. The maximum stresses occur at the 
plate corners, and they are 45% higher than the maximum stresses in an unjointed 
beam. 
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Figure 3.14: Stresses in timber parallel to the grain m MPa. Plate 
76X159mm centrally located shown with a solid line. No 
contact. Load: 0.376kN. 
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Figure 3.15: Stresses in timber parallel to the grain in MPa. Plate 76 
X159mm centrally located shown with a solid line. Contact 
between the timber members. Load: 2.376kN. 

In figure 3.15, the stresses in the timber with contact between the timber members are 
shown. The compression zone extends to the contact area, which has a height of about 
20mm. The maximum compression stress (51.3MPa) is rather high, but the timber did 
not fail in the tests. In the timber below the plate there are only tensile stresses and 
the "N a vier distribution" is again recognized at the right-hand edge of figure 3.15. 

The stress perpendicular to the grain is found between -0.59MPa and 3.06MPa, where 
the maximum stress appears at the lower part of the contact surface (not shown) . The 
maximum shear stress is between 1.67MPa and 2.11MPa, where the maximum stress 
appears in the compression zone in the timber above the plate (not shown). 

In figure 3.16, the von Mises stress distribution in the plate is shown. The distribution 
is symmectric. The stresses in the upper half of the plate are mainly affected by 
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Figure 3.16: von lVIises stresses in the plate in MPa. Plate 76Xl59mm 
centrally located. No contact. Load: 0.376kN. 
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Figure 3.17: von Mises stresses in the plate in MPa. Plate 76X159mm 
centrally located. Contact between the timber members. 
Load: 2.376kN 

compression stresses, and the stresses in the lower half are mainly affected by tensile 
stresses. The maximum stresses, which are now already in plastic state, occur at the 
plate edges above the gap. The plate areas in the middle and at the back are almost 
unaffected by the load. In contact, the compression zone (the area in the upper left­
hand corner of figure 3.17) is getting smaller, and the tensile zone is enlarged and 
moved against the contact zone. The main part of the compression is transmitted by 
the contact surface of timber and the plate almost only transmits the tensile load. 

The nail forces in the splice without contact are shown in figure 3.18, to the left. The 
nail forces are increased with increasing distance from the centre of the nail group. 
The maximum forces occur in the nails at the edge closest to the gap. The for~es in 
figure 3.18 to the left follow elliptical curves with a rotation centre near the middle of 
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Figure 3.18: Nail forces on the plate. Plate size 76X159mm. In the 
left-hand figure a splice without contact (load: 0.376kN) 
and in the right-hand figure a splice with contact (load: 
2.376kN). 

caused by the orthotropic stiffness properties of the timber. 

In figure 3.18 to the right the rotation centre of the nail forces is moved against the 
contact zone. The main direction is almost parallel to the grain. 

In the tests, the joint failed by the tension at the lower edge of the plate. This failure 
type is also estimated by ABAQUS as the plate stresses are very high compared to the 
size of the nail forces, see figure 3.17 and figure 3.18 to the right. 

Splice with Eccentrically Located Plate 

In figure 3.19, the stresses in the timber are shown. The contact surface has a height 
of rv30mm and the maximum stress in the compression zone is 49.6MPa. The stress 
on the lower edge calculated by Navier's formula is found as rv16.4MPa, which fits the 
stress contour in figure 3.19. The stress distribution is unaffected by the joint of a 
distance of twice the height of the beam (2x170mm). 
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Figure 3.19: Stresses in timber parallel to the grain in MPa. Plate 
eccentrically located with size 76 X159mm - shown as a 
solid line. Contact between the timber members. Load: 
4.436kN. 
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Figure 3.20: von I\1ises stresses in the plate in MPa. Plate eccentrically 
located with size 76X159mm. Contact between the timber 
members. Load: 4.436kN. 

In figure 3.20, the von Mises stresses in the plate are shown. Near the gap the plate is 
in a plastic state which is mainly caused by the tensile force. 

In figure 3.21, the nail forces on the timber are shown. The nails are mainly loaded in 
the grain direction. 

The test specimens with this plate SIZe and location failed by the plate, which IS 
estimated by ABAQUS too. 
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-----
max: 206N 

Figure 3.21: Nail forces on the plate. Plate eccentrically located size 76 
Xl59mm. Contact, Load: 4.436kN. 

3.3 Summary 

An ABAQUS model for the splices in bending has been made. Timber and plates are 
modelled with the same properties as the tensile splices described in chapter 2, whereas 
the nails are modelled with small elastic-plastic I-beams to obtain the properties as 
found in appendix A. Also, a model with nails modelled as springs has been used. 

The ABAQUS model can predict the load-displacement curve for several different 
I 

sizes and locations of the plate. When contact between the timber members occurs, 
ABAQUS underestimates the displacements. This is caused by the butt effect in the 
contact zone of the tests specimens which is not included in the numerical model. It is, 
however, possible to model the effect, by decreasing the stiffness of the timber elements 
closest to the contact zone. 

The joint stiffness is not very sensitive to the nail model used . There is almost no 
difference between load-displacement curves made from two different nail models. 

At a distance of twice the beam height the timber stresses are unaffected by the joint. 
In contact, the timber transmits the compression stresses and the plate transfers the 
tensile stresses . 

When the plate is eccentrically located, contact appears at a lower load level and the 
stiffness and strength are increased compared to a joint with a centrally located plate 
of same size. 



I' I 
·1! ' 

' : , ,,. 
J'il 

( 
I ' 

1: 

1' : !i 
,, 

j'. 
I 

I 

!I 

I 
't ,. 

44 Chapter 3 Bending Splices 

' 

' 



Chapter 4 

A Heel Joint 

This chapter deals with a heel joint, see figure 4.1. This joint type is very common 
in the most trusses. A heel joint is modelled by ABAQUS and subjected to a load. 
Load-displacement curves will be shown and some plots of the stress and nail force 
distributions are given. The results will be used in section 6.3 on page 84, where an 
AN-TRUSS model of the heel joint is described. 

No experi
1
mental tests have been made to verify the numerical results. 

4.1 The Model 

In figure 4.1 the analysed heel joint is shown. 

Rafter: 
Chord: 
Plate: 

T 
120 

l 
J'---206 V V 

-~- ~~0 
r..-------------620-------------.~ 

Figure 4.1: The analysed heel joint. Dimensions in mm. 
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46 Chapter 4 A Heel Joint 

The load is caused by a vertical displacement of the mid node at the top of the rafter, 
which will involve a horizontal load (Ph) and vertical load (Pv) at this point , see figure 
4.1. There is no gap between the rafter and the chord, and during loading both contact 
and a gap will appear. No friction in the contact zone is assumed. The effect of friction · 
in heel joints is described on page 32. The right-hand end of the chord is fixed and the 
vertical displacements at the sill are fixed too. 

The timber and plate have the same properties as stated in chapter 2. The nails are 
modelled by the Spring A element, see section 3.1.1, because it is easier to assemble this 
element with the plate and timber elements when the meshes are not identical. How­
ever , in order. to make the initial locations of the nodes of the SpringA elements identi­
cal, some of the timber elements on the rafter below the plate have a non-quadrilateral 
mesh, see figure 4.3. It is assumed that the stiffness of the joint with the SpringA 
elements is almost identical to the stiffness of a joint where the nails are modelled with 
!-beams. The mesh of the timber and plate is shown in figure 4.2. 

Figure 4.2: Mesh of the timber (red) and the plate (black). 

4.1 Results 

In this section, the numerical results from ABAQUS are presented. All plots in this 
section are given with a vertical displacement on 5mm at the end of the rafter, see also 
figure 4.4. 

In figure 4.3, the deformed mesh of the rafter and chord is shown. 

The chord is in contact with the whole width of the sill (observed as small discontinuities 
at bottom line of the chord). The rafter is in contact with the chord at the upper left­
hand corner. In figure 4.3 it looks as if the outline of the rafter has passed the outline 
of the chord in the contact zone. This is caused by the displacement magnification 
factor . 

In figure 4.4, the vertical and horizontal forces at the top of the rafter are plotted 
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Figure 4.3: Deformed mesh ofthe timber. Displacement magnification 
factor: 10. 
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against the verti~al displacement at the same point. Also the size of the total force in 
the contact zone and the reaction force at the sill are given. The positive directions of 
Ph and Pv are given in figure 4.1. 

35.0 

30.0 

25.0 

z 
..:.::: 20.0 

"C 
Ctl 15.0 0 

....J 

10.0 

5.0 

0.0 

0.0 1.0 2.0 3.0 4.0 5.0 

Vertical displacement mm lli>IHlfHII 

Figure 4.4: Load-displacements curves for the heel joint. 

The curves of Ph and Pv are slightly non-linear, whereas the curve for the contact force 
is linear. Most of the vertical load is absorbed by the sill. 

During loading the location of the total contact force is constant at a distance about 
50mm from point a measured parallel to the rafter, see figure 4.5. 
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In figure 4.5, the variation of the section forces in the system line of the rafter is given . 
The outlines of the rafter, chord and plate are shown as dashed lines. 

\ 
\ 
-

-

Figure 4.5 : Variation of the section forces in the rafter. 

The section forces are calculated by summing up the stresses on a section. The axial 
force, N is constant from the end of the rafter until the section by the plate, point b. 
Then the axial force is absorbed by the nails (observed by a decreasing value of N) and 
transmitted to the plate. At the left-hand end of the plate all the section forces are 
zero. The shear forces are also constant from the end of the rafter, but at the section 
by the chord (point a) , they are decreased caused by the contact forces. The steep drop 
of Q at point a is caused by the large contact stresses in this area. Q becomes zero at a 
distance about 50-60mm from point a. In the same section, the moment , M , which has 
increased linearly from the end of the rafter , reaches the maximum value (2.8kNm) . 
To the left of point b the contact forces and the nail forces generate a negative shear 
force, which at last is absorbed by the nails at the left-hand end of the plate, see also 
figure 4.6 . 

4.2.1 Stresses and Nail-Force Distribution 

In figure 4.6, the nail for ces on the plate are shown. The nail group on the rafter and 
t he nail group on the chord are separated by the gap (the dashed line). 

The nail forces are distributed as shown in table 4.1. The maximum nail force (219.2N) 
and minimum nail force (22 .4N) are both located in the nail group on th e ra.fteL The 
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Figure 4.6: Nail forces on the plate. 

value of the maximum nail force is close to the failure load of the nail. 

In the upper right-hand corner of the plate it is seen that some of the compression force 
in the "contact area" is transmitted by the nails to the plate. The upper nail group 
has a "rot~tion centre" about a point near the minimum nail force. In the lower nail 
group the "rotation centre" is located at the lower right-hand corner. 

Force interval [N] No. of nails 
22.4 < p ~ 61.8 10 
61.8 < p ~ 101.2 41 

101.2 < p ~ 140.5 162 
140.5 < p ~ 179.9 93 
179.9 < p ~ 219.2 24 

Total 330 

Table 4.1: Distribution of the nail forces on the plate. 

In figure 4. 7 and figure 4.8 the stresses in the rafter are given. In the right-hand end of 
the rafter , only compression stresses are observed . see figure 4.7. At the upper side of 
the rafter tensile stresses are formed above the "contact area" caused by the moment. 
The maximum compression stress is rather high . 

In the contact zone, the compression forces are absorbed and transmitted to the surro­
unding of the rafter , see figure 4.8. At the end of the plate, tensile stresses perpendicular 
to the grain are formed to absorb the tensile for ces from the nails. However , the tension 
stresses are small and the risk of splitting in the timber should be negligible. 
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Figure 4. 7: Stresses in the rafter parallel to the grain (MP a). 
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Figure 4.8: Stresses in the rafter perpendicular to the grain (MPa). 
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Figure 4.9: Stresses in the chord parallel to the grain (MPa). 
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Figure 4.10: Stresses in the chord perpendicular to the grain (MPa). 
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In figure 4.9 and figure 4.10, the stresses in the chord are given. The maximum tensile 
stresses parallel to the grain appears below the plate. The tensile force is transmitted 
to the right end of the chord, see figure 4.9. 

In figure 4.10, it is seen that the forces from contact are transmitted directly to the sill 
and result in high compression stresses in the area between the contact SJJ.rface and the 
upper surface of the sill. At the left-hand end, some high tensile stresses perpendicular 
to the grain are observed. They may cause some cracks in the timber, but the risk of 
splitting should be prevented by the plate. 
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·Figure 4.11: von Mises stresses in the plate (MPa). 

Figure 4.12: Undeformed (red) and deformed mesh (black) of the plate. 
Displacement magnification factor: 10. 

In figure 4.11, the von Mises stresses in the plate are given. The maximum stresses are 
observed above the gap (shown as solid line). The stresses are not in the plastic state. 

In figure 4.12, the undeformed and the deformed mesh are shown. The plate makes a 
stiff body rotation around a point close to the lower right-hand corner. 

4.2 Summary 

A 20° heel joint is modelled by ABAQUS. The timber and plate have the same prop­
erties at stated in chapter 2. The nails are modelled with the SpringA model. The 
model has no gap and friction between the rafter and the chord. 
The load-displacements curves are sligthly non-linear, whereas the contact force in­
creases linearly. The location of the contact force is constant. 
The maximum nail force is close to the failure value, and the maximum von Mises 
stress in the plate appears above the gap and is not in a plastic state. 



Chapter 5 

AN-TRUSS 

In this chapter, the basic idea and the theory behind a developed plane frame pro­
gramme is described. The programme is called AN-TRUSS, and it can be used for 
analysis of the stiffness properties of single nail-plate joints or of whole trusses. The 
programme is in general based on the ,joint modelling idea, given by Foschi(1979) , 
but some elements are developed further. 

5.1 The AN-TRUSS Model 

AN-TRUSS is a plane frame finite element programme. A model of an q.rbitrary nail­
plate joint can be constructed by use of four different elements: 

Beam element : 

Nail element : 

Plate element : 

Contact element : 

Used to model the timber members and located in the system 
line. The element is used as an auxiliary element also to absorb 
forces from e.g. a nail element or a contact element and transmit 
the forces to the system line of the timber members. 

Used to model a single nail group of arbitrary geometric form. 
In general, the element is used to connect a beam and a plate 
element. 

Used to model the plate. In general, the plate element connects 
two nail elements (nail groups). 

Used to model the contact between two timber members. The 
contact elements match the beam element, but it is only , acti­
vated, if the deformed distance between two nodes is smaller 
than a certain value - the gap size. 

Each element forms a coupling between two nodes each having three degrees of freedom 
( dof): two displacements, U, V and a rotation, a. 
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54 Chapter 5 AN-TRUSS 

To get the basic idea (and the notation) of the AN-TRUSS model, consider the heel 
joint in figure 5.1. 

• node 

beam element 

\ 
\--~ 

nail element 
plate element 

~ 

element 

beam element 

Figure 5.1: AN-TRUSS model of a heel joint. 

The limitations of the rafter, the bottom chord, the plate and the sill are shown as 
thin dashed lines. The solid lines are beam or plate elements and the two circles are 
nail elemertts. The contact element is shown as a thick dashed line. The main beam 
elements of the rafter and the bottom chord are located in the system lines and small 
auxiliary beams elements are applied to absorb the forces from a contact element, nail 
element or a support. The stiffness of the small beams depends on the grain direction , 
but they are normally very stiff compared the other (main) elements. At the end of an 
element there is a node. The nodes of the plate element are located at the geometric 
centre of each nail group. A nail element (a circle) is located between the end of a 
beam element and a plate element each having a node. Thus, the nail element connects 
the 6 dof here. 

The main differences between AN- TRUSS and the model developed by Foschi(1979) 
are found in the "joint elements" . The stiffness of the nail element is not established 
by means of Hankinson 's formula - a simple formula is used, see section 5.2.2 and 
section 6.2.1 on page 74. The plate element is based on Bernoulli beam theory and 
linear hardening, see section 5.2.3 and the contact element transmits the contact forces 
through beam elements, see section 5.2.4. 

5.2 Elements 

In this section, the theory used for the elements in AN-TRUSS is described. The theory 
for the elements will end up with the local finite element equation. The local system is 
given in (x,y) coordinates, and the global system is given in (x 9 ,y9 ) coordinates . The 
local system is rotated an angle <.p to the global system. 



5.2 Elements 55 

5.-2.1 Beam Element 

Consider the beam element in figure 5.2. 

Figure 5.2: Forces and displacements in a beam element. 

The beam element has three degrees of freedom (U, V, a) at either end of the beam. 
The element forces and the displacements of the beam, respectively, are assembled in 
the vectors 

f 
u 

[N1, Q1, M1, Nz, Qz, Mzf 

[U1 , Vi, a1, Uz, V2 , a 2]T 

The force vector of the uniformly distributed loads fx and /y is given by 

The relation between the element forces and the displa.cements is given by 

(5.1) 
(5.2) 

(5.3) 

(5.4) 

K is the local element stiffness matrix. A stiffness matrix based on Timoshenko beam 
theory is given by (5 .5). 
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EA 
4 
0 12(1+~J)L~ sym. 

0 6 El 4H El 

K= (1+4>)q 1+4> Lb 
(5.5) 

EA 0 0 EA -4 4 
0 -12(l+~~L~ 6 El 

- (1+4>)L~ 0 12(l+Ei)L~ 
0 6 El 2-4> El 0 6 El 4+ <1> El 

(1+4>)q 1 +4> Lb - (1+4>)L~ 1+4> Lb 

where the properties of the beams are assumed linear elastic and given by Young 's 
modulus E, the cross-sectional area of the beam A and the moment of inertia J. Lb is 
the length of the beam. <I> is a shear deformation parameter defined as 

12 E I 
<I>= (GA)eL~ (5.6) 

( GA) e is the effective shear stiffness given by ~G · A where G is the shear modulus, 
see also Cowper(1966). The stiffness matrix based on Bernoulli theory is also given by 
(5 .5) with <I> = 0. 

5.2.2 
I • 

Nail Element 

Consider the plate area (A-B-C-D) on a beam in figure 5.3. 

Beam-

\ 

~'o D 

\9-~ ,'o, \)'o 

Plate 

\ '\j\) 

___ _j 

Figure 5.3: Global and local systems for a nail element. 

The displacements of the beam are given by Ub, Vi,, ab in node b (xb, Yb) and the di spla­
cements of the plate area (A-B-C-D) are given by Up, ,,-;, a p in node p (x p, Yp)· N_ode b 
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an-d p can be chosen artitrary. A local system (x, y) coincides with the grain direction 
of the beam, which is rotated an angle r.p to the global system (x 9 , y9 ). 

A nail at point i (x;, y;) is considered. It is assumed that the plate and beam perform 
like stiff bodies in the joint region, and the rotations ab, ap are small. The displacements 
of point i in the x and y-directions are given by 

6.x q;u (5.7) 

6.y q~u (5.8) 

where 

qx [ 1 0 -(y;- YP) -1 0 (y; - Yb) ] T (5.9) 

qy [ 0 1 (x;-xp) 0 -1 -(x;-xb) ]T (5.10) 

u [ Up v; aP ub Vb ab ]T (5.11) 

The force on the nail at point i, p( 6.), is found by ( 5.12), see also Foschi ( 1979). 

(5.12) 

6. is the absolute displacement of nail i found by (5 .13), see also figure 5.5. 

(5.13) 

The stiffness parameters p0 , k1 , k0 in (5.12) are defined in figure 5.4 and they can depend 
on the angle between the grain direction and the principal axes of the plate, see section 
6.2.1 on page 75. 

z 

( (
-ko 6.)) p(6.) = (po + k1 6.) 1- exp Po . 

1 mm -
Figure 5.4: Definition of the stiffness parameteres used in the expres­

sion for the nail forces. 
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y 

_,...- ...... _-- -- -

X 

Figure 5. 5: Force and virtual displacement of a nail. 

A small variation -in one of the displacement components of the displacement vector 
(5.11) causes a virtual displacement 8D.. in nail i, see figure 5.5 . The virtual internal 
work done by nail i is then given by (5 .14) . 

i8W = p · 8D.. = p(6) 86 cos(/- 19) (5 .14) 

It is assumed that the nail force vector p is parallel to the displacement vector D... This 
is not true for nails in an orthotropic material, but the validity of the assumption is 
good as the angle between p and D.. is small. This subject is discussed in Jensen(1994), 
see also the description on page 33. 

The internal work from then nails in the plate area A (A-B-C-D in figure 5.3) is given 
by 

n 

i8W = 2.: (p(6) 86 cos(/ -19)) (5.15) 
i=l 

L 8' p(6) 86 cos(/- 19)dA (5 .16) 

L 8' p(6) (cos(19) 86x + sin(19) 86y) dA (5 .17) 

r ('.; (6x 6y ) }A~ p(6) ~86x + ~ 86y dA (5.1 8) 

where 8' is the nail density (numb:~:! teeth). Inserting (5.7) and (5.8) in (5.18 ), a variation 
in the displacement component Uj (j = 1, 2, ... , 6) gives 

i8Wj = L 8' p~) (q; U qx ,j 8uj + q'{; U qy,j 8u j ) dA 

( L 8' p~) (q; U qx, j + q'{; U qy ,j) dA) 8uj 

(5.19) 

(5 .20) 
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where qx,j and qy,j are components j of qx and qy, respectively. The external virtual 
work for a variation in the displacement component Uj gives 

(5.21) 

where fi is the component j of the external force vector f. As the principle of virtual 
work states ioW = eow, it follows that 

0 

0 

As OUj is arbitrary the finite element equation (5.26) is obtained. 

K is the local stiffness matrix given by 

0 

f 

f 

j = 1, 2, .. 6 

(5.22) 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

The integral in (5.27) is determined using a (2 x 2) Gauss quadrature. The procedure 
is the same as used for isoparametric elements, i.e. by means of shape rfunctions, see 
e.g. Ottosen et al.(1990) or Cook et a1.(1989). 
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5.2.3 Plate Element 

Beam 

Figure 5.6: Forces and displacements of the nodes (points A and B) 
and in beam i. 

Consider a nail-plate as shown in figure 5.6. The two plate regions on the timber beams 
are assumed to perform like stiff bodies . A number of small beams between line l1 and 
line /2 connect the two stiff regions. The beams have the length L. The displacements 
of the left-hand region are given by U A, VA, a A at point A and the displacements of the 
right-hand region given by UB, VB, aB at point B. Point A and Bare chosen arbitrary. 
The nodes of the plate are located at points A and B. A local system (x, y) is rotated 
an angle c.p to the global system (x 9 , y9 ) so it coincides with the principal axes of the 
plate. 

The element forces and the displacements of beam i, respectively, are given by 

[N1 , Q1, M1 , N2, Q2, Mzf 
[U1, v;, a1, u2, v2, a2Jr 

(5.28) 

(5.29) 

Th e element forces and the displacements at points A and B, respectively, are given by 

f 

u 

[NA, QA, MA, Ns, Qs, Msf 
[UA , VA , aA, Us, Vs, as]T 

If small rotations are assumed,the displacements of beam i are 

(5.30) 

(5.31) 

_(5.32) 
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where 

1 0 YA- Y1 

0 1 x;- XA 0 

0 0 1 
n'= (5.33) 

1 0 YB- Y~ 

0 0 1 x2- XB 

0 0 1 

ni is an orthogonal matrix (niT = n ;-l ). The forces at points A and B are also 
expressed by ni given as a summation of the forces in the n beams. 

f = t (niT ri) (5.34) 

' 
The relation between the element forces of a small beam and the displacements is given 
by 

f i = Kb ui 
where Ki is the stiffness matrix of the beam. 

EA 
T 

0 12E/ 
£3 

Ki= 
0 5EI 

L2 
4E/ 

L 

EA 0 0 --y;-

0 -12E/ 
£3 

-6EI 
L2 

0 5EI 
L2 

2EI 
L 

(5.35) 

sym. 

EA 
(5.36) 

T 

0 12EI 
£ 3 

0 -6EI 
L2 

4E/ 
L 

The properties of the small Bernoulli beams are assumed linear elastic and given by 
Young's modulus E, the cross-sectional area of the beam A and the moment of inertia 
I. Lis the length of the beam, see figure 5.6. 
By inserting (5.35) and (5.32) in (5.34) the local finite element equation for the plate 
element is given by (5 .39). 

n 

f L (niT Ki ui) 
' n 

f L (niT Ki ni) u 

' 
f Ku 

K is the local element stiffness matrix given by 

(5.37) 

(5 .38) 

(5.39) 

(5.40) 
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( 5.36) is valid only for linear elastic beams. Plastic problems can be described by 
hi-linear load-displacement curves, see figure 5.8. For a given strain combination, the 
beams will act in the plastic state and a smaller value of E will be used. In figure 5. 7, 
the plastic state is defined by three different yield surfaces . 

E,Q 

plastic 
yield surfaces state 

" ' I " "' " " \ 
" 

" 
\ 

" " " GC / E,t E,N / p / 
/ ' p 

/ I 
I / 

I / 

' 
/ / / 

/ / 

' 
/ 

"' \ 
/ / , __ . __ ....... ...._ 

s 
- E-p 

Figure 5. 7: Yield surfaces to define the plastic state. 

For a strain set (EN, EQ) within the yield surface the beam is elastic, for a strain set 
(EN, EQ) on the yield surface the beam is plastic. The strain conditions used are given 
by (5.41), (5.42) and (5.43) 

tension : E~ < 
U2- U1 

(5.41) 
L 

compression : E; > U2- u1 
(5.42) 

L 
I V1 - Vi + ~ ( a1 + a2) I 

shear . Es < (5.43) . p L 

which match the outer yield surface in figure 5. 7. This surface may be on the "un-safe 
side". In the following, the yield surface defined by (5.41), (5.42) and (5.43) will be 
used and no experimental tests have been made to evaluate the yield surface in detail. 

In figure 5. 7 and figure 5.8 a, it is seen that the plastic state for the axial force N 
is defined by two strains , E~ and E~. Young's modulus is the same in tension and 
compression in the elastic state, but different from the value in the plastic state. The 
tangent stiffness in plastic tension is given by E~, and the tangent stiffness in plastic 
compression is given by E; . E~ and E; are used to model the buckling effect in the 
plate, and they are generally smaller than the "tension parameters" E~ and E~ . 

In figure 5. 7 and figure 5.8 b, it is seen that the plastic state for the shear force is 
defined by one strain, E;. Young's modulus in the elasti c and plastic state is assumed 
to be independent of the shear direction . The tangent stiffness in plastic shear is given 
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Vi -Vz+f(cxt+cx2) 
L 

Figure 5.8: Bi-linear load-displacement curves. 

by E;. The shear force is generally dependent on the rotations also, but they are 
assumed small and, therefore, the contributions are negligible. 

The values of E~, E~, c;, E, E~, E; and E; can be determined from test specimens 
loaded in tension, shear, bending or a combination thereof. 

If ( 5.41) is satisfied, the beam will be plastic in tension and only the "tensile com­
ponents" of the stiffness matrix (1<11 , K 13 , K31 , K33 ) will be changed, see ( 5.44). The 
same components will be changed if the compression condition ( 5.42) is1 satisfied, but 
with E; as Young's modulus. 

The tangent stiffness matrix for a beam in both plastic tension and plastic shear is 
then given by (5.44). 

E~A 
L 

0 12~ 
£3 sym. 

0 6~ 4~ 
KP= £2 L (5.44) E1 A E~A _:::.E.:..:. 0 0 L L 

0 -12~ £3 -6~ 
£2 0 125!. 

£3 

0 6
E;I 2~ 0 

E' I 4E;J 
£2 L -6:V: L 
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The element forces corresponding to the tangent stiffness matrix (5.44) are then given 
by (5.45) to (5 .50). 

-Vt 

(E- E 8 )I Es I Es I 
6 LZ P E~L + 6 { 2 (Vt -Vi)+ 2 (2a1 + 4a2 ) 

The equations fulfil the equilibrium condition. 

In AN-TRUSS it js further assumed that E; = E; . 

5.2.4 Contact Element 

Beam 

Beam 

Figure 5.9: Forces and displacements in a contact element. 

(5.45) 

(5.46) 

(5.47) 

(5.48) 

(5.49) 

(5.50) 

Consider the two parallel beam edges in figure 5.9. There is an initial gap of size g 
between the beams, which are represented by two nodes, 1 and 2. The displacements 
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and forces at the nodes are shown in a local xy-system. The local system is rotated an 
angle c.p so that they-axis is parallel to the beam edges. When the beams are deformed, 
the slip between the beams measured in the x-direction is given by 

( 5.51) 

It is assumed that the one of the nodes (here node 2) is located in the contact area of 
the beams. Contact between the timber members is obtained when 

(5.52) 

In contact, the relation between the element forces and the displacements are given by 

where 

f 

u 

g 

[N1, Q1, M1, N2,Q2, M2f 

[U1, Vi, 0::1, U2, V2, a::2f 
[g, 0, 0, -g, 0, O]T 

K is the local element stiffness matrix given by 

EAc -y;;-

0 kj sym. 

0 0 0 
K= 

_EAc 0 0 EAc 
Le k 
0 -kj 0 0 kj 

0 0 0 0 0 0 

(5.53) 

(5.54) 

(5.55) 

(5.56) 

(5.57) 

where Ac is the estimated cross-section of the contact area. E is Young 's modulus of 
the timber which depends on the grain direction . If there is no friction between the 
beams in the contact area, k 1 = 0, otherwise, if there is friction, k 1 is a parameter 
which depends on the size of the axial forces in the contact zone and has a value to be 
estimated . In the following, k1 = 0 and only axial forces occour in the contact element. 

5.3 Assembly and Solve of the FE-Equation 

The relations between the local and the global systems are given by 

f 

u 

( 5.58) 

- (5.59) 
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where T is the transformation matrix given by (5.60). 

cos( 'P) sin(r.p) 0 

-sin(r.p) cos( 'P) 0 0 

0 0 1 
T= (5.60) 

cos(r.p) sin( 'P) 0 

0 - sin(r.p) cos( 'P) 0 

0 0 1 

T is an orthogonal matrix (T-1 =TT). The local element equation is transformed to 
the global system by 

f Ku 

Tfg KTug 

fg Kg Ug (5.61) 

where 
Kg= TTKT (5.62) 

( 5.61) is solved by a Full Newton-Raphson iteration method , see e.g Krenk(1993) , 
where K_; 1 is found using a profile solver as described in Hededal et al.(1993). 

5.4 Summary 

The theory for the four different elements used by AN-TRUSS is described. A linear 
elastic beam element is used to model the timber members and small auxiliary elements 
to absorb forces from the nail elements, contact elements or supports. A non-linear 
nail element models the stiffness of the nails in a nail group of arbitrary form. A plate 
element models the deformations in the plate area above the gap . The element is based 
on linear elastic Bernoulli beams with linear hardning. A contact element is activated 
if the deformed distance between two nodes is smaller than the gap size. The element 
is located in the contact zone between the timber members. 

In table 5.1 , the parameters to be estimated for the different elements are given. 
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Element Parameter to estimate 

Beam E,G 

Nail ko, k1 ,po, (angle dependence) 

Plate E, L, A, I, c:;, c:~, c:~, E;, E;, E; 

Contact E, G, Ac, kf, g, location of the element 

Table 5.1: Parameters to estimate in AN-TRUSS. 

In chapter 6, the parameters will be estimated and their influence on the stiffness 
analysed. 
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Chapter 6 

Examples 

In this chapter, different timber joints are modelled by AN-TRUSS and compared to 
the ABAQUS results. Simple tensile splices will be analysed, then splices in bending 
and later a heel joint. Finally, a collar tie truss and a pitched W-truss will be modelled 
by AN-TRUSS and compared to results from the programme ECOTRUSS, which is 
developed by Gang-Nail Systems and based on the "fictitious member" model. 

6.1 Tensile Splices 

6.1.1 Modelling 

The tensile splices described in chapter 2 are modelled as shown in figure 6.1. 

t 
r-J/2 --J _________ _ 

l£, ~ t-l/4--;{ 

element 

ele ent 

beam element 
I I 
r- ---------------j 

Figure 6.1: AN-TRUSS model of a tensile splice. 

The model consists of a plate element between nodes 1 and 2, a beam element (timber) 
between nodes 3 and 4, and a nail element to connect nodes 2 a.nd 3, whi ch are both 

69 
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located at the centre of the nail group. Node 1 is fully constrained and node 4 is loaded 
in the grain direction of the beam element. 

The material properties E, G of the beam element are chosen to be the same as used 
in ABAQUS, see table 2.2 on page 14. 

The size of the nail area is b;l, see figure 6.1. The load-displacement curve of the 
nails loaded parallel to the grain direction is determined by fitting the curve to the 
load-displacement curves from the tensile splices modelled by ABAQUS, see figure 6.2. 

300-,---------,--------.---------, 

z 200 
'ffi 
c::: 
..... ' 

/ 

Q) 
/ c.. -' --

"C m 
100 0 

....J 

O-r---------r--------1----------

0.00 0.50 1.00 1.50 

Displacement mm OIH!Iil 

Figure 6.2: Load-displacement curves from tensile splices modelled 
by ABAQUS (dashed) and fitted load-displacement curve 
used for the nail model by AN-TRUSS (solid). 

The dashed curves in figure 6.2 are the load-slip curves divided by the number of nails 
at one side of the joint, see figure 2.14 on page 21. The reason for using the modified 
load-slip curves is that they contain the linear deformations of the plate too. 

The fitted parameters to the load-displacement curve of a nail (the solid line in fi­
gure 6.2) are found to be: 
(see also figure 5.4 on page 57) 

p ( ( -ko ~)) (po + k1 ~) 1 - exp Po (6.1) 

Po 150N 

ko 900N/mm 

k1 80N/mm 

The parameters have almost the same values as found by Lau( 1987) who has tested a. 
GN A 20 nail-plate (no S! - which means a plate of lower quality steel than the GNA 
20 S nail-plate) impressed into Canadian spruce and pine with 11 - 12% RH. -
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In a real situation where the nail parameters are to be determined it must be recom­
mended to use load-slip curves from tensile splices with different plate sizes and the 
slip measured at the timber below the centre of the plate. However, this measuring 
point is complicated to catch and a point at the edge of the plate may be used. The. 
deformation of the nail will then be overestimated a bit, especially in tests with large 
plates, see the discussion on page 21. 

The plate element consists of a number of small elastic-plastic beams located at the 
middle of the plate, see figure 6.1. The following stiffness parameters of the beams are 
to be det~rmined: 

E : MOE of the beams in the elastic state. 

E~: MOE of the beams in the plastic tension state. 

c;~ : Strain to define the plastic state, when the plate is loaded in tension . 
c:; : Strain to define the plastic state, when the plate is loaded in shear. (Tensile tests 

are not dependent on this strain) 

L : Length of the beams. (to be estimated) 

In order to determine the stiffness parameters above, tensile and shear tests on the 
plates are made. The tensile tests loaded in the principal axes of the plate are used to 
determine the yielding load of the plate. (The measured tensile deformations cannot 
be used to determine c;~ directly, see discussion on page 137 in appendix B). 

The shear tests are used to determine E and c:;, but also E~ as it is assumed that 
E~ = E; . However, the determination of the parameters is dependent on L which has 
to be estimated, as the constraints of the shear tests are not ideal. The shear tests 
are described in appendix B on page 132. For L =15mm, the parameters of the plate 
element are found as: 

E 160000MPa 

Et 3000MPa p 

c; 0.01 

In figure 6.3 the load-displacement curve from an AN-TRUSS plate element with the 
stiffness parameters above is compared with the results from three shear tests. 

The MOE found for the plate in appendix B is an average modulus for the plate 
stiffness, as both areas with and without holes occur in the plate. Therefore, it is not 
directly a value for E used in the plate element. If the tested plate atea is assumed to 
act like a beam with different cross-sections an estimate for E can be determined by 
the MOE (E1 = 125000MPa) found for the test specimens loaded in direction 1, see 
figure B.2 on page 130 and table B.1 on page 133. An estimate forE is given by (6.2). 

lz ( l1 · Az ) 
E = E1 lm 5 lz . A

1 
+ 1 = 176000MPa (6.2) 

where [1 is the length of one section with the area A1 with holes, and [2 is the length of 
one section with the area A2 without holes. The number 5 is caused by the measuring 
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Figure 6.3: Load-displacement curves from shear tests (dashed) and 
_t\N-TRUSS (solid). 

length lm ,....., 5(!1 + l2 ). In a plate with quadrilateral holes and a tensile load, stress 
concentra~ions will occour to cause decreasing stiffness. Then the estimate of E in (6.2) 
is too high and a reduced value must be used. If the reduction is about 10%, the value 
E = 160000MPa is obtained (again). In the following, this value will be used. 

E is assumed to be the MOE in all load combinations, and therefore c:~ can be estimated 
by (6.3) , as the yield load of the plate in tension is determined as ""15.5kN, see figure B.8 
on page 136. The plate width is 76mm which corresponds to 11 beams of 3.98mm width. 
(Plate thickness= l.Omm). 

c:t = 15500N = 0_0022 
P 11 · 3.98mm2 · 160000MPa 

(6.3) 

The length L can also be used as a measure for the extension of the plastic zone of the 
plate. The size of the plastic zone is dependent on the length of the plate (number of 
nails). Lis then not "just" a distance between two nail rows- it is a parameter to be 
estimated, see the following . 
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£.1.2 Results 

In figure 6.4, the load-slip curves from AN-TRUSS are compared to the load-slip curves 
from ABAQUS. The slip from the AN-TRUSS model is defined as twice the displace: 
ment of node 3, see figure 6.1. The length of the plastic zone in the plate is estimated 
to L =20mm. The load-slip curves fit well but the plastic slips of splices with plate 

"C 
~ 30-+-+~~~--~~~----~~~~------~ 

_J 

0-+------+------+------+------4------~ 

0.00 0.50 1.00 1.50 2.00 2.50 
I 

Slip mm an-ab a 

Figure 6.4: Load-slip curves from AN-TRUSS(solid) compared to 
load-slip curves from ABAQUS (dashed). 

length > 159mm are underestimated caused by a larger extension of the plastic zone for 
these plates. For L =40mm, the displacements are better estimated for plate lengths 
> 159mm, see the thick solid lines in figure 6.4. 

The size of the plastic zones found, fits the size of the plastic zones estimated by 
ABAQUS, see figure 2.19 on page 24 and figure 2.22 on page 26. 
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6.2 Bending Splices 

In this example, the bending splices described in chapter 3 and appendix D are modelled · 
by different AN-TRUSS models. The models are tested at several levels: First an 
unjointed beam (series BEO), second a beam with a centrally located nail~plate and 
finally a joint with an eccentrically located plate. The joints are analysed with and 
without contact between the timber members. The results are compared to results 
from ABAQUS. The sensitivity of changes in different properties is analysed too. 

6.2.1 Modelling 

y 

~--

I 
,® 

nail element1 

plate elerneht I 

• 
3 

p 
--~ 

® 

;--------,-~ 
I h/r I 

2 I 

____ ®_2 __ ...... 2 t ! 

I 

I 

CD 

------
1 

h/r I 
2 I 

l_l_ J 

k------- 500 /1/ !- 800 ----,1 

X 

Figure 6.5: AN-TRUSS model of a splice subjected to 4 point bending. 
Dimensions in mm. 1 and b are the dimensions of the nail­
plate. 

An AN-TRUSS model of a bending splice with eccentrically located nail-plate and con­
tact between the timber members is shown in figure 6.5. Since the splice is symmetric, 
only the right-hand part is modelled . Nodes 1 to 7 belong to the timber and nodes 8 
and 9 belong to the plate. Nodes 6 and 1 are fixed in horizontal and vertical direction, 
respectively. Furthermore, the horizontal displacement and the rotation of node 9 are 
fixed. Node 3 has a load P in vertical direction. Five beam elements (numbers shown 
in circles), a. contact element (between nodes 5 and 6), a plate element (between nodes 
node 8 and 9) and a nail element (between node 7 and 8) are connected between the 
nodes . 

The properties of the plate element are the same as used in section 6.1. The extension 
of the plastic zone of the plate is increased to L =50mm, see discussion on page 80. The 
last two unknown plate parameters c~ and E; are estimated by fitting the AN-TRUSS 
results to the results from series BE3, where the buckling effect was distinct . 
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The properties of the beam and contact elements are shown in table 6.1. 

Element E G h t 
no. MP a MP a mm mm 
1 350 700 150 45 
2,3 12800 700 170 45 
4,5 100000 10000 200 45 
Contact 12800 700 40 45 

Table 6.1: Properties of the beam and contact elements. 

In table 6.1, h and t are the height and thickness of the beams, respectively. The system 
line of beam element 1 is perpendicular to the grain direction (i.e E =350MPa). The 
vertical reaction force at node 1 is transmitted to the timber by a 100mm bearing plate 
and, therefore, the height of element 1 is estimated to 150mm caused by the pressure 
distribution. 

Beam elements 1 and 5 have also a system line perpendicular to the grain, but these 
elements transmit the forces from the contact and nail element to the system line of 
the beam (elements 2 and 3). The load transmission is done by the timber in the joint 
area. and when deformations are rather small, the stiffness properties of elements 4 and 
5 are taken rather high. 

The contact element is located in the line of the force resultant, which is determined by 
a linear distribution of the stresses perpendicular to the section height of the element. 
The distance from the system line of the beam to the contact element Ye is calculated 
by (6.4), where the height of the contact area is estimated as 40mm, see also appendix 
D. 

h 1 1 
Y = - - - h = 85mm - -40mm ,....., 72mm 

c 2 3 c 3 (6.4) 

The stiffness of the nails is determined by 

p (po + k1 6) ( 1 - exp (-:: 
6

) ) (6.5) 

Po = 
Po({) = Oo) + Po({) = 90o) Po({) = Oo)- Po({) = 90°) ( .a) 

2 
+ 

2 
cos 2v (6.6) 

where {) is the angle between the nail force vector and the grain. ( 6.6) is made to 
ensure that the stiffness decreases with increasing {), as shown in figure 3.4 on page 33. 
The constants are found to be: 

Po({) = Oo) 

Po({) = 90°) 

ko 

k1 

150N 

liON 

900Njmm 

80Njmm 

The model of a beam without a joint is made with elements 1, 2 and 3 only. Node 4 
is then located at the centre line with constraints as node 9 in figure 6.5 . 
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When the joint has a centrally located nail-plate, element 4 and node 7 are removed 
from the model. The nail element is then located between nodes 4 and 8, see figure 6.5 . 

6.2.2 Results 

In figure 6.6 to figure 6.11, results from AN- TRUSS are compared to results from 
ABAQUS. Load-displacement curves shown with solid curves are from AN-TRUSS 
and the dashed curves are from ABAQUS. 
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Fig{.lre 6.6: Load-displacement curves of an unjointed beam. Series 
BEO. 
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Figure 6. 7: Load-displacement curves of a splice with centrally located 
76Xl59mm plate and different gap sizes. Series BEl. 
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Figure 6.8: Load-displacement curves of a splice with eccentrically lo­
cated 76Xl59mm plate and different gap sizes. Series BE2 
and BE4. 
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Figure 6.9: Load-displacement curves of a splice with centrally located 
130X317mm plate different different gap sizes. Series BE3. 
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Figute 6.10: Load-displacement curves of a splice with eccentrically lo­
cated 103 X159mm plate and different gap sizes. Series 
BE5. 
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Figure 6.11: Load-displacement curves of a splice with centrally located 
103X159mm plate and different gap sizes. Series BE6, BE7 
and BE8. 
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6.2.3 Discussion 

In figure 6.6 it is seen that the stiffness of the Timoshenko beam fits the ABAQUS . 
result (and also the experimental tests) better than the stiffness of the Bernoulli beam. 
In the following Timoshenko beams are used only. 

The last two plate parameters are determined to be 

cc 0.0009 p 

Ec 500MPa p 

The AN-TRUSS results for series BE3 are shown in figure 6.9. It was found that the 
sensitivity of the joint stiffness is small for a change in E;. A decreasing value of c;~ will 
decrease the "yield load" of the joint without contact between the timber members. It 
will not affect the joint stiffness in contact. 

During loading the following tendency is observed at all the bending joints tested with 
AN-TRUSS: The outermost beams in the compression zone of the plate become plastic 
before the outerriwst beams in the tension zone. This is caused by c;~ < c;~. After 
that, the plastic zones extend towards the middle of the plate. If contact occurs, the 
compression zone gets smaller whereas the tension zone becomes still larger. 

In figure 6.
1
7 to figure 6.11 the following are observed: 

• In general, the AN-TRUSS model estimates the displacements well according to 
the displacements determined by ABAQUS, but when the plate become plastic 
and there is still no contact between the timber members, the model underesti­
mates the displacement a bit. 

• The displacements are underestimated a bit in splices with centrally located plates 
and contact. 

• The displacements are overestimated a bit in splices with eccentrically located 
plates and contact. 

The differences between the load-displacement curves can be caused by several factors. 
The difference mentioned in the first item is most distinct in figure 6. 7 and the main 
factor is found to be the length of the plastic zone, L. In figure 6.12, curves are shown 
with different values of L. An increased value of L of 40% will decrease the load at 
15mm vertical displacement with 8%. The stiffness in contact is almost unaffected. In 
other tests, an increased value of L will cause an overestimation of the displacements. 
In bending, the nail-plate is subjected to shear and bending moment, in addition to 
tension and compression. The shear stiffness of the plate is very sensitive to a change 
in L, see ( 5.36) on page 61, where L is not "only" a plastic length, as stated in the 
previous section. AN-TRUSS estimates the displacements well with L =50mm, but 
the value of L is different from the value used at the tensile tests in the previous 
section. The theory described in section 5.2.3 on page 60 was based on one value of L, 
which is found to give bad results. A solution might be to split L into two independent 
parameters: a length, Lt to be applied to the tensile and compressive stiffness m-embers 
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Figure 6.12.: Load-displacement curves (solid) from the AN-TRUSS mo­
del with different values of L. Series BEl 
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Figure 6.13: Load-displacement curves of a splice with centrally located 
76X159mm plate and different values of PO· Series BEl. 
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of ( 5.36) and a length U to be applied to the shear and bending members of ( 5.36). 
This has not been analysed in this thesis. 

In figure 6.13, different stiffness values for the nails are used . The load-displacement 
curve found with the nail stiffness expressed with p0 ( {) = 0°) =150N and p0 ( {) = 
90°) =llON is located between the curves in figure 6.13 (not shown) . In figure 6.13 , it 
is seen that the AN-TRUSS model is not very sensitive on p0 . 
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The two last-mentioned items on page 80 can be caused by the location and the size 
of the contact area. Tests with the model show, however, that the load-displacement 
curves are not affected by stiffness change in the contact element within ±25%. The 
joint stiffness is, on the other hand, sensitive to the location of the contact element · 
given by the parameter Ye, see figure 6.14. 

5.0 --,-------,---------r-------, 

z 3.0 ..:.:: 

"0 Ye =65mm CO 
0 2.0 ...J 

= 1.1mm 

1.0 

0.0 -t''-------+-------+---------l 

0.0 10.0 20.0 30.0 
Vertical displacement mm be2-vyc 

Figure 6.14: Load-displacement curves from the AN-TRUSS model 
with different locations of the contact element. Series BE2. 

An decreased value of Ye will reduce the stiffness of the joint. The displacement value 
when contact occours will decrease because the contact element is activated by a smaller 
value of the rotation in node 4, see figure 6.5 on page 74. 

As only one value of Ye is sought, Ye=72mm will give satisfactory results. 

In chapter 3, it was found that ABAQUS underestimates the displacements in bending 
splices with contact between the timber members. The difference is caused by the 
butt effect. If a reduced stiffness value (E =2000MPa) is used for the contact element, 
AN-TRUSS can also estimate the displacements in contact, see figure 6.15. 
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Figure 6.15: Load-displacement curves from AN-TRUSS with stiffness 
reduction of the contact element. Dashed curves are de­
termined from bending tests on beams. Series 3. 

83 



84 Chapter 6 Examples 

6.3 A Heel Joint 

The heel joint described in chapter 4 is modelled by an AN-TRUSS model. The re- · 
suits are compared to results from ABAQUS. The sensitivity of a change in different 
properties is also analysed. 

6.3.1 Modelling 

In figure 6.16, the AN-TRUSS model of the heel joint is shown . 

.... 
........ 

.................... 
~-------------------l 

I 

14 

Figure 6.16: AN-TRUSS model of the heel joint. 

The outlines of rafter , chord, plate and sill are shown as thin dashed lines. The model 
consists of 14 nodes , 10 beam elements , 2 nail elements, a plate element, and a contact 
element. The dimensions of the heel joint are shown in figure 4.1 on page 45 . Node 4 
is loaded with a vertical load Pv. Node 14 is fully constrained and nodes 4 and 12 are 
fixed in horizontal and vertical direction, respectively. Nodes 5 and 6 are located in 
the centre of the nail group on the rafter , and nodes 8 and 9 are located in the centre 
of the nail group on the chord. There is no gap between the rafter and the chord . 
The contact element is located at the distance de measured from the top end of the 
gap parallel to the rafter . de is fixed at 50mm, which is the same value as found by 
ABAQUS , see page 47. 

The properties of the beam and contact element are given in table 6.2 
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Element E G hb t I A 
MP a MP a mm mm mm4 mz 

1,2,3,6,8,10 12800 700 120 45 6480000 5400 
4,5 100000 10000 - - 30000000 5400 
7 350 700 30000000 5400 
9 350 700 - - 30000000 5400 
Contact 350 700 120 45 - 5400 

Table 6.2: Properties of the beam and contact elements. 

The properties of the nail elements are the same as in section 6.2 . 

The theory for the plate element assumes that the plate area above the gap can be 
modelled as a row of beams with identical cross-sections and stiffness, see section 5.2.3 
on page 60. This assumption is only valid when the gap ("the beam row") coincides 
with the principal system of the plate, see figure 6.17. When the angle between the 
gap and the x-axis of the plate is :S 90°, the plate areas (the beams) connecting the 
two nail groups. are different with non-geometric form. The direction of the beams 
is perpendicular to the gap and thus not coinciding with the x-axis. The number of 
beams per length is reduced and the height of the cross-sections is increased. The 
height h and length L of the beams when the angle between the x-axis and the gap is 
20°, are estimated as 8mm and lOmm, respectively. Other parameters of the plate are 
the same as in section 6.2. 

L 
(9cf) 

.::::::=1 .::::::=1 .::::::=1 .::::::=1 

.::::::=1 .::::::=1 c:::J c:::J 

c:::J .::::::=1 c:::J c:::J 

.::::::=1 .::::::=1 .::::::=1 gap (20°) 
.::::::=1 .::::::=1 .::::::=1 .::::::=1 

.::::::=1 c:::J c:::J c:::J c:::J 

.::::::=1 .::::::=1 c:::::J .::::::=1 .::::::=1 

c:::J .::::::=1 c:::::J .::::::=1 .::::::=1 

.::::::=1 c:::::J c:::J c:::J 

.::::::=1 c:::J c:::::J 

.::::::=1 .::::::=1 .::::::=1 

c:::J c:::J .::::::=1 c:::J c:::J 

c:::J c:::J c:::::J c:::J c:::J 

Figure 6.17: Plate areas above a gap (hatched) with 90° and 20° to 
the x-axis, which is modelled by small beams with the 
parameters E, A and I. 
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6.3.2 Results 

In figure 6.18, load-displacement curves from AN-TRUSS (solid) are compared to re- . 
suits from ABAQUS (dashed). 
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Figure 6.18: Load-displacement curves from AN-TRUSS and ABAQUS. 

Ph and Pv are the horizontal reaction and vertical load in node 4, respectively. AN­
TRUSS estimates the displacements very well. The plate element has not become 
plastic during loading. 

Some of the parameters in the AN-TRUSS model are estimated, i.e de, Ae, L, h. In 
table 6.3, the effect of a variation in the paratemers is shown with Pv =18kN. 

de Ae L h Ne Rsill Mnode3 V4 ph 
mm mm2 mm mm kN kN kNm mm kN 

0 5400 10 8 7.96 16.36 2.49 4.49 31.03 
50 5400 10 8 8.10 17.41 2.65 4.65 32.29 
70 5400 10 8 8.29 17.50 2.71 4.71 32.73 
50 3000 10 8 6.48 17.74 2.53 4.80 32.08 
50 7000 10 8 8.74 17.28 2.64 4.60 32.10 
50 5400 15 8 8.20 17.35 2.63 4.75 32.20 
.so 5400 10 6 8.07 17.37 2.62 4.70 32.23 

Table 6.3: Effect of the variation in de, Ac, L and h. 

In table 6.3, Ae is the area of the contact element, h is the height of the beams in the 
plate , Ne is the axial force in the contact element, Rsi/1 is the vertical reaction_ at the 
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sill, Mnode3 is the section moment at node 3, V4 is the vertical displacement of node 4 
(positive in the same direction as P11 , see figure 6.16) and Ph is the horizontal reaction 
at node 4. 

In table 6.3 , it is seen that a variation in the location af the contact element between 0 
and 70mm will change V4 by less than 4%. Caused by the extended arm of the moment, 
Mnode3 increases with increased de. 

A variation in the size of the contact area between 3000mm2 and 7000mm 2 will change 
V4 by less than 4%. An increased vaule of L will increase V4 by less than 3% and a 
decreased value of h will decrease v4 by less than 2%. 

In general, a variation in any of the parameters has a low effect on the stiffness. 
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6.4 Collar Tie Truss 

In this section, a collar tie truss is modelled by AN-TRUSS. The results are compared · 
with results from the programme ECOTRUSS ver.7.2 developed by Gang-Nail Systems. 
ECOTRUSS is based on the fictitious member model. The results are given by the 
section forces and the deflections at selected points. Two different load cases are 
analysed. 

6.4.1 Modelling 

The dimensions of the timber members and plates are given in appendix E. In fi­
gure 6.19 the AN-TRUSS model of the collar tie truss is shown. 

2 

1 7 

Figure 6.19 : AN-TRUSS model of the collar tie truss. 

The truss is supported in vertical direction at points 1, 9 and 7 and in horizontal 
direction at point 9. The truss is symmetric and the roof pitch is 45°. ·The bottom 
chord and the collar tie are made from timber of strength class K-18 according to DS 
413 [56]. Other timber members are made of strength class K-24. The plate and nail 
properties are the same as in the previous sections in this chapter, however, h _and L 
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of the beams in each plate are estimated dependent on the angle between the gap and 
principal axes of the plate, see table 6.4. 

angle h L Used in joint 

mm mm at point no. 
goo 4 20 1,7,11,12 

45° 10 10 2,3,5 ,6 
oo 9 13 4 

Table 6.4: Plate properties dependent on the angle between the gap 
and the principal axis of the plate. 

In each joint there are a contact element (dashed line), two nail elements (circles) and 
a plate element (line between the circles) . The contact elements are located in the 
contact zones , however , the location of the contact zone depends on the truss load, and 
therefore , some contact elements can be located at the "other end" of the gap line. 

In the ECOTRUSS model the joints in point 11, 12 and 4 are modelled as pinned and 
other joints are rigid. 

The truss is subjected to two different load cases: 
I 

Load case 1 : a load case with an unsymmetric snow load, see figure 6.20 on page 
90. 

Load case 2 : a load case with the weight of the structure, 0.5(snow load), 1.3(the 
wind load) and O.S(the load on the tie in use), see figure 6.21 on 

I 
page 91. 

Load cases 1 and 2 belong to the load duration classes medium-term and short-term, 
respectively. In each load case, different values of the timber stiffness must be used, 
see table 6.5 and DS-413 [56]. The values in table 6.5 are design values, and service 
class 2 is assumed . Ego is the modulus of elasticity perpendicular to the grain. 

Strength class K-18 K-24 

E Ego G E Ego G 
MP a MP a MP a MP a MP a MP a 

Load duration class 
Medium-term (snow) 6300 210 420 7300 240 480 

Short-term (wind) 7200 240 480 8400 280 560 

Table 6.5: Properties of the timber dependent on the strength class 
and load duration. 

In tables 6.6 to 6.9 , the section forces and the displacements , calculated by the two 
models , are given at selected points shown in figure 6.20 and figure 6.21. The difference 
!::., between the results is calculated. A positive value of!::., signifies that the value calcu­
lated by AN-TRUSS is numerically larger than the value calculated by ECOTRUSS. 
The maximum values are shown as bold letters. 
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6.4.2 Results 

Load case 1 . 

+ II i i i i II i i I i I i i i i i I i i i I i I i i i I i I i i dJJlJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJI 
0.3kN/ m 0 .5kN/ m 

X 

Figure 6.20: Loads on the collar tie truss in load case 1 and the location 
of the points at which the section forces are given. 

ECOTRUSS AN-TRUSS Difference 

Point N Q M N Q M /:::,N /:::,q !::,M 

N N Nm N N Nm N N Nm 
1 -1069 -618 180 -1069 -583 155 0 -35 -25 
2 -1170 296 -362 -1145 330 -374 -25 34 12 
3 -432 179 -77 -547 98 7 115 -81 ( -84) 
4 -95 158 0 -169 280 -43 74 172 43 
5 -439 88 217 -265 46 95 -179 -42 -122 
5' -799 75 89 -752 -71 154 -47 -4 65 
6 -1407 -533 -468 -1396 -573 -491 -11 40 23 
7 -1427 618 76 -1427 583 55 0 -35 -21 
7' 618 -87 -162 583 -74 -141 -35 -13 -21 
8 618 -87 -9 583 -74 -10 -35 -13 1 
9 618 115 95 583 102 80 -35 -13 -15 

Table 6.6: Section forces at selected points. Load case 1. 
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Load case 2 
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Figure 6.21: Loads on the collar tie truss in load case 2 and the location 
of the points at which the section forces are given. 

I 

ECOTRUSS AN-TRUSS Difference 

Point N Q M N Q M b,N D.q b,M 

N N Nm N N Nm N N Nm 
1 -2565 192 -169 -2557 309 -276 -8 117 107 
2 -2006 1429 -255 -1887 1537 -339 -119 108 84 
3 -449 798 -342 -243 287 444 -206 -511 (786) 
4 -423 -75 0 -896 -253 -75 473 178 75 
5 -1312 -1243 -1194 -975 -768 -553 -337 -475 -641 
5' -2845 189 -1134 -2698 92 -1040 -14 7 -97 -94 
6 -4009 -132 -744 -3931 32 -880 -78 -100 136 
7 -2841 3376 2034 -2841 3212 1760 0 -164 -274 
7' 3376 -2826 -2226 3212 -2760 -1951 -164 -66 -275 
8 3376 149 120 3212 215 275 -164 66 155 
9 -192 -2941 -1287 309 -3067 -1549 117 126 262 

Table 6. 7: Section forces at selected points. Load case 2. 
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In table 6.8 and table 6.9 the displacements in the x and y-directions are given at 
selected points. 

ECOTRUSS AN-TRUSS Difference 

Point dispx dispy dispx dispy ~dispx ~dispy 

mm mm mm mm mm·100 mm·100 

2 -1.25 -0.11 -1.03 -0.21 -22 10 

3 -0.82 -0.59 -0.69 -0.61 -13 2 

4 -0.29 -1.13 -0 .26 -1.07 -3 -6 

5 -0.84 -1.66 -0.74 -1.54 -10 -12 

6 0.67 -0.09 0.55 -0.18 -12 9 

8 0.01 0.15 0.02 0.11 1 -4 

Table 6.8: Displacements of selected points calculated with ECG­
TRUSS and AN-TRUSS. Load case I. 

ECOTRUSS AN-TRUSS Difference 

Point dispx dispy dispx dispy ~dispx ~dispy 

mm mm mm mm mm·100 mm·100 

2 5.45 0.28 5.34 0.32 -11 4 

3 12.23 -6.57 11.99 -6.39 -24 -18 

4 6.67 -1.02 6.94 -1.17 27 15 

5 12.18 4.51 11.88 3.82 -30 -69 

6 7.09 -0.41 6.78 -1.11 -31 70 

8 0.06 0.47 0.17 -0.63 11 (110) 

Table 6.9: Displacements of selected points calculated with ECG­
TRUSS and AN-TRUSS. Load case 2. 

6.4.3 Discussion 

Load case 1 
During loading there is no contact between the timber members (g=0.1mm) and the 
plates are in the elastic state. The load transmitted by the nails is very small ( < 15N). 

In table 6.6, it is seen that the max. moment calculated by AN-TRUSS is 5% larger 
than the max. moment from the ECOTRUSS model. It seems strange that the moment 
in AN-TRUSS is largest, when the joints at points 2, 3, 5 and 6 are made rigid by the 
ECOTRUSS model , but the timber member between points 5 and 6 is longer in the 
AN-TRUSS model caused by the way of modelling . The large differences in the section 
forces at points 3, 4 and 5 are caused by the different modelling of the joints at points 
4, 11 and 12, see figure 6.19 on page 88. 

In table 6.8, it is seen that the maximum displacements from AN-TRUSS are estimated 
to be 18% and 7% smaller in the x- and y-directions, respectively. 
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If the gap sizes are reduced to (g=O) in all joints, the moment at points 2 and 6 will 
decrease 2% and deflections will decrease very little. 

Load case 2 
During loading, buckling will occur in the plates at point 7 and at the splice on the 
left-hand rafter. The buckling zone at point 7 will be very large. If the gap sizes are 
larger than 0.52mm there is no contact between the timber members . The maximum 
nail force is 42N found in the right-hand nail group at point 5 (on the rafter). 

In table 6 .. 7, the max. moment in both models is found at point 7'. The moment 
calculated by AN-TRUSS is 12% smaller than the moment calculated by ECOTRUSS. 
However, the moments in other joints calculated by AN-TRUSS are larger. At points 
3, 4 and 5, large differences in the section forces are observed, caused by the joint 
modelling used here. 

In general , the displacements from AN-TRUSS are smaller than the displacements from 
ECOTRUSS, see table 6.9. The max. displacement is found at point 3. The "critical 
displacements" -are evaluated to be found at points 2 or 6. The max. displacement 
here is calculated to be 4% smaller by AN-TRUSS. 

If the gap sizes at points 3 and 7 are made very small (g=O) contact will occurs (with 
the contact elements located as shown in figure 6.19). The section forces and the 
displace~ents will change as shown in table 6.10 . 

M dispx 
Point no contact with contact no contact with contact 

Nm Nm mm rpm 
1 -276 -230 

2 -339 -331 5.34 4.08 
3 444 494 11 .99 11.52 
6 -888 -774 6.78 6.43 
7 1760 1766 

Table 6 .10: The influence of contact at points 3 and 7 on the moment 
and the vertical displacement calculated by AN-TRUSS. 
Load case 2. 

With contact at points 3 and 7, the max. nail force will be almost unchanged and 
at point 7, the buckling zone will be a bit smaller. In table 6.10, it is seen that the 
moment in the joints with contact will increase (by 10% in point 3). The displacement 
in the "critical" point 6 is reduced by 5%. 

A model with rigid joints at points 1, 2, 6 and 7 (ECOTRUSS) will give satisfactory 
results on the safe side compared to the results found by AN-TRUSS . 
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6.5 W-Truss 

In this section, a pitched W-truss is modelled by AN-TRUSS. The results are compared · 
with results from the programme ECOTRUSS ver.7.2 developed by Gang-Nail Systems. 
The results are given by the section forces and the deflections at selected points. A 
load case with unsymmetrical snow load is analysed. 

6.5.1 Modelling 

The dimensions of the timber members and plates are given in appendix E. In fi­
gure 6.22, the AN-TRUSS model of theW-truss is shown. 

Figure 6.22: AN-TRUSS model of the W-truss. 

The truss is supported in vertical direction at points 1 and 5 and in horizontal direction 
at point 1. The truss is symmetric and the roof pitch is 20°. All the timber members 
are made of strength class K-18 according DS 413 [56]. 

The heel joints at points 1 and 5 are modelled as shown in figure 6.16 on page 84 and 
the splice joints at points 8, 9, 10 and 12 are modelled as shown in figure 6.19 on page 
88. As bending stiffness of the webs are small compared to the stiffness of the rafter 
and chord , the "web-joints" have no contact elements. The joints at points 6 and 7 
consist of three nail elements and three plate elements. The joint at point 3 consists 
of four nail elements and four plate elements. 

In ECOTRUSS , the heel joint is modelled as shown in figure 6.23 and the joint at point 
3 and the "web-joints" are modelled as pinned . Other joints are modelled as rigid. 

The truss is subjected to a load case with the weight of the structure, 1.3(unsymmetrical 
snow load) , l.O(load on the footbridge). The load case belongs to the load dlJration 



6.5 W-Truss 

o pinned joint 
fictitious member 

Figure 6.23: ECOTRUSS model of the heel joint. 

95 

classes medium-term. The stiffness values of the timber are as shown in table 6.5 
on page 89. T:he properties of the nail and plate elements are the same as stated in 
previous sections. 

In tables 6.11 to 6.12 the section forces and the displacements, calculated by the two 
models, given at selected points are shown in figure 6.24 . The difference 6. between the 
results ~s calculated . A positive value of 6. signifies that the value calculated by AN­
TRUSS is numerically larger than the value calculated by ECOTRUSS. The maximum 
values are shown as bold letters. 
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6.5.2 Results 
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Figure 6.24: Loads on the W-truss and the location of the points at 
·which the section forces are given. 

ECOTRUSS AN-TRUSS Difference 

Point N Q M N Q M 6_N 6.q 6_M 
I N N Nm N N Nm N N Nm 

1 I -13381 -3687 -121 -17543 -528 -1460 4162 -3159 1339 
1' -17646 2357 -1507 -17445 2516 -1563 -211 159 56 
2 -15212 1942 -278 -15298 1475 -62 86 -467 -216 
2' -3312 0 0 -2679 -196 36 -633 196 36 
3 -13483 1374 0 -13605 1733 -604 122 359 604 
3' 4610 0 0 4192 -66 27 -418 66 27 
5 -16430 -1992 -1357 -16239 -2137 -1408 190 145 51 
5' -12650 3388 -96 -16326 861 -1256 3665 -2527 1160 
7 10680 -769 147 11073 759 122 395 -10 -25 
8 -14551 -128 -819 -14615 -374 533 64 246 -286 
12 15776 138 -76 15523 135 -69 -253 -3 -7 

Table 6.11: Section forces at selected points on theW-truss. 
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In table 6.12, the displacements in the x and y-directions are given at selected points. 

ECOTRUSS AN-TRUSS Difference 

Point dispx dispy dispx dispy ~dispx ~dispy 

mm mm mm mm mm·100 mm·100 

2 2.23 -11.01 2.65 -13.25 42 224 
3 1.52 -11.25 1.37 -12.65 -15 140 
4 0.99 -10.60 0.54 -12.69 -45 209 

6 2.04 -11.32 2.05 -13.19 1 187 
7 1.23 -11.62 1.21 -13.54 -2 192 

Table 6.12: Displacements of selected points calculated with ECO­
TRUSS and AN-TRUSS. 

6.5.3 Discussion 

During loading there is contact between the timber members at the heel joints and 
at the splices in the rafter (g=O.Omm) . The plates at the splices in the rafter are in 
plastic compression. The max. nail force occurs in the above left-hand nail group in 
the pitch joint ( < 126N) . 

In table 6.11 , it is seen that the max. moment calculated by AN-TRUSS is 4% larger 
than the max. moment from the ECOTRUSS model. The large differences in the 
section forces at the heel joint and the pitch joint are caused by the different modelling. 
In the ECOTRUSS model, the webs are loaded more by axial forces than the webs 
in the AN-TRUSS model. The "missing" axial forces in the AN-TRUSS model are 
transmitted by the rafters. The section moments in the webs are very small, and the 
pinned model at the ends of the webs is a good approximation. 

In table 6.12 , it is seen that the maximum displacements from AN-TRUSS are estima­
ted to be 17% larger than the displacements in the ECOTRUSS model. 

Changes in gap sizes between 0.0 and O.lmm have no significant effect on the results. 
If a contact element is inserted into the pitch joint, the section forces are almost 
unchanged and the maximum displacements from AN-TRUSS are estimated to be 12% 
larger than the displacements in the ECOTRUSS model. 

The displacements from AN-TRUSS are estimated to be 12% larger 'than the displace­
ments from the ECOTRUSS model , when the beams in AN-TRUSS are based on the 
same beam theory as ECOTRUSS (Bernoulli beam theory, G --+ oo). 
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6.6 Conclusions 

Three different nail-plate joints have been modelled by AN-TRUSS and compared to· 
results from ABAQUS. The results from ABAQUS can be used instead of the expe­
rimental results, because they give the mean results of the experimental results with 
one curve. Good agreement between the two models has been obtained, however, the 
AN-TRUSS results have not been made using the same value of the plate parameter 
L. The influence of L is largest in the plastic state and smallest in the elastic state. 
To describe the elastic and plastic stiffness of a joint in tension, compression, shear 
and bending, the theory of the plate element is based on one value of L only. This 
theory describes the plate in the plastic state very bad . An improvement of the plate 
element may be to operate with two independent values of L, which can be used for the 
tensile/ compression members and the shear /bending members in the stiffness matrix, 
respectively. This subject has not been analysed. 

Further tests on the plate with different angles between the load and the principal axes 
of the plate mus_t be made to obtain a better calibration of the plate parameters h and 
L dependent on the angle between the gap line and the principal axes of the plate. 
The tests may be loaded in tension and shear. 

The sensivity of the model (and therefore a nail-plate joint) to changes in different 
parameters, i.e. stiffness of the nails , location and stiffness of the contact element etc. 
has been analysed. The sensivity is low compared to the general variation of the results 
from tests on nail-plate joints. 

AN-TRUSS models of two different trusses have been compared to results from the 
programme ECOTRUSS, which is based on the fictitious element model. The AN­
TRUSS model of a collar tie truss estimated the maximum moment in the failure 
state (load case 3) to be 12% smaller than the maximum moment from ECOTRUSS. 
However, the same model estimated the maximum moment to be 5% larger with a load 
case in the serviceability state. In general, the estimated truss deformations from AN­
TRUSS are smaller than the deformations determined by ECOTRUSS. The maximum 
displacements are estimated to be between 7% and 18% smaller with AN-TRUSS in 
proportion to the displacements from ECOTRUSS. 

The AN-TRUSS model of theW-truss estimated a 4% larger maximum moment than 
ECOTRUSS, but the corresponding deformations are found up to 17% larger. The 
ECOTRUSS model of the collar tie truss and theW-truss is on the safe and the unsafe 
side, respectively, compared to the AN-TRUSS model. 

The effect of contact between the timber members on deformations of the truss is small. 
The nail forces in the failure state are found to be small, but some plates become plastic. 
This is because the thickness of the tested plate is only 1mm. The forces on the each 
plates and nail groups are in contrast to ECOTRUSS given directly by AN-TRUSS. 
A comparison of the loads on plate and nail group from the two models has not been 
made. 
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Conclusion 

The aim of the work has been given as: 

Development and testing of models for determination 
of the stiffness properties of nail-plate joints. 

The process diagram shown in figure 1.3 on page 8 has been followed closely. Two 
models for stiffness analysis of nail-plate joints have been developed. First, a complex 
model, where the timber is modelled by linear-elastic orthotropic continuum elements, 
the plate is modelled by linear-elastic plastic orthotropic continuum elements and the 
nails are modelled by elastic-plastic 1-beams or nonlinear springs. This model has been 
called "the ABAQUS model" . 

Secondly, a frame model has been developed, where the timber and contact between the 
timber members are modelled by linear-elastic Timoshenko beams, the plate is modelled 
by a number of linear elastic-plastic Bernoulli beams, and the nails are modelled by a. 
special non-linear nail element. The model has been called "the AN-TRUSS model". 
AN-TRUSS differs from other programmes in that the model is made directly by the 
knowledge of the physical location of the timber members and the nail-plates. The 
model is then sensitive to the plate location and the geometry of the connected timber 
members. The load on each nail group and plate is given directly too. 

Results from both models have been compared to experimental test results. Tensile 
splices with different plate sizes, bending splices with different gap sizes, different plate 
sizes and locations have been used to test/ calibrate the models . 

Both models can predict the deformations very well compared to the test results . 
However, some phenomena demand special attention . Results from tests show, that 
the stiffness of splices subjected to bending moment decreases caused by a butt effect 
of the fibres in the contact zone. The AN-TRUSS model can predict deformations 
in those splices for a reduced stiffness of the contact element . The phenomenon is 
evaluated to be most distinct a.t the splices and the influence on other types of joints, 
i.e. a heel joint should be low. 
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When the plate becomes plastic, AN-TRUSS can predict the deformations, but different 
values of a single plate parameter must be used. It is impractical, and a proposal of 
improvement of the plate element is given. The proposal has not been tested. 

Two different trusses have been modelled by AN-TRUSS and the results have been 
compared to results from the programme ECOTRUSS. At a collar tie truss the AN­
TRUSS model predicts both larger and smaller maximum moment than predicted by 
ECOTRUSS. It depends on the load case. The deformations of the truss is predicted 
smaller- up to 18%. Comparisons of results from a W-truss show, however, that AN­
TRUSS predicts larger moment (5%) and larger deformations (17%) at a load case in 
the ultimate limit state. At some joints there is large differences between the section 
forces given Dy the two models. This is caused by the different joint modelling. The 
sensivity of contact between the timber members on the stiffness of the trusses is found 
low with the AN-TRUSS model. 

The AN-TRUSS model may be used on other types of mechanical joints I.e. other 
types of nail-plates or joints with steel plates/fiberboards with nails. 

From truss factorie~ and nail-plate manufacturers it is learnt that the truss programmes 
are still being developed, but the attention is concentrated on the joint modelling alone. 
The preprocessor, that is the way the truss is keyed in, created and changed, is also 
of great importance, as it will be most unfortunate if the profit of an optimized truss 
production1 is lost on comprehensive and time-consuming design processes. 

In the present form, AN-TRUSS is a very powerful tool for the research on joints by 
estimation and optimization of the stiffness and strength of joints. With a few additions 
(see the list below), the model can be used in practical truss engineering. 

In this thesis, the following items are contributions to the area of timber engineering: 

• Comprehensive tests on nail-plates and nail-plate joints (more than 270 tests). 

• Use of finite elements on nail-plate joints with and without contact between the 
timber members . 

• Evaluation of the sensitivity of such parameters as nail stiffness, plate stiffness, 
and location/stiffness of contact between the timber members on the stiffness 
behaviour of several nail-plate joints and trusses. 

• A developed plane frame programme which uses: 

bilinear elastic-plastic Bernoulli beams to model the deformations m the 
plate 
beam elements to model contact between the timber members. 
small auxiliary elements to transmit the loads from supports, nail groups 
and contact. 
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List of topics for further research in the area of truss design: 

• Further calibration of the AN-TRUSS model to estimate the failure load ancl 
failure type of arbitrary joints. This item will involve further analysis of the plate 
stiffness dependent on the angle between the principal axes of the plate and the 
gap direction. Also, ultimate values of the nail force and the plate deformations 
must be estimated. The influence of long-term load on the nail stiffness must be 
determined. 

• Stiffness analysis of other types of nail-plates. The tested nail-plate (GNA 20 S) 
has a special relation between the properties of the plate and nails i.e. between 
stiffness and strength (the splice failed at the plate with rather few number of 
nails). Other types of plates have other relations between the nails and the plate. 

• Tests on full-scale trusses to compare the deformations, failure types and failure 
locations with AN-TRUSS. 
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Summary 

This thesis deals with methods for modelling the stiffness of nail-plate joints. 

Nail-plates are widely used to connect the timber members in prefabricated trusses. 
The nail-plate consists of a metal plate which is perforated by stamping so that nails 
with a length of 7-20mm occur perpendicular to the plate. After stamping there is 
oblong holes in the plate. The joint is made by embedding of the nails into the con­
nected timber members . The advantages by this type of joint are that it is a cheap 
and easy to made and also a very stiff joint. 

The dimensions of a truss are controlled by the load, which can occour and the de­
formations of the truss in use. The load carrying capacity and the deformations are 

I 

determined by different models. However, the frequently used models are rather simple 
which means that the dimensions are too large in some cases and too small in other 
cases. 

The aim of this thesis has been to analyse/ develop models to estimate the stiffness of 
a nail-plate joint. 

In chapter 1, the subject is introduced and the aim is accentuated and limited. The 
method and the process for the solution of the problem are given . 

Chapter 2 deals with a tensile splice modelled by the programme ABAQUS ver. 5.2, 
which is based on finite element method. Timber and plate are modelled as two con­
tinuum disks connected with a small 1-beam, which models the nails. The elements 
become properties which are determined by a large number of tests on timber , plate 
and nails. The results from the model are compared to results from tests on tensile 
splices with different plate sizes. Good agreement is obtained. The influence of the 
plate and nails on the joint stiffness is evaluated. The stress distribution in the timber 
and plate, as well as the distribution of the nail forces are given. 

In chapter 3, the ABAQUS model is extented to a bending splice. With this type of 
load there are nail forces in different directions, and therefore, different nail models 
are discussed . A nail model, which uses linear elastic plastic 1-beams is selected . The 
results are compared to bending tests on splices with different plate size and location . 
The bending splices also have different gap sizes between the timber members, so 
the influence of contact can be determined. Good agreement between the results is 
obtained, however, the deformations are underestimeted in splices with contact between 
the timber members , caused by a butt of the fibres in the contact zone. The stress 
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distribution in the timber and plate, as well as the distribution of the nail forces are 
given for splices both with and without contact. 

In chapter 4, an ABAQUS model of a 20° heel joint is made. The variation of the · 
section forces in the rafter is given as well as the distribution of the nail forces and the 
stresses in plate and timber. No tests have been made to evaluate this model. 

In chapter 5, the theory behind a developed, and more simple frame model is described . 
The model is called "the AN-TRUSS model". The timber members are modelled by 
beam elements. Plate and nails are modelled by special non-linear plate and nail 
elements and contact between the timber members is modelled by a contact element . 
The advantages by this model compared to the already used models are that the 
elements are located in the model based on knowledge of the geometry of the joint. 
The model is then dependent on plate size, location and contact between the timber 
members . The forces on each nail group and plate are given directly. In the model 
there are some parameters, which must be determined/calibrated . This is done in 
chapter 6. 

In chapter 6, the AN-TRUSS model of the same three different nail-plate joints used 
to calibrate the ABAQUS model is described. First, an example of the tensile splice is 
used to calibration of the nail element and some parameters in the plate element. Good 
agreement is obtained between the results from the AN-TRUSS model and ABAQUS 
model and therefore also the test results. Second, an AN-TRUSS model of a bending 
splice with contact between the timber members and eccentrically and centrally located 
plates is built. The last plate parameters are calibrated and also here there is good 
agreement between the results. The sensivity of the joint to changes in nail stiffness, 
location and stiffness of the contact element as well as changes in some parameters 
of the plate element is analysed. A calibration of the contact element is made, so the 
model can estimate the deformations in splices with the butt effect too. An AN-TRUSS 
model of the heel joint gives results which agree with results from the ABAQUS model. 
The sensitivity of changes in different parameters is analysed. Finally, AN-TRUSS 
models of a collar tie truss and a pitched W-truss are described . The section forces 
and the deformations in selected points are compared to results from the programme 
ECOTRUSS, which is based on fictitious elements. In the example with the collar 
tie truss the moment is 5% larger and the deformations smaller than the results from 
ECOTRUSS in general. In the example of theW-truss, the maximum moment is 4% 
larger and the deformations up to 17% larger than the results from ECOTRUSS. 

In chapter 7, it is concluded, that the AN-TRUSS is a powerful tool to estimate and 
optimise the design of trusses and nail-plate joints . 

In the appendices , the more than 270 tests on nails , plates , tensile splices and bending 
splices are described. 



Resume pa Dansk 

Denne afhandling omhandler metoder til beskrivelse af tandpladesamlingers stivhed . 

Tandplader bruges i vid udstreekning til samling af treedelene i preefabrikerede speer. 
Selve tandpladen bestar af en 1-2 mm tyk metalplade, hvori der udstanses teender med 
en leengde pa ea. 7-20 mm. Teenderne udf!ilres saledes af det samme plademateriale og 
er sammenheengende med pladen. Efter udstansningen er der aflange huller i pladen . 
Ved udft2lrelsen af en samling presses teenderne ind i tilst!Zidende treedele ved hjeelp af 
en hydraulisk presse. Fordelen ved denne samling er, at den er nem og billig at udfY.lre, 
samt at der opnas en meget stiv samling. 

Ved dilljlensionering skal speeret kunne beere de !aster, som kan opsta, og speeret ma 
ikke fa for store deformationer i brugstilstanden. Beereevnen og deformationerne af 
speeret bestemmes ved hjeelp af forskellige modeller . De hyppigt anvendte modeller er 
dog meget simple, hvilket kan medf9)re, at speerene i nogle tilfeelde er overdimensioneret 
og i andre tilfeelde underdimensioneret. 

Formalet med denne afhandling har veeret at unders0ge/udvikle modeller til bestem­
melse af tandpladesamlingers stivhed . 

I kapitel 1 introduceres emnet, og formalet med opgaven fremheeves og afgreenses. 
Metoden og fremgangsmaden for ]y_jsningen af problemet er angivet. 

I kapitel 2 er en st9)dsamling modelleret ved hjeelp af programpakken ABAQUS ver 5.2, 
som er baseret pa finite element metoden. St!i!dsamlingen udseettes for treek. Tree og 
plade er modelleret som kontinuerte legemer sammensat med sma 1-bjeelker, der model­
lerer teenderne. Elementerne far tildelt egenskaber, so m er bestemt ved talrige fors0g 
pa tree, plade og teender. Resultaterne fra modellen sammenlignes med fors0gsresulta­
ter pa flere forskellige pladest!iJrrelser. Der er opnaet god overenesstemmelse. Pladens 
og teendernes indflydelse pa samlingens stivhed vurderes. Speendingsfordelingen i tree 
og pla.de er, ligesom fordelingen af sf.Jmkreefter, vist for enkelte samlinger. 

I kapitel 3 udbygges den eksisterende ABAQUS model, saledes at stY.ldsamlingen bli­
ver udsat for ren bf.Jjning. Herved opstar s0mbelastninger i flere retninger, hvorfor tre 
modeller af sy_jmmene diskuteres. Der veelges en model, hvor s¥)mmene modelleres vha. 
lineeer-elastiske plastiske I-bjeelker. Resultaterne sammenlignes med bt2ljningsfors ¥J g pa 
bjeelker med forskellige sty_jrrelse og placering af tandpladerne. Bjeelkerne er ogsa udfY.lrt 
med forskellig spaltestf.Jrrelser, saledes at betydningen af kontakt mellem treedelene kan 
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vurderes. Der er opmiet god overensstemmelse mellem resultaterne, dog er deformatio­
nerne ved kontakttryk mellem treedelene undervurderet af ABAQUS modellen, idet der 
i fors(Zigsemnerne optreeder stukning af fibrene i kontaktzonen. Speendingsfordelingen 
i tree og plade er, ligesom fordelingen af s(Zimkreefter, vist for enkelte samlinger bade · 
med og uden kontakt. 

I kapitel4 opbygges en ABAQUS model af en 20° heel samling. Fordelingen af snitkreef­
ter ned gennem speerhovedet er angivet, ligesom fordelingen af sSZlmkreefter og speendin­
ger i tree og plade. Der er foreligger ingen forsSZlg til evaluering af denne samlingsmodel. 

I kapitel 5· beskrives teorien bag en anden simplere model baseret pa bjeelketeori og 
udviklet gennem projektet. Modellen kaldes "AN-TRUSS modellen". Treedelene er 
modelleret med enkelte bjeelke elementer, plade og teender er modelleret ved speci­
elle ikke lineeere plade- og sszjmelementer, og kontakt mellem treedelene er modelleret 
med kontaktelementer . Fordelen ved denne model, i forhold til konventionelle modeller 
baseret pa. bjeelketeori, er, at de enkelte elementerne placeres ud fra kendskab til samlin­
gens geometriske udformning. Modellen er saledes f!Zllsom over for placeringfstSZlrrelse 
af plade og kontakt mellem treedelene. Belastingerne pa de enkelte sSZlmgrupper og 
plader er givet di_rekte. I modellen optreeder en del parametre som skal bestemmes/ 
kalibreres . Dette er beskrevet i kapitel 6. 

I kapitel 6 beskrives AN-TRUSS modeller af de samme tre samlinger, som er anvendt 
ved udvil~ling/test af ABAQUS modellen. FSZlrst udfSZlres et eksempel med en treekbe­
lastet st(!ldsamling, der anvendes til kalibrering af s!i)melementet og enkelte parametr~ i 
pladeelementet. Der opnas god overensstemmelse med ABAQUS modellen og dermed 
fors!llgsresultaterne. Derneest opbygges en model af en by;jningsbelastet sty;dsamling, 
hvori kontakt mellem treedelene, og bade centrisk og excentrisk placering af pladen 
kan forekomme. De sidste pladeparametre kalibreres. Der er ogsa her opnaet god 
overensstemmelse mellem AN-TRUSS og ABAQUS. Samlingens fy;lsomheden over for 
en eendring i s!i)m elementets stivhed, placering og stivhed af kontakt elementet, samt 
enkelte parametre i pladeelementet er unders!i>gt. En kalibrering af kontaktelementet 
er udfy;rt, saledes at modellen ogsa kan bestemme deformationer i st!i)dsamlinger med 
stukning i kontaktzonen. En AN-TRUSS model af heelsamlingen er ogsa lavet med 
god overensstemmelse med ABAQUS modellen. Fy;lsomheden over for en eendring i 
flere parametre er vurderet . Til sidst er AN-TRUSS modeller af et hanebands - og 
W-gitterspeer beskrevet. Snitkreefter og deformationer i udvalgte punkter er sammen­
lignet med resultater fra programmet ECOTRUSS, som er baseret pa en model med 
fiktive elementer. I eksemplet med hanebandsspeeret er max. momentet 5% st0rre og 
deformationerne generelt mindre end resultaterne fra ECOTRUSS. I eksemplet med 
gitterspeeret er max. momentet 4% st!i)rre og flytningerne op til 17% stv.;rre end resul­
taterne fra ECOTRUSS . 

I kapitel 7 konkluderes , at AN- TRUSS er et godt veerktv.;j til vurdering og optimering 
af speer og samlings design. 

I appendiks beskrives de mere end 270 fors v.;g pa teender , plade, stv.;dsamlinger i treek 
og st0dsamlinger i bv.;jning. 



Appendix A 

Test on Nails 

In this appendix the experimental analysis of the "nail to wood" behaviour is described. 
The objectives of the tests are: 

• to analyse the load-displacement curves of the dependence of nails on 

- number and location of the nails, 
- unloading, 
-

1 grain direction and plate orientation, 

• to analyse a newly developed measuring system. 

A complete description of the tests is given in Nielsen et al.(1994), and a few sections 
have been omitted in this appendix. In Nielsen et al.(1994) the followihg is described 
further : 

• test equipment, 

• test results, (failure types, failure load, load-displacement curves of each test), 

• analysis of the influence of: 

- number of nails in a row, 
- bending direction of the nails, 
- plate being locked or unlocked, 
- number of rows (1 or 2). 

A description of the conceptions: row, bending direction and locked/unlocked plate is 
g1ven. 

A.l Test Material 

Timber 
The timber specimens are shaped as shown in figure A.1 and figure A.2. 

113 
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22 [ 45 
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Figure A.1: Measurement of timber specimens used in the series 1 to 
22. Dimensions in mm. 

The timber dimensions 45x94mm in figure A.l are made by planing. The recesses 
at the end of the specimens are due to the jaw distance in the tensile machine. The 
timber specimens for the series are randomly selected. In series 1-22, the tests have 
annual rings as shown in figure A.l. 

In series 23 to 34 the timber specimens are shaped as shown in figure A.2. The tim­
ber dimensions 45 x 90mm are made by planing. The holes are made to fix the load 
equipment to the test specimens, see figure A.4. 
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Figure A.2: Measurement of timber specimens used in the series 23 to 

34. Dimensions in mm. 

Nail~Plate 

The galvanized nail-plate is shown in figure 1.2 on page 7. The plate thickness is lmm 
and the nail density is about 1,47nails/cm2. The tooth length is 7,9mm and the width 
is 2,9mm. The steel has the properties: 350MPa< JP <470MPa, Ju >410MPa, where 
JP is the limit stress of proportionality and Ju is the ultimate stress, Gang-Nail(J989). 
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Test Specimens 
A test specimen consists of two nail-plates embedded in a timber specimen. The test 
specimens in series 1 to 22 are shown in figure A.3. The nail-plate size is 76 x 159mm .. 

r 76 

load 
I 

I 

~ .. I 
I 

load -::::. I 
<::: I 

T -- 159 ---I load 
load .. <::: load 

Figure A.3: Test specimen in series 1 to 22. Dimensions in mm. 

The unwanted teeth are cut off. The centre line of the plate and the timber specimens 
coincide and in the 22 tests the load is parallel to the grain. Different locations of the 
plates are used. The number of teeth (nails) and nail-rows also differ in the series . A 
row is here defined as a number of nails in a line perpendicular to the load direction, 
see also the test programme in table A.l and table A.2 , on page 118 . 

As the timber specimens form an angle between their grain direction and the load 
direction, the test specimens in series 23 to 34 are made as shown in figure A.4. 

load 

• 

C 6mm thread bar 

Figure A.4: Test specimen in series 23 to 34. 

load .. 
load .. 
load ... 

In series 20 to 34 the test specimens are made with different angles between gra.in, pla.te 
and load direction. o:9 and o:P denote the angle between the load and the grain and the 
angle between the load and the principal axes of the plate, respectively. The choice of 
o:P is ma.de so the the nails "make rows" perpendicular to the load direction. The tests 
are then made with o:P = 0° , 34 °, 54 ° and 90°. Corresponding values of o:P and o:9 a.re 
shown in table A.3 on page 119. Because of the low tensile strength perpendicular to 
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the grain the load will be transmitted through two threaded bars as shown in figure 
A.4. The timber will then be loaded in compression. 

A.2 Test Equipment 

The tensile machine is a Mohr & Federhaff universal testing machine. The influence of 
the load velocity is tested in series 1, 2 and 3, see table A.l. In the other series the load 
velocity per.nail is held constant about 37N /min. At one end the timber specimens are 
placed beweep the jaws of the tensile machine. At the other end the load is transmitted 
from the jaws to the nail-plate through a "T-fitting". The "T-fitting" transmits the 
load by friction. All test specimens are centrally loaded. In order to know the unloading 
properties of the load-displacement curves all the test specimens will be unloaded and 
reloaded once in a test. 

One of the displacement systems uses HBM displacement transducers of type W2TK, 
The other system uses strain gauges on small cantilever beams (pins). In all tests, 5 
displacement measurings ( 3 transduceres and 2 pins) are performed. 

A storage programme from HBM, was used to store the data from the force and the 
five displacement measurings through an HBM data acquisition system (HMB UGR 
60). The r~cording frequency was 0,1Hz. 

i 

A.3 Test Programme 

The test programme is divided into 3 main programmes. In the main programmes, the 
following items will be analysed: (Numbers in brackets refer to the series number.) 

• Main programme 1 : (Series no. 1 - 9) 
Dependence of the load-displacement curves on: 

- load velocity (1,2,3), 

the bending direction (1,4)(5,9), The bending resistance perpendicular to 
the major axes of the plate is dependent on the nail bending direction, see 
figure A.5. The nails are divided into two types: 

* Type W: 
The nail is bending with the original stamping direction . 

* Type A: 
The nail is bending against the original stamping direction. 

the plate being locked or unlocked to the timber (1,5)(4,9)(11,14). The 
back of the nail-plate will be fixed to the timber with a lock-fitting. During 
loading the back of an unlocked nail-pla.te will rise, see figure A.6. This 
will cause a different nail stiffness dependent on the location of the n~ils in 
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stamping direction 

I 
I 
I 
I 
I 
I 
I 
l 

~ 
type W 
~ 
type A 

Figure A.5: Bending direction/types of nail. 

load 

Figure A.6: Deformation of a unlocked plate with "W-type" nail. 
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plates with several nail-rows. The nail-plate under the lock-fitting can slide 
undisturbed parallel the load . The lock-fitting is fastened to the timber by 
star-screws . 

the number of nails in a row (1,7,8). 

the number of rows (1 or 2 rows), (1,4,6) 

• Main programme 2 : (Series no. 10-18) 

- group effect of the nails (1, 6, 8, 5 and 4 rows in the series 1, 10 , 11 , 12 and 
13). . 

- edge distance (1,15,16) (13 ,17) (11,18). 

• Main programme 3 : (Series no. 20-34) 

- angles between plate/load and grain/load. All the tests have an edge di­
stance of 20mm and the nail-plates are not locked. The nails constitute 
minimum .s rows on each plate. 

The unloading properties in all the tests will also be analysed. 
There are generally 6 identical tests in a series . However , in main programme 3 only 4 
identical tests are made in a series. 
The test programme is shown in tables A.1, A.2 and A.3. 
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SERIES 

S1 

S2 

S3 

S4 

ss 
S6 

S7 

S8 

S9 

SERIES 

S10 

S11 

S12 

S13 

S14 

S1.5 

S16 

S17 

Sl8 

Appendix A Test on Nails 

MAIN PROGRAMME 1 

TIMBER NAILS /PLATE LOAD 

edge dist. Dg Dp No. row No. teeth Bending Lock Load velocity 

mm dire c. !fr. ( mi~~ail) 
40 0 0 1 2 X 11 w Yes 0.8 (0.037) 

40 0 0 1 2 X 11 w Yes 0.4 (0 .018) 

40 0 0 1 2 X 11 w Yes 1.2 (0.055) 

35 0 0 1 2 X 11 A Yes 0.8 (0.037) 

40 0 0 1 2 X 11 w No 0.8 (0.037) 

40 0 0 2 4 X 11 W/A Yes 1.6 (0.037) 

40 0 0 1 2x7 w Yes 0.5 (0.037) 

40 0 0 1 2x5 w Yes 0.4 (0.037) 

3S 0 0 1 2 X 11 A No 0.8 (0.037) 

Table A.1: Test series in main programme 1. 

MAIN PROGRAMME 2 

TIMBER NAILS/PLATE LOAD 

edge dist. Dg Dp No. row No. teeth Bending Lock Load velocity 

mm direc. !fr. ( mi~~ail) 
20 0 0 6 12 X 11 W/A Yes 4.9 (0.037) 

20 0 0 8 16 X 11 W/A Yes 6.5 (0.037) 

20 0 0 5 10 X 11 W/A Yes 4.1 (0.037) 

20 0 0 4 8 X 11 W/A Yes 3.3 (0 .037) 

5 0 0 6 12 X 11 W/A No 4.9 (0.037) 

5 0 0 1 2 X 11 w Yes 0.8 (0.037) 

10 0 0 1 2 X 11 w Yes 0.8 (0.037) 

5 0 0 4 8 X 11 W/A Yes 3.3 (0.037) 

5 0 0 8 16 X 11 W/A No 6.5 (0.037) 

Table A.2: Test series in main programme 2. 
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MAIN PROGRAMME 3 
SERIES TIMBER NAILS/PLATE LOAD 

O:p No. teeth Load velocity 

!rn ( rni~~ail ) 
S20 O:g = oo 34° 2 X 56 4.1 (0.037) 

S21 54° 2 X 54 4.0 (0.037) 

S22 90o 2 x48 3.6 (0.037) 

S23 O:g = 34° oo 2 X 66 4.9 (0.037) 

S24 34° 2 X 53 3.9 (0.037) 

S25 54° 2 X 54 4.0 (0 .037) 

S26 90o 2 X 48 3.6 (0 .037) 

S27 O:g = 54° oo 2 X 66 4.9 (0 .037) 

S28 34° 2 X 56 4.1 (0 .037) 

S29 54° 2 X 54 4.0 (0 .037) 

S30 90o 2 X 48 3.6 (0 .037) 

S31 o:g = 90o oo 2 X 66 4.9 (0.037) 

S32 34° 2 X 56 4.1 (0 .037) 

S33 54° 2 X 54 4.0 (0.037) 

S34 90o 2 X 48 3.6 (0.037) 

Table A.3: Test series in main programme 3. 

A.4 Test Procedure 

The test procedure is as follows: 

• The T-fitting is placed on the nail-plates of the test specimen. 

• The lock-fitting is placed if desired. 

• The measuring systems are placed. 

• The test specimen is placed and centred in the tensile machine. 

• A small tensile force ( lkN) is applied to the test specimen, so that the obliquity 
between the nail-plates is reduced. 

• The bolts in the T-fitting are then tightened to 35Nm. 

• The pins and transducers are adjusted . The pins are given a ·small prestress. 

• The test specimen is unloaded and the transduceres are reset. 

• The loading is then started. 

• At a given load stage the test specimen is unloaded. 

• At a given load stage the test specimen is reloaded until failure. 

• Near failure the pin system is decoupled while the test is running. 

• After failure, the measuring systems are dismounted, the timber specimen IS 

weighed and the moisture content is determined. 
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A.5 Analysing Main Programmes 1 and 2 

Comparisons of the series are made to find the influence of physical parameters on the · 
load-displacement curve. This is done by comparing the individual ranges of variation 
of the load-displacement curves in each series. In figure A. 7 the two thin solid lines are 
the maximum and the minimum load-displacement curves of series 1, (51), respectively. 
Other load-displacement curves of series 1 are then located between the maximum and 
the minimum line (not shown). The thick solid lines are then the max. and min. 
load-displacement curves of series 3 and the thick dashed lines are the max. and min. 
load-displa~ement curves of series 2. 

A few load-displacement curves in some tests are discarded caused by knotty timber 
or extremely high density. 

Load Velocity 
Comparisons of the series 1, 2 and 3 show the influence ofthe load velocity. In figure A. 7 
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Figure A. 7: Variation of load-displacement curves of series 1, 2 and 3. 

it is seen that the tested load velocity has no significant effect on the load-displacement 
curves. 

Series load velocity Mean max. load per nail 
N N no. mm·nail 

2 18 311 

1 37 316 

3 55 325 

Table A.4: Comparisons of the load velocity and the mean maximum 
load. 

A companson of the mean value of the maximum loads with the load velociti~s, see 
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table A.4, shows, however, a tendency that the max. load is increased with increased 
load velocity. This tendency is well known. 

Number of Rows ( 4, 5, 6, or 8) 
In series 10, 11, 12, and 13, the influence of the number of rows is tested when the 
plate is fastened. The tests are not affected by the edge distance. In figure A.8 it is 
seen that the load-displacement curves from tests with 4, 5, 6 and 8 rows coincide. 
The initial stiffness is the same for all tests, but at a load between 150 - 200N /nail, 
the tests with several rows lose stiffness compared to test specimens with 1 row only. 
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Figure A.8: Max. and min. load-displacement curves -of series 10, 11, 
12 and 13. All plates in the tests are fastened. 

The difference can be caused by 

• the load distribution over the nails, as it can be shown that the more uneven load 
distribution over the nails the smaller the stiffness and failure value of the joint, 

• a sort of group effect. The wood in front of and between the nails is affected by 
several nails. 

The failure value per nail of the tests with several rows and withdrawel of the nails is 
the same. However, the failure load in tests with 8 rows (Sll) is smaller. This is caused 
by failure in the plate and is not a phenomenon of the "nail-to-wood" behaviour . 

In figure A.9, the series 14 and 18 are compared. It is seen that the stiffness of the 
load-displacement curves from tests with 6 rows is higher than the stiffness of th-e load-
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Figure A.9: Max. and min. load-displacement curves of series 14 and 18. 

displacement curves from tests with 8 rows. In tests with 8 rows, failure occurs in the 
plate. 

I 

Distance 1to Timber Edge. 
In figure A.10 the load-displacement curves of series 1, 15 and 16 are shown. 
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Figure A.10: Max. and min. load-displacement curves of series 1, 15 
and 16. 

The influence of the distance from a nail row to the timber edge measured in the load 
direction is analysed. In figure A.10, it is seen that a test with a 10mm edge distance 
has obtained the full stiffness and load-carrying capacity compared to a test with 
40mm edge distance (series 1 ). When the edge distance is 5mm, the initial stiffness is 
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Figure A.11 :- Max. and min. load-displacement curves of series 13 and 17. 

unaffected, but at the load 200N /nail the joint loses stiffness and fails at a much lower 
load. This is caused by failure in the wood in front of the nails closest to the timber 
edge. The wood in front of the nails is simply pressed away in small blocks. 

In figure A .11, the edge distance effect is analysed in tests with 4 rows. It is seen that 
the stiffness is in general unaffected. The tests with 5mm edge distance have a lower 
failure value. The failure of the tests in series 17 is caused by wood failure in front 
of the nail row closest to the timber edge. In figure A.l2 comparisons are made of 
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Figure A.12: Max. and min. load-displacement curves of series 10 and 14. 

series 10 and 14 to test the edge distance effect for 6 nail rows . The difference between 
the series is small, t he mean failure load of tests with 5mm edge distance is, however , 
smaller (234N < 266N). 
Lau( 1986) has made the same analysis on a similar plate, type GNA 20 (no -S) from 
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Gang-Nail Systems. The edge effect was found to have an influence on the failure load 
and stiffness within a distance of 15mm. No variation of the load-displacement curves 
is given, and the difference may lie in the properties of the timber. 

A.6 Analysing Main Programme 3 

In main programme 3, the influence of the orientation of grain, plate and load direction 
on the loa<;l-displacement curves is analysed. In figures A.l4 and A.l5, the mean load­
displacemen.t curves from each series are shown. The arrows indicate the load direction, 
and ( o:P - o:9) is the angular difference between the principal axes of the plate and the 
gram. All the tests are centrally loaded even though only a few nails are shown. 

A B 
= load .. 

Figure A.13: Deformation of the timber in front of a nail. The thin lines 
show the grain and the black rectangle denotes a nail. 

When the load is perpendicular to the grain, the load-displacement curves are not 
reliable. In tests with o:P - o:9 = 0° the initial stiffness is unaffected by the load 
direction, however, the initial stiffness is lower when the load direction is perpendicular 
to the grain . The failure load is getting smaller as the angle between load- and grain 
direction is increased. The failures in series 29 and 34 were caused by failure in the 
timber. 

In tests with CYp - o:9 = 34 o, the stiffness is only slightly affected by the load direction, 
however, the stiffness in series 25 is increased a bit. In series 25 the load direction 
is nearly perpendicular to the principal axes of the plate, i.e. the bending stiffness 
of the nails is at a maximum. When the nail is loaded parallel to the grain, the nail 
will displace the wood in front of the nail - the wood is splitting, see figure A.13 A. 
The wood will easily split because of the low tensile strength perpendicular to grain. 
When the nail has a load direction, which forms a small angle with the grain, the 
splitting tendency will not occur easily, and the "nail to wood" behaviour will increase 
in stiffness, see figure A.l3 , B. This effect is obvious in series 26, see figure A.l5. 
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Fig~re A.l4: Load-displacement curves from tests with an angular dif­
ference between plate and grain direction of 0° and 34 o. 
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ference between plate and grain direction of 54° and 90°. 
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In figures A.14 and A.15 it is seen that the stiffness in several tests is only slightly 
affected by the orientation of the plate, grain and load. The failure load is, however, 
different. 

A.7 Unloading 

All the tests have been unloaded . Some tests have been unloaded once or twice to 
analyse the influence on the unloading curve. In figure A.16, the unloading part of the 
load-displacement curves from different tests is shown. 
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Figure A.16 : Unloading curves from different tests. 

There are unloading curves from tests in series 2, 4, 13 , 15, 22, 26. To make the diffe­
rence between unloading curves more distinct the curves have been moved horizontally. 
From figure A.16 is it seen that : 

• the stiffness of the unloading curves is independent of the load level, 

• the stiffness of the unloading curves is ""'2500N /mm. 

From figure A.16 and others it is seen that: 

• the stiffness of the unloading curves is equal to the inital stiffness of the load 
displacement curves, 

• the stiffness of the unloading curves is independent of the angles between grain, 
plate and load direction , 
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A.8 Conclusion 

Laterally loaded nail plates have been analysed from measurings of about 200 tests · 
distributed on 34 series. 

The main results of the 3 main programmes are as follows: 

• The tested load velocity (18 , 37, 57N /min) has no significant effect on the load­
displacement curves . 

• A group effect arises in tests with several nail rows . The stiffness and failure load 
per nail is smaller in tests with several nail rows than in tests with only one nail 
row. 

• The full load and stiffness capacity is obtained with nails placed at a distance 
greater than or equal to lOmm from the timber edge. 

• The stiffness is only slightly affected by the orientation of the plate, grain and 
load. The failure load is, however, different as the ultimate load gets smaller 
when the angular difference between the grain and load direction is increased . 

• The unloading stiffness is independent of the load level, the orientation of the 
grain , plate and load direction. It has a value of about rv2500N /mm. 

I 

For tests with the load perpendicular to the grain direction the load-displacement 
curves are not reliable, due to the small stiffness of timber. The deformations of the 
timber are large and they will disturb the displacement measurings . 
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Appendix B 

Test on Nail-Plate 

In this appendix, experimental tests on nail-plates are described. The aim is to analyse 
the stiffness a_nd strength of the plate. The nail-plates are subjected to short-term 
tensile, compression and shear loads in order to determine the stiffness and strength 
parameters used in the programmes ABAQUS and AN-TRUSS. 

B.l Test Description 

B .1.1 Tensile Tests 

In figure B .1 a tensile test is shown. The load is supplied with a Mohr & Federhaff 
universal testing machine. The load velocity during the test is constant. The load is 
transmitted to the nail-plates by 2 x 2 jaw plates. 

Displacement transducer 

p 
jaw plate 

t = lmm 

Figure B.l : Tensile test on plate. Teeth on nail-plate are not shown. 

The displacements are measured with 2x 2 displacement transduceres (HBMDD1) that 
are measuring the deformation over a length of 50mm or 100mm. The def_9rmations 

129 
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130 Appendix 8 Test on Nail-Plate 

are measured parallel and perpendicular to the load direction . The masurings cannot 
be made at the same time, and then the test procedure is as follows: 

• The test specimen is placed and centred in the tensile machine. 
• Two 1 OOmm displacement transduceres are placed parallel to the load direction 

(shown in figure B .1). 
• A small tensile force is applied . 
• The transduceres are reset. 
• The loading is started. 
• At a _given load stage the test spicmen is unloaded until the initial position. 
• Two 5_0mm displacement transduceres are placed perpendicular to the load di-

rection. 
• The transduceres are reset. 
• The loading is started. 
• At a given load state the test specimen is unloaded. 

Three test series. have been made where the angle, e, between the load direction and 
principal axes of the plate is different. The test specimens are shown in figure B.2. To 
make a plane measuring area for the displacement transduceres, some teeth are cut off. 

t 
p 

I 

1 0 

J e= o 
uuu uuuuuuu 
uuu uuuuuuu 

2 uuu uuuuuuu 
uuuuuuuuuuu 
uuuuuuuuuuu 
uuuuuuuuuuu 
uuuuuuuuuuu 
uuuuuuuuuuu 
uuuuuoooouu 
ooooooooouu 

f---76-

I 
t p 

0 ...... 
C\l 

l 

-

t p p 

I 

n 

e= go" 
~~~c:::l 

~ c:::l t::::::l t=l 
c:::l~c:::l ~ 

= == = == = == = == = == = == = = = = == = == = == = 
~~~~ 
c:;lc::lc:lc:;! 
t:::l t:::l t=:l 1::::1 

c:::l c::::::l = t::::::l 

== = = ==== 

~76-

I 

t p p 

Figure B.2 : Test specimens for tensile tests. Dimensions in mm. 

The plate is assummed to be an orthotropic homogeneous linear elastic continuumm. 
The constitutive relation is given by (B.l ). Plane stresses are assumed. 

CJ 
1 ~ 0 0"1 

E1 E2 

c2 ~ 1 0 0"2 (B.1) 
E1 E2 

'P12 0 0 1 
T12 G12 
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The stiffness parameteres E1 , E2 , v12 , v21 and G12 are determined by tensile tests on 
the plate at 3 different angles () = 0°, 90° and 45°. 

Four tests with load in direction 1 (() = 0°) are used to determine El and 1/21, when El . 
and E2 are measured. ( 171 = P /A, 172 = r 12 = 0,) A is the sectional area of the plate. 

(B.2) 

The resul~s are given in figure B.5 and table B.1 on page 133. 

Four tests with load in direction 2 ( () = 90°) are used to determine E 2 and v12 when 
E1 and E2 are measured. (172 = P/A, 171 = r 12 = 0) 

(B .3) 

The results are given in figure B.6 and table B.2. 

Three tests with () = 45° are used to determine G12 when En and Et are measured, see 
figure B.2. Stresses and strains in (1,2)-system are (17n = P/A;I7t = Tnt = 0) 

-~(17n- 17t) sin(2()) + Tnt cos(2()) = -~17n 
~12 -2(En- Et) cos() sin()+ ~nt cos(2()) = -(En- et) 

~2 l7n 1 
~12 - 2(cn- Et) = 2( -E1 - -E I ) 

45 45,90 

The results are given in figure B. 7 and table B.3 on page 135. 

(B.4) 

(B.5) 

(B.6) 

To determine the yield properties of the plate, two tensile tests are performed, where the 
tests are loaded parallel to the 1-axis until failure. The deformations are measured with 
one displacement transducer between the compression heads on the tensile machine. 
The result is shown in figure B.8 on page 136. 

B.1.2 Compression Tests 

2 x 3 tests have been made with plates in compression. The tests are subjected to 
contant load velocity until falilure. As the plate fails in buckling, two "-column lengths" 
(35mm,l5mm) are tested, see figure B.3. The teeth in the nail-plates are cut off. 

The load-displacement curves are shown in figure B.9 on page 136. The deformation is 
measured with a displacement transducer between the compression heads on the tensile 
machine. 
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p p 

0 0 

1~ I 0 
LL----.---_J.J 

0 0 

p p plt.-comp 

Figu·re B.3: Compression test of the plate. Dimensions in mm. 

B.1.3 Shear Tests 

Three shear tests have been made, see figure B.4. The load velocity is constant until 
failure and the plate is unloaded once during the test. The teeth in the nail-plates are 
cut off. The loa-d is transmitted to the nail-plates by friction between the plate and 
2 x 3 fixed steel bars. The bars are located at the end of the holes in the plate so that 
the tested shear length is about 13mm. 

T 
c.o 
c.o 
l'-

1 
displacement 
transducer 

---~~--
p 

13,0c: 13,0 

p p 

Figure B.4: Plate subjected to shear load. Dimensions in mm. 

The displacements are measured with two displacements transduceres. Results are 
shown in figure B.lO on page 137. 
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B.2 Results 

In the following the results for the tensile, compression and shear tests are shown. In · 
tests with two displacement measurings, only the average curve is shown. In some 
figures the fitted straight line is shown too. 

160.0 160.0-.---:---.--------,--------, 

0. 0 -+--.--.------.--+.....-....---...---!-.---,----.---1 0. 0 +-.---r--r-t---.--.---r-1-.-.----.--l 
0.00 0.04 0.08 0.12 0.00 0.04 0.08 0.12 

E 0/o E% 10_2 

0. 0 0. 0 +-.---r--r-t---.--.---r-\----.---,-----.--J 
0.00 0.04 0.08 0.12 0.00 0.04 0.08 0.12 

E Oj0 10_3 E o/o 10 _ _. 

Figure B.5: Four tensile tests on nail-plates with load -parallel to 1-axis. 

Test number 

Unit 1 2 3 4 Average 

E1 GP a 118.2 121.4 134.2 125.9 125 

E1 go GP a 698.3 700.8 894.0 612.9 , 

v21 - 0.17 0.17 0.15 0.21 0.17 

Table B .1: Determination of Et and v21· 



i( !, 
i! : 

134 Appendix 8 Test on Nail-Plate 
'· ' "j 

I f 

:· . 
·' 160.0-.-----,-------,------, 

. ' 
I 

0. 0 -f-.,--,.--.--t-..,...,--r-+-...,...,--r--i 0. 0 -j-.,--,.---,---t--,--,--.--+-...,...,r-r---1 
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160.0-.-----,-------,------, 
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E % 190_ 4 E o/o 190_5 

Figure B.6: Four tensile tests on nail-plates with load parallel to 2-axis. 

Test number 

Unit 1 2 3 4 Average 

E2 GP a 79.9 83.4 85.5 85.9 83 .6 

E2,9o GP a 750 .7 778.2 722.6 721.7 

VJ2 - 0.11 0.11 0.12 0.12 0.11 

Table B.2: Determination of E2 and v12. 
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Figure B. 7: Three tensile tests on nail-plates with 0=45°. 

Test number 

Unit 1 2 3 Average 

E4s GP a 45.5 38.3 39.9 

E4s,9o GP a 52.6 58.5 74.7 

G12 GP a 125.7 55.4 42.8 74.6 

Table B.3: Determination of G12. 
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Fig,ure B.8: Two tensile tests until failure. Load in direction 1. 
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Figure B.9: Load-displacement curves of six compression tests. 
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Figure B.lO: Load-displacement curves of three shear tests. 

B.3 Discussion 

The variation of the strain data from the tensile tests is large. This is due to the mea­
suring method of the deformation of the nail-plate. The stress and strain distributions 
in the nail-plate are very complicated due to the holes, and furthermore, nail stamping 
will give rise to prestresses to cause a stiffness difference on both sides of the plate. 
This can be observed by a small deflection of the plate in tension. A linearly material 
property is , however, observed. 

In tensile tests with () = 0° and () = 90°, the assumption of T12 = 0 is fairly good, 
but in tensile tests with () = 45°, this assumption is wrong. The jaws on the tensile 
machine will prevent a deformation in the t direction, see figure B.ll: Influence of end 
constraints is discussed in Pagano et al.(1968). The value of G12 is, however, used in 
the following . The constitutive matrix in ( B .1) is assumed symmetric. This is only 
valid if (B.7) satisfied . 

v12Et 

0.11 · 125GPa 

13.8GPa 

1121£2 

0.17 · 84.6GPa 

14.4GPa 

In ABAQUS, the values in table B.4 will be used. 

(B. 7) 
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Figure B.ll: Deformation of anisotropic bodies. 

E1 125000MPa 

E2 84000MPa 

G12 75000MPa 

l/12 0.11 

Table B.4: Stiffness parameteres used in ABAQUS. 

The variation of two tensile tests loaded until failure is small. E1 determined by 
failure tests is much smaller than E1 determined in table B.l. As the displacement at 
the failure tests is measured between the compression heads, the measuring will also 
contain some sliding between the jaws and the jaw plates . Therefore, the yield load is 
the only reliable value determined. It is found to be rv 15.5kN, see figure B.8. 

The variation of the compression tests is large. The failure loads in tests with 15mm 
column length are larger than the failure loads in tests with 35mm column length. The 
stiffness of the test specimens seem to fit in pairs (1,4), (2,5), (3,6), and furthermore, 
the stiffness and the failure load decrease in each test. (The numbers on the curves in 
figure B. 9 denote the test order.) The reason for this can be sliding of the bars on the 
plate, see figure B.3. The bars transmit the load to the nail-plate by friction. prior to 
test 1 and test 4, the friction area on the bars is blasted with sand to make the friction 
high. After each test, this friction will decrease due to the compression load on the 
bars. The sliding effect will then increase during the test series . The tests results are 
unreliable and will not be used. 

The variation of the shear tests is small and yielding occours at rv9-10kN . The tests 
fail at the ends of the columns caused by the high stress at the corner of the holes . On 
the test specimens it is seen that the plate at the ends of the oblong holes rotate a. bit , 
a.nd therefore the test shear length must be larger tha.n 13.0mm. The tests a.re used to 
determine the plate stiffness for the programme AN-TRUSS , see section 6.1 on pa.ge 
69 . 



Appendix C 

Experimental Tensile Test 

In this appendix the experimental tensile tests on splices are described . The aim of the 
work is to analyse the influence of the load procedure on the load-slip curve. Jensen et 
al. ( 1993) applied the load step wise and the load on the tests des cri bed here is applied 
at constant load velocity. This is the only difference between the two test programmes. 
Load-slip curves from Jensen et al.(1993) are used to show the difference between the 
results. 

C.l Test Specimen 

The tests specimens are from the same delivery of test specimens as the tests used in 
Jensen et al.(1993). The nail-plates are embedded in the wood at the truss factory. 
The tests specimens are conditioned at 65% RH and 21 oc for about 20 months. The 
timber is Swedish spruce (Picea abies) of strength class K-24 _according DS 413 [56]. 
The moisture content is about 13%. A test specimen is shown in figure C.l. 

r------------------3000 
J"------1 50 0 ----,f<----- 15 00 

~I~ '~-------------=~=·~~--------~~ ~~- -.., 1-45 

Figure C.l: Measurement of test specimens. Dimensions in mm. 

18 tests specimens are divided into 5 series with different plate sizes, see table C.l. 

In the series with plate size 130 x 218mm, the thickness of the timber is only 30mm, 
however, this will not affect the results compared to tests with 45mm thickness, see 
Jensen et al. (1993). 

139 
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Plate size Number of nails Number of tests 
mm on a plate 

76 x 159 11 x 16 3 
103 X 159 15 x 16 3 
130 X 159 19 x 16 4 
130 x 218 19 x 22 4 
130 x 317 19 x 32 4 

Table C.l: Plate sizes in 5 series. 

C.2 Test Equipment 

The tensile machine is made at Aalborg University, see Andersen et al.(1977). The 
load is transmitted by 2 x 2 jaws by friction in the hatched area in figure C.2. The 
load velocity per nail is constant about 37N /min , which is the same load velocity as 
used in tests with few nails, see appendix A. Since the load is applied manually, the 
load-time curves -flutter a bit, see e.g. the thin curves on figure C.4 on page 142. 

900 
Load 

Figure C.2: Load of tensile splices and locations of displacement trans­
ducers. Dimensions in mm. 

The slip is measured by two HBM displacement transducers of type W2TK . The trans­
ducers are mounted on angle fittings with screws. A storage programme from HBM , 
(UG6IEBE, 15/9-89), was used to store the data from the force and the two displace­
ment measurings through an HBM data acquisition system (HMB UGR 60) . The 
recording frequency is 0, 2Hz. The data are saved on disk. 
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- C.3 Results 

In table C.2, the estimated failure load and the failure mode are compared to failure 
load and failure mode determined from tests. 

Estimated Tensile tests (1993) * Tensile tests (1994) 

Plate size Pmax Failure Pmax Stand.dev. Failure Pmax Stand. dev. Failure 

mm kN mode kN kN mode kN kN mode 

76x i59 32,6 w 32,9 4,0 w 38,6 4,6 w 
103x159 44,2 w 40,3 3,0 w 48,0 3,8 w 
130x159 55,8 w 60,6 5,0 w 70,6 1,8 WjP 

130x218 69,7 p 68,2 1,5 p 68,4 0,6 p 

130x317 69,7 p 65,1 1,2 p 66,1 1,1 p 

* Jensen et al. (1993). Failure mode: W= Nail Withdrawal, P= Plate Failure. 

Table C.2: Failure load (Pmax) and failure mode in tensile tests. 

The estimated failure loads are characteristic short-term values (5 % fractile) according 
to (Trre 31) [58] and (DS 413) [56]. 

I 

In the following figures, the load-slip curves from the tensile tests are shown. Load-slip 
curves from Jensen et al.(1993) are shown as dashed lines, and load-slip curves from 
1994 are shown as solid lines. Also, load-time curves for the two tests programmes are 
shown. The stepwise load-time curves are from Jensen et al.(1993). 
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Figure C.4: Load-time curves from experimental tests on tensile splices 
with plate size 76X159mm. 
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Figure C.6 : Load-time curves from experimental tests on tensile splices 
with plate size 103X159mm. 
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Figure C. 7: Load-slip curves from experimental tests on tensile splices 

with plate size 130X159mm. 
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Figure C.8: Load-time curves from experimental tests on tensile splices 
with plate size 130X159mm. 
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Figure C.lO: Load-time curves from experimental tests on tensile splices 
with plate size 130X218mm. 
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1 with plate size 130 X317mm. Thickness of the timber: 
30mm. 
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Figure C.12: Load-time curves from experimental tests on tensile splices 
with plate size 130X317mm. 
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C.4 Discussion 

In table C.2 it is seen that the failure load has increased by almost 20% on tensile· 
splices with constant load velocity (1994) and with nail withdrawal. In some tests with 
plate size 130 x 159mm, the failure mode has changed from nail withdrawal to failure 
in these plate. In tests with only plate failure, the failure load is almost unchanged . 
Comparison of the load-slip curves shows that also the stiffness has increased. 

The estimated failure load and failure modes correspond to the test results. However, 
Prnax for the plate sizes 130 x 218mm and 130 x 317mm seems to be overestimated a bit. 

The moisture content in the timber of the two test programmes is the same (13%). 
The tests used in Jensen et al.(1993) were stored in the conditioning room for about 
2-3 months . No changes in the plate surface have been observed. 

The main reasons for an increased stiffness and failure load can be caused by: 

• a difference in the load procedure, 

• an increased stiffness of the timber caused by longer storage in the conditioning 
room (18 months). 

It seems strange that a longer storage time can result in increased stiffness and failure 
load. After the plate has been impressed into the timber, the friction stresses from the 
timber on the nails will decrease with time caused by relaxation and it will demand 
less stiffness and strength of the joint. This effect is not observed. 

When testing the joints , it is observed that test specimens have warped. Warping 
is normally generated by changes in moisture content, but the temperature and the 
humidity in the conditioning room were constant in the storage period. 

It is concluded that the load procedure will affect the stiffness and the failure load of 
the joint . The tensile tests from 1994 are compared to numerical results in chapter 2. 
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Appendix D 

Experimental Bending Test 

In this appendix, the experimental bending tests are described. The aim of the work 
is to analyse th~ influence of plate size, plate location, and contact between the timber 
members on the stiffness and failure load of the joint. 

D.l , Test Specimen 

The tests specimens are conditioned at 65% RH and 21 oc for about 2 months. The 
timber is Swedish spruce (Picea abies) of strength class K-24 according DS 413 [56]. 
The moisture content is about 13%. The test specimens have the same dimensions as 
the test specimens used for tensile tests, see figure D.l. 

1 

p p 

200 / 800 500 500 800 200 V 

~r ~ 'L---r------=[ 1=-J -------r----1 
~ ~ r.l 

1\..45 

Figure D.l: Measurements of test specimen. Dimensions in mm. 

40 tests specimens are divided into 9 series (5 specimens in each series- the specimens 
used in series BEO and BE2 are the same) with different plate sizes, plate locations 
and gaps between the timber members, see table D.l. 

The test specimens in series BEO are beams without joints and, therefore, they are 
used to determine the stiffness properties of the timber . Series BEl, BE3 and BE6 are 
used to analyse the influence of the plate size, and BEl, BE4, BE5 and BE6 are used 
in pairs to analyse the influence of the plate location. 

Series BE6, BE7 and BE8 are used to analyse the effect of the gap size. The gap size 
is difficult to determine. It can be measured manually, but the horizontal distance 
between the timber members is not the same all over the gap. Furthermore, _the fibres 
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Series Plate size Plate location Gap size 

no. mm * mm 

BEO - - - -

BEl 76 X 159 centre (47mm) ,...,o 
BE2 76x 159 eccentric (lOmm) 0 

BE3 130x317 centre (20mm) ,.._,0 

BE4 76x 159 eccentric (lOmm) ,.._,0 

BE5 103 X 159 eccentric (lOmm) ,.._,0 

BE6 103x159 centre (34mm) ,.._,0 

BE7 103 X 159 centre (34mm) ,.._, 0.5 

BES 103x159 centre (34mm) ,.._, 0.7 

* distance from plate to lower timber edge. 

Table D.l: Plate size and location in the series. 

in the compression zone will butt on each other. To analyse this effect, series BE2 
and series BE4 will be compared. The test specimens in series BE2 are made from the 
beams used in series BEO with sawkerfs perpendicular to the grain in the tensile zone 
of the beams, see figure D.2. In the compression zone the fibres have not been cut, and 
the "butt effect" is vanishing. 

p 

plate: 76x159 

Figure D.2: Sawkerf in test specimens for series BE2. Dimension in mm. 

The length of the cross section above the sawkerf is made the same as the extent of 
the compression zone known from an ABAQUS model of a joint in series BE4. 

D.2 Test Equipment 

The bending machine is shown in figure D.3. The load is made by a hydraulic jack and 
transmitted through a "stiff'' steel beam to the two loading points. 

Three force transduceres measure the force from the hydraulic jack and the two 
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(2P) 

load point 

Force transduc 

Disp . transducer 

Figure D.~: Load of bending splices and locations of displacement 
transduceres. Dimensions in mm. 

reaction forces. The net weight of the test specimen and the test equipment is not 
included in the forces . The two reaction forces at the end of the beam are used to 
indicatE! the load distribution. Load-time curves from test BEl-2 and BE8-3 are shown 
in figure D.4. It is seen that the curves from the two reaction forces and the load are 
very similar, (the signal from the load is divided by 2) and therefore the load is equally 
distributed and the friction effect in the test equipment is very small. 

"0 
m 
.3 

3.0 -.----.----r---r----,---,.----J 

0 100 200 300 400 

Time sec 
500 600 

Figure D.4: Load-time curves from test BE1-2 and BE8-3 to analyse 
the load distribution. 

As the load is applied manually, the load-time curves flutter a bit. The load procedures 
used in each test series are shown in figure D.5. All the test specimens are unloaded 
once during the test. 

The vertical displacements are measured by four HBM displacement transducers of 
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Figure D.5: Load-time curves for the test series. 

the type W20TK(±20mm) and W50TK(±50mm) . The two W20TK-transduceres (no. 
1 and no. 4 in figure D.3) are located below the loading points, and two W50TK­
transd ucers (no. 2, 3) are located at the centre of the beam. 2 x 5 displacement trans­
duceres (:no . 5 to 9 and no. 10 to 14) are located horizontally at the centre of the 
beam. ThEJ transducers are mounted on either side with angle fittings and screws . · A 
storage programme from HBM, (UG6IEBE, 15/9-89), was used to store the data form 
the forces and the displacement measurings through an HBM data acquisition system 
(HMB UGR 60) . The recording frequency is 0,2Hz. The data are saved on disk. 

D.3 Results 

In the following, load-displacement curves from the bending tests are shown. The load 
is given as the force P (half the load from the hydraulic jack) and the displacement 
is given as the average of the two vertical displacement measurings (no. 2 and 3 in 
figure D.3) at the middle of the beam (positive in the load direction). 

In order to analyse the gap size, load-displacement curves are given as the average of 
the two horizontal measurings (no. 9 and no. 14 in figure D.3 at the top of the beam, 
negative in compression). During loading, contact appears in the compression zone at 
the top of the beam. Numbers on the curves denote the test number. In figure D.6 
and figure D. 7, fitted straight lines are shown too. 
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Figure D.6: Load-displacement curves of series BEO. 
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Figure D. 7: Load-displacement curves of series BEO. 
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Figure D.8: Load-displacement curves of series BEl. 
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Figure D.9: Load-displacement curves of series BEl. 
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Figure D.lO: Load-displacement curves of series BE2. 
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Figure D.ll : Load-displacement curves of series BE2. 
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Figure D.12: Load-displacement curves of series BE3. 
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Figure D.13: Load-displacement curves of series BE3. 
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Figure D.14: Load-displacement curves of series BE4. 
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Figure D.15: Load-displacement curves of series BE4. 
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Figure D.16: Load-displacement curves of series BE5. 
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Figure D .1 7: Load-displacement curves of series BE5. 
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Figure D.18: Load-displacement curves of series BE6. 
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Figure D.19: Load-displacement curves of series BE6. 
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Figure D.20: Load-displacement curves of series BE7. 
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Figure D.21: Load-displacement curves of series BE7. 
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Figure D.22: Load-displacement curves of series BEB. 
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Figure D.23 : Load-displacement curves of series BEB. 
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In table D.2 to table D.9, the following test information is given: 

• Gap (by test): The gap in the compression zone of the timber is measured before 
the start of the test. The sign "?" denotes that the gap was not measured. 

• Gap (by curve): The gap is determined by the load-displacement curves. When 
the gap is closed, the joint stiffness will increase. Here the gap size is defined as 
the horizontal displacement, when the curve tends to increase. 

• Weight: The total weight of the timber and the plate. 

• Failure load: The failure load is defined as the maximum observed load (2P). As 
the maximum load is recorded simultaneously it can differ a bit from the end of 
the }~ad-displacement curves. 

• Failure type: The failure types are denoted: plate failure P F, withdrawel of the 
nails W. If the plate buckles during the test, it is denoted by a B. 

BEl 1 2 3 4 5 

Gap (by test) mm f""o.lo * ? 0.25 ? 

Gap (by curve) mm 0.4 1.3 0.4 0.9 
Weight kg 10.052 10.272 10.215 10.088 9.633 
Failure load kN 4.1 4.6 4.0 4.3 4.1 
Failure type BjPF BjPF BjPF BjPF BjPF 
* In load procedure in test BEl-2 was unrealiable. 

Table D.2: Test results for series BEl. 

BE2 1 2 3 4 5 
Gap (by test) mm There is no gap. (=0) 
Gap (by curve) mm 
Weight kg 10.624 9.963 9.133 12.815 11.007 
Failure load kN 10.5 10.0 9.3 10.6 10.9 

Failure type PF WjPF w PF PF 

Table D.3: Test results for series BE2. 

BE3 1 2 3 4 5 
Gap (by test) mm 0.8 1.0 1.0 0.1-0.3 1.0 
Gap (by curve) mm 1.0 2.0 1.7 0.6 1.4 
Weight kg 12.318 12.123 10.931 12.301 11.187 
Failure load kN 8.25 7.5 7.5 8.3 8.1 
Failure type BjPF BjPF BjPF PFjB PF/B 

Table D.4: Test results for series BE3. 
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BE4 1 2 3 4 5 

Gap (by test) mm 0.95 0.8 0.55-1.0 0.15-0 .75 0.1 
Gap (by curve) mm 1.1 0.6 0.9 0.5 0.3 
Weight kg 11.288 10.789 11.052 10.404 11.633 
Failure load kN 7.4 7.0 7.3 7.2 8.1 
Failure type PF PF PF WjPF PF 

Table D.5: Test results for series BE4. 

BE5 1 2 3 4 5 

Gap (by test) mm 0.9-1.2 0.25 1.0 1.0-1.1 0.35-1.0 

Gap (by curve) mm 1.6 0.5 1.6 1.6 0.8 
Weight kg 11.777 11.692 11.010 10.366 11.391 
Failure load kN 8.4 8.5 9.0 8.4 9.0 
Failure type - PF PF PF PF PF 

Table D.6: Test results for series BE5. 

BE6 1 2 3 4 5 

Gap (by test) mm 0.6 0.1 rvO 0.7 1.0-1.1 

Gap (by curve) mm 0.4 0.3 rvO 1.0 1.2 
Weight kg 11.109 11.773 11.113 10.555 10.328 
Failure load kN 7.5 7.4 7.7 6.5 7.0 

Failure type PF PF PF PF , PF 

Table D.7: Test results for series BE6. 

BE7 1 2 3 4 5 

Gap (by test) mm 0.55 1.2 1.25 1.0 0.85-1.0 
Gap (by curve) mm 0.8 1.6 1.8 1.4 1.8 
Weight kg 12.125 10.598 11.266 10.463 10.292 

Failure load kN 6.3 6.4 5.7 6.6 5.7 

Failure type PF BjPF BjPF BjPF BjPF 

Table D.8: Test results for series BE7. 

BE8 1 2 3 4 5 

Gap (by test) mm 1.4-1.6 ? rv 1 0.9-0.95 1.4-1.6 

Gap (by curve) mm 1.0 0.8 0.7 0.9 0.8 

Weight kg 9.862 10.431 11.525 9.982 10.516 

Failure load kN 5.7 6.8 6.2 6.2 6.5 
Failure type BjPF WjPF PF BjPF BjPF 

Table D.9: Test results for series BE8. 
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According to the beam theory, the slope of the curves in figure D.6 is in direct propor­
tion to Young's modulus. E, given by (D.1) 

E = Paf2 (~ _ (~)z) 
u 16 4 l 

(D.1) 

where l is the distance between the reactions, a is the distance from the reactions to 
the load P. u is the vertical displacement at the middle of the beam, and I is the 
moment of inertia. Values of E is given in table D.10. 

Test no. f_ E Weight 
u 
kN 
mm MP a kg 

1 0.379668 12172 10.624 

2 0.371061 11896 9.963 

3 0.29131 9339 9.133 

4 0.521161 16673 12.815 

5 0.377661 12108 11.007 

Table D.lO: The slope, E, and the weight of the beams in series BEO. 

The averq,ge value of E is found as 12.4GPa. In figure D.24 , the dependence between 
the weight and Young 's modulus E is shown. 
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Figure D.24: Relation between E and weight of the beams. 

The well-known effect of increasing stiffness for increasing density is observed. 
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D.4 Discussion 

From figure D.8 to figure D.23 it is observed that there is a link between the load­
displacement curves. The stiffness order of tests is the same whether the displacements 
are measured in horizontal or vertical direction. 

Plate Size 
In figure D.25, three typical load-displacement curves from tests with different plate 
sizes are shown. The plates are all located at the centre of the beam. 

~ 
't:l 2.0 -1------1-r''----¥"1=---+--"="'-i 
ro 
.3 
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Vertical displacement mm piHiza 

Figure D.25 : Load-displacement curves from tests with diffe~ent plate 
SIZeS. 

In table D.ll , the average failure load in series BEl , BE6 and BE3 is shown. 

Series Plate size Failure load (2P) [kN] Failure type Weight [kg] 

mm x mm mean stand.dev. means Stand.dev. 

BEl 76 x 159 4.22 0.24 B/P 10.052 0.251 

BE6 103 X 159 7.22 0.48 p 10.976 0.563 

BE3 130 X 317 7.93 0.40 B/P 11.772 0.662 

Table D.ll: Average failure loads in series with different plate size. 

From figure D.25 and table D.ll it is seen that the stiffness and the failure load are 
increasing with increasing plate size. The failure load is increased by 70% when the 
plate width is changed from 76mm to 103mm. The difference between the failure loads 
in series BE6 and BE3 is only 10%. 

In tests from series BEl buckling occurs in two or three of the nail- columns in the 
compression zone of the plate (not shown). The buckling effect has no observed effect 
on t he load-displacement curves. 
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In series BE6, the buckling effect was not observed. This fact is caused by the small 
gap sizes in these series. In series BE7 and BE8 the gap sizes were larger and buckling 
occurred in several tests. 

In series BE3 there is buckling in a larger area in the compression zone (two to eight 
nail-columns) and the buckling effect is observed as the horizontal part of the load­
displacement curves, see figure D.25, figure D.12 and figure D.13. The buckling effect 
is dependent on the gap size. 

Plate Location 

In figure D .·26 four typical load-displacement curves from tests with different plate sizes 
and locations are shown. 
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Figure D.26: Typical load-displacement curves from tests with different 
location of the plate. 

In figure D .26 it is seen that when a 76 x 159mm plate is located eccentrically, the 
stiffness is increased to the stiffness achieved in tests with a 103 x 159mm plate. The 
stiffness change for an eccentrically located 103 x 159mm plate is rather small and it is 
only increased for joints in contact and large deformations. 

Series Plate size Failure load (2P) [kN] Failure type Weight [kg] 

mmxmm mean stand.dev . kN mean stand.dev. 

BEl 76 x 159 cen. 4.22 0.24 B/P 10.052 0.251 

BE4 76 x 159 ecc. 7.4 0.42 W,P 10.833 0.641 

BE6 103 x 159 cen. 7.22 0.48 p 10.976 0.563 

BE5 103 x 159 ecc. 8.66 0.31 p 11.247 0.577 

Table D.12: Average failure loads in series with different plate locations. 

The failure load is increased when the plate is located eccentrically. In tests with 
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76 x 159mm plate the failure load is increased by 75% and in tests with 103 x 159mm 
plate the failure load is increased by 20%. 

Gap Size 

In table 0.7 to table 0.9 it is seen that the gap size is different in each test. From the 
beginning it was planned that the gap size should be as stated in table 0.1, but the 
timber beams have been cut with a rough saw and, therefore, the timber ends do not 
fit very well. This is the reason for the variation of the gap sizes. This problem has 
also been .observed in other series. However, in all series it has been observed that the 
stiffness is increased when there is contact between the timber members. 

In figure 0.27 the gap size is plotted against the failure load for the series BE6, BE7 
and BE8. 
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Figure D.27: Dependence between gap size and failure load. 

In figure 0.27, it is seen that the failure load is increased with decreasing gap size. The 
explanation for the location of test BE8-1 (8-1 in figure 0.27) is a very low weight of 
the beam. 

Butt Effect 

The test specimens are (as well as the test numbers) the same for seri~s BEO and BE2. 
The reason for the variation of the load-displacement curves in series BE2 is the same 
as for series BEO - it is mainly caused by a variation of the timber stiffness. The curves 
are located in the same order in the two series , see figure 0.6 and figure 0.10 . 

In figure 0 .28 three typical load-displacement curves form series BE2 (without the butt 
effect) and BE4 (with the butt effect) are shown. 

It is seen that the tests without the but effect are much stiffer, than the test with the 
a gap. 
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Figure D.28: Load-displacement curves from series BE2(without the 

butt effect) and BE4. 

D.5 Conclusion 

40 tests specimens have been divided into 9 series to test the influence of different plate 
sizes, plate locations and gaps between the timber members. 

Almost all test specimens failed by the plate. In some tests the specimen failed by 
withdrawal of the nails. Also buckling in the compression zone of the plate occurs 
during loading, and the fenomenon is dependent on th~ size of the gap. In all tests, 
the timber members are in contact before failure. 

The stiffness and the failure load are increased with increasing plate size. 

The plate location is significant for the stiffness and the failure load . The stiffness of 
a splice with contact, where the plate is in the tensile zone, is larger than the stiffness 
of a splice with the same plate, but located at the centre. An eccentrically located 
76 x 159mm plate has the same stiffness and failure load as a splice with a 103 x 159mm 
plate located at the centre of the beam. This is only valid if there is contact between 
the timber members. The effect is most obvious by the small plates . 

The failure load is dependent on the gap size. A decreased gap size will increase the 
failure load (and the stiffness). 

The test results will be used to evaluate the numerical results . 



Appendix E 

Drawings of Trusses. 

In this appendix, the drawings of the trusses used in chapter 6 are given. The drawings 
are made by Gang N-ail Systems. 
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Appendix F 

Notation 

Scalars Vector and matrices 
E modulus of elasticity f external force vector 
G shear modulus fU force vector of uniformly 
A section area distributed loads 

Ac contact area u displacement vector 
t thickness g gap vector 
l length of nail-plate p nail force vector 
b width of nail-plate A nail displacement vector 
V Possion 's ratio K local stiffness matrix 

jy yield stress D orthogonl matrix 
S' nail density T transformation matrix 
I moment of inertia 
u disp. in x-dir. Subscripts 
V disp. in y-dir. X direction x 
a rotation y direction y 

Lb length of beam element 1 direction, or local node no. 
L length of elastic- 2 direction, or local node no. 

plastic beam in plate p plastic or plate 

Le length of contact elem. g global 
N section normal force J component no. of a vector 

Q section shear force a,b points a, b 
M section moment 

tp angel between glob. Superscripts 
and local system T transpose of a matrix 

{) angel between grain and p c compression or contact 

I angel between grain and .6.. s shear 
n no. of nails or no. of beams t tension 

iw internal work 
ew external work 

.6.. abs. disp. of a nail 
po,k1 , k2 stiffness par. of the nails 

c strain 
<I> shear deformation parameter 
p nail force 
p external load 
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