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ABSTRACT

The Eurocode 5 gives the rules for calculatingrtheimum size of the punched metal plates
used in timber structural joints, taking into acebuhe strength of the plates and the
anchorage capacity between the plates and the tinihe geometric parameters considered
by the standard are basically the plate area anéngth measured along the connection line
between the timber members. This paper presentgthef study of this kind of joints,
analysing the relationships between the positiah dgimensions of the punched metal plates
of a joint of a light frame structure and the stessthat appear in the plates and the timber
elements, through the application of the finitered@t method.
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INTRODUCTION

The use of steel nail-plates to join timber membegether in light structures, such as frames
and trusses, began in the late 1950s (KaradeliX))20hese connectors, made of light-gauge
galvanized mild steel, have nails or teeth thatehasen punched out to one side of the plate
by a stamping process. The joints are built pla@nggir of nail plates on opposite faces of
the timber elements. This procedure is used fomeotiing members of framed timber
structural components at any angle within the sphaee, and has some advantages over
other connection methods. For example, with thiel kof connection, the size of the timber
members does not depend on the size of the joisb, Aostly procedures needed in other
classes of joints, which imply drilling or hand Ivag, are no longer necessary. In addition,
these joints are manufactured under factory cambti where press or roller equipment is
used to embed the projected nails into the timb&A, 1998), eliminating the errors and
the lack of precision involved in field work.

In Europe, the design of this class of joints gulated by the Eurocode 5 (CEN, 2004). This
standard essentially prescribes the checking oatlthorage capacity between the plates and
the timber, and the strength capacity of the pldtes every plate type, the geometric data
that appear in these verifications are basicallyplate area and its length measured along the
connection line between the timber pieces (Argéek®03).

The aim of the present work was to gain furtheigimsinto the influence of the size and
position of the plate, considering its length aetyht independently, as well as its horizontal
and vertical position relative to the joint. Mongesifically, the purpose was to determine the
correlation between the parameters indicated aadetrel of stresses that appear in the joint.
The study used the software ABAQUS to design séysemetric finite element models,
which allowed a detailed analysis of the streste stathe plates and timber elements.
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RULESFOR DESIGNING PUNCHED METAL PLATE FASTENERS

The connections made with punched metal platerfaséecan fail in two situations. The first
happens when the anchorage or adherence capaditedre the plates and the timber
members is exceeded due to the forces transmiéveebn the teeth and the timber. If these
forces provoke static stress concentrations urigeteeth that surpass the timber strength, the
nail-plate tends to pull away, sliding from the lbien as shown in the left part of Fig. 1 (Stehn,
2004). The withdrawal of the nails is a consequeriahe splitting in the timber (Ellegaard,
2002). In this case, the solution is to increasetithnsmission area between the timber and the

. RN [V S
Fig. 1 Cases of failure of punche& metal plate ectians

The second failure possibility is related to that@é. It occurs when the forces transmitted
through them surpass their strength propertiesebaipg on the kind of force working on the

plates, it could be a compression, a tension tearsfailure. The former implies the buckling

of the plate and the others its breakage. The pght of the Fig. 1 shows an example of the
last failure mechanisms, where breakage appearsodihe combination of shear and tension
stresses. In these cases, the solution is to atiguaodify the geometry, in order to enlarge

the length of the plate along the connection line.

In order to avoid these possible failure mechanjstiféerent countries have standards to
regulate the correct design of the joints. In Eerdpe standards in charge of establishing a
set of harmonised technical rules for the desigooofstruction works, which would serve as
an alternative to the national rules in the mendiates, are the Eurocodes, and for timber
structures, specifically, the Eurocode 5 (CEN, 200%his standard prescribes two
verifications related to the failure mechanismscdesd above. On one hand, in relation to
the anchorage capacity between plate and timber,
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and, on the other hand, related to the strengthaitypof the plate under the transmission

efforts,
= 2 = 2
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Equation 2

The stresses- 4 andtm,g, and the forces,fz and 4 are calculated from the design forceqF
and moment My acting on each single plate. In particulgry = Fa o/Aer, Where the effective
plate area 4 is the area of the total contact surface betwkerplate and the timber reduced
by 5 mm on the perimeter of the plate, to take iatoount that the plate doesn’t work
properly at the limits. Additionally, the constantsygd fao04 Rca @and R, which
characterize the plate strength properties, arairdd from tests carried out in accordance
with the European Standard EN 1075 (CEN, 2004).@setwo constants also depend on the
length of the plate along the connection line. Adaagly, the geometric data that characterize
the strength behaviour of the joint for every platge are basically the last length indicated
and the effective area.A

The rules above only apply to punched metal plaséehers with two orthogonal directions,
the x-direction or main direction of the plate, @hd y-direction perpendicular to it. The joint
shall also comprise two plates of the same sizeaigmhtation, placed on each side of the
timber members. Furthermore, Eurocode 5 establiglfeesonditions so that the joint can be
considered to be a pinned one. Finally, the stahdadicates that the contact pressure
between timber members may be taken into accouwrder to reduce the value of F in
compression, provided that the gap between the raesrias an average value that is not
greater than 1.5 mm, and a maximum value of 3 mnsuth cases the connection should be
designed for a minimum compressive design forde.@fin 2.

FINITE ELEMENT MODELS

Due to the inherent variations in properties ane tion-linearities which result from the
constitutive laws governing timber and its intel@ctwith other materials, experimental
research procedures to study joints with punchethinpdates become complex as well as
extremely expensive, and the conclusions reachedatralways very reliable. Thus, in these
cases, it is advisable to take advantage of the mmthodologies based on computer
technology, especially those that use the finitemeint method (Mackerle, 2003). The
application of this tool implies developing a moddi the real system, which means
generating the geometries, materials, loads andti@nts in order to approximate to the real
case as closely as possible.

In this study, several finite element models, whatlowed a detailed analysis of the stress
state in the different parts of the joints, werevaleped using the commercial software
ABAQUS. These models were obtained from an ingia¢, modifying in each case the values
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of the variable in study within a specific rangkrough programmed routines written in
PHYTON language (van Rossum, 2006). This madessipte to discover the influences of
these variables.

Materials

In the real world, timber is an anisotropic matewé&ose mechanical properties depend on
the direction in which they are measured in refatio the grain direction (Thelandersson,
2003). In the procedures, codes and standards tsedesign timber structures, a
simplification of its real behavior is adopted, smering the material as linear, elastic and
orthotropic, with three principal directions: ax#l), radial (R) and tangential (T). With this
assumption, according to Hooke’s law, nine constdefine its behavior. Their values in the
structure studied in this work, built of C18 timbzass according to European Standard EN
338 (CEN, 2003), are indicated in Table 1. The mmtshows good strength properties in the
axial or parallel-to-the-grain direction, and lowelues in the other directions. In the finite
element models, the timber’s mechanical behaviasg approximated with a 3D linear elastic
orthotropic material, whereas the steel plates vegmgroximated with a 2D linear elastic
isotropic material (Stehn, 2004).

Table 1 Nine linear elastic orthotropic constahts define the behavior of the C18 timber (N/fjm
EL ER ET uLR uLT uwRT GLR GLT GRT
C18 9000 562 562 041 041 051 560 560 83.6

Geometry, Load and Constraints

In order to carry out the study, a representatage®f a triangulated truss was proposed with
realistic values for the constraints, geometrias laads that may appear in it (Herzog, 2003).
The geometrical data of this structure was theofailhg: span 6 m; slope 18.44°; section of
the beam 89 mm in depth by 38 mm in width. Als&Geavice Class 2 is assumed to take
account the environmental conditions (CEN, 20049. dalculate the possible working
combinations, the following loads were consider@det of loads comprising the dead load,
the imposed load, wind and snow. The values of @ddhese single loads were calculated
following the Eurocode 1 (CEN, 2001). The structumas checked using the most
unfavorable load combinations, verifying that itngadies with all the Eurocode 5
requirements. With all these conditions, the stireetan be considered as pin-joined, so there
is no bending moment on the joints, and a forc@3&%7 N was determined to be acting on the
heel joint.

The heel joint was built with a pair of steel pkat 79.36 mm by 71.4 mm, and 1.25 mm
thick, on opposite faces of the timber elements agthmetrically arranged over the

connection line. With the intention of studying ythis joint, the model shown in Fig. 2 was

considered. It was called the initial model, andstiiutes the starting point for carrying out
the analysis. In the following stages, variationghie dimensions of the plates and in their
vertical and horizontal positions are considered.
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Fig. 2 Model of the joint selected for the study

Fig. 3 Finite element model with parts, loads, ¢@ists, and its mesh

Mesh

The joint was modeled using “C3D20” volume elemdotsthe timber parts and “S4R” shell
elements for the steel plates, from the ABAQUS eleimlibrary (Abaqus, 2006). In the
timber parts, the mesh was designed as uniformiyoasible, and a convergence study was
developed in order to establish which mesh size a@azrate enough without seriously
penalizing the computer possibilities. The decisi@s to take a mesh with 8 mm edge length
elements. Additionally, in the plates, the elementse chosen with rectangular shape in
order to obtain nodes in the positions where this & the real plate appear, and hence their
size was also defined taking this issue into actoirorrect definition of the directions that
specify the orthotropic behavior of the materialswessential. Accordingly, different local
coordinate systems adapted to the direction offitter were described in each part of the
model. Fig. 3 shows the model with its parts, lgactsnstraints and coordinate systems,
together with the meshed model.

The effective thickness used for the shell elemesis calculated from the nominal thickness
of the plate multiplied by a ratio smaller than pnéich takes into account the presence of
the stamped holes in the plate. In the initial nhotihee plates of 1.25 mm nominal thickness
are meshed with shell elements of 0.815 mm effectivickness. This thickness was
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calculated taking into account the thickness ofadéepwithout holes, but with the same length,
height and amount of material as the real platsoAfollowing the Eurocode 5, it was
considered to be an effective plate area, reduttiegdimensions of the real one by 5 mm
around the entire perimeter. Thus, in the initiadel, the plates of 79.36 mm by 71.4 mm
were modelled as having only 69.36 mm by 61.4 mm.

Finally, it should be noted that the model was progmed to take into account the possible
direct contact between the timber members in the one. If the nodes of one of the timber

surfaces attempt to penetrate the other elemefdacgjrthe transmission of contact pressure
takes place.

RESULTSAND DISCUSSION

This section reports the results obtained fromstinelies carried out in this research. First of
all, the stress distribution of the initial cas@resented in Fig. 2 will be displayed, then the
results from the models with the modificationsloé tlifferent parameters indicated in section
"Geometry, Load and Constraints”, studying how rthariation affects the stress level in

each case.

Initial case Stresses

As indicated in section "Rules for Designing Purithdetal Plate Fasteners”, there are two
principal kinds of failures in a joint made of megpanched plates, both types of failures are
controlled by the levels of certain types of stesssThese stresses are, on one hand, the
anchorage stresses S13 between the timber memimtthe plates, and, on the other hand,
the capacity stresses S22 and S12 which appehe iplates. Fig. 4 shows their distributions
for the initial case, and also indications of th@aximum and average values. The normal
stresses S22 and shear stresses S12 and S13earedréd in the global axes represented in
Fig. 3, and also indicated in the different imagekig. 4.
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Fig. 4 Results of the stresses in the two timbembers and in the plates (N/rfjm

I nfluence of the X-Position of the Plate

In order to see how the variation of the x-positodrthe plate can affect the stresses, different
models were prepared by changing the plate homkgusition from the initial case, in the

range between—% and +% of its own effective length (69.36 mm), as carsben in Fig. 5.

Fig. 6 shows the variation of the average anchosagsses in the tie and in the rafter when
the x-position changes, whereas Fig. 7 represdmsaverage plate stresses for the same
variable modification.

£

Fig. 5 The plate, changing its x-position betwe®d and +4/4 of its length
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By observing the anchorage stresses, it can be thaérthe x-rearrangement of the plates
hardly has a significant effect on the stress kval the rafter, where there is a slight
variation, always below 10%, but even this is écrahd without a clear trend. Additionally,

the level of the stresses in the tie shows a maxirolese to the pOSitiOFt?Zl of the effective

plate length, and a minimum of approximately a M##bation when the plate is distant from
the initial case position. Regarding the platesstes, Fig. 7 shows that S22 stresses increase
when the plate moves to the right, whereas S13ssse which are the greatest and most
important stresses in this case, hardly show vanstwith the x-rearrangement of the plate.
To sum up, even when an x-position change can ragamarkable variation in the level of
the different stresses, the most important ondisisncase, which seem to be the S12 stresses,
do not show any special alteration.
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Fig. 6 Variation of the average anchorage stresitbshe x-position of the plates
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Fig. 7 Variation of the average plate stresseb thi¢ x-position of the plates

I nfluence of the Y -Position of the Plate

Taking into account that the plates are arrangecerapless symmetrically over the contact
line between the timber elements, there is no re&sa@onsider great variations in the plate’s
y-position. However, a small vertical displacemean cause important stress variations,
because the zone of the plate situated over theaciolne (where the S22 and S12 stresses
are maximum, as can be seen in Fig. 4, may be edduem a continuous one (dashed line in
Fig. 8) to the stretches between the holes (ddittedn Fig. 8). In the former case, the entire
section of the plate with a nominal thickness &#51mm is at work, whereas in the latter,
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reckoning the proportion between holes and matesidll be equivalent to a supposed plate
with a thickness of 0.361 mm. An intermediate cagh the effective thickness defined for
the initial model (0.815 mm) was also considerelge Tesults of the average stresses in the
tie, rafter and plates when the plate thicknesgesan the range indicated are shown in Fig. 9
and Fig. 10.

In fact, because it was supposed that the y-regeraent of the plate was simulated through a
variation of the thickness of the plate in the aghtline, the anchorage stresses should not
play a role in this part of the study. However,csirthe results from these stresses were
available, they have been represented in ordehackcthat the thickness modification really
has no effect over the anchorage stresses (Fi§VBat is really of interest in this study are
the stresses in the plate and their variation Whiéhthickness. The stresses in the plate change
notably with this variable. Both S22 and S12 swedacrease when the thickness decreases.
However, because these last stresses are gréatiervdriation is the most important. In both
cases the relationship is nearly linear.
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Fig. 8 Different contact lines when the y-positiranges
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Fig. 9 Variation of the average anchorage stresdated to the y-position of the plates
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Fig. 10 Variation of the average plate stressegedlto the y-position of the plates

Influence of the Plate Height

This third study tries to establish the relatiopdhetween the plate height and significant joint
stresses. The joint was modeled several times,gihguthe height of the plate. This variable
was calculated taking into account the number téhim the vertical direction, as can be seen

in Fig. 11, Fig. 12 and Fig. 13 show the resultshef different stresses when the plate height
changes.
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Fig. 11 Plate height and length as a function efrthmber of holes
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Fig. 12 Variation of the average anchorage steeaéth the plate height
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The anchorage stresses increase when the heightighes with almost the same trend and
values as in the rafter and in the tie. This vemmts not linear, and its slope increases
dangerously for small heights. This effect is digaelated to the reduction of the area
responsible for transmitting the forces between tthmoer and the plate. Additionally, the
effect of the plate height variation on the pldatesses is very appreciable for the S22 stresses
but hardly significant for the S12 ones (Fig. IRgally, the absolute increment of the stresses
Is practically the same for both kinds of streskes, because the S22 stresses are
approximately five times smaller than the S12 oties relative increment of the S22 stresses
seems to skyrocket compared to the relative incnéroethe S12 ones. The justification for
this stress increment lies in the augmentatiomhefrigidity of the joint when the plate height
increases (Larsen, 2000). Because the modulusasfi@ty of the plate steel is greater than
that of timber, the two timber pieces take conveth more difficulties when the height of the
plate grows. This makes the transmission of thepression efforts through the direct contact

between the timber elements diminish in favourhdirt transmission through the plates, as
can be seen in Fig. 14.

Influence of the Plate L ength

Finally, this last part of the work shows how tHate length affects the joint stresses. This
time the joint was modelled several times, varying length of the plate according to the
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number of horizontal holes represented in Fig.Fig. 15 and Fig. 16 show the results of the
different stresses when the plate length changes.
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Fig. 15 Variation of the average anchorage stresgtaghe plate length
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Fig. 16 Variation of the average plate stressel thi¢ plate length

As in the case of height modification, the ancheratgesses increase when the plate length
diminishes with the same trend in the rafter anthentie, but this time with a little difference
in the percentage. This effect is also related whith reduction of the area that transmits the
forces between the timber and the plate. In théeplhe effect of the length variation is
appreciable in both S12 and S22 stresses, butialpéc the former (Fig. 16). The reason is
that the value of these stresses is inverselye@lad the length of plate measured along the
contact line between the timber pieces, which éxigely the variable being considered in this
study. Furthermore, as in the case of height variathe increase of the plate length makes
the joint more rigid, diminishing the transmissioh the forces through the compression
contact and increasing the transmission of theefibhrough the plates, and consequently
their associated stresses. But this effect is @vaoted by the stress reduction due to the
length increase indicated above.

CONCLUSIONS
The following conclusions can be derived from thesgnt study:

Whereas a variation in the position of the platesdly has a significant effect on the
anchorage stress levels, the stresses changeedifiem the plate. With a modification in the
X-position, only the S22 stresses are affected,redse the S12 stresses hardly change.
Regarding the y-position, if it changes, the effiscvery significant in both S12 and S22
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stresses. This effect is not really related to distebution of the forces due to the new
position of the plate, but rather to the relatigedtion of the contact line with respect to the
holes of the plate. If the vertical position of ghiates is not appropriate and the contact line
between the two timber pieces meets the positioth@fholes, the area for transmitting the
forces becomes extremely reduced and the strekgesclket. This point must be carefully
taken into account when the joint is assembled.

On the contrary, regarding the position, if thetglaize changes, its effect on the anchorage
stresses is remarkable. This effect occurs withifiwations in both the height and the length,
and is related to the variation of the area whrangmits the anchorage stresses between the
timber and the plate.

With regard to the plate height variations, thetelstresses change practically in the same
absolute values but, because the S22 stressesrastimes smaller than the S12 ones, the
relative increment of S22 stresses seems to skgtadknpared with the S12 ones. Moreover,
when the plate height increases, the joint becanm@e rigid, diminishing the transmission of
the compression forces through the direct contativdeen the timber members in favour of
their transmission through the plates, which meammcrement of the plate stresses.

When the plate length increases, both S12 and 8@2sses decrease. The reason is that the
value of these stresses is inversely related tolahgth of the plate measured along the
contact line between the timber pieces. Also, ia tlase, the increase of the length makes the
joint more rigid, diminishing the contact compressand increasing the stresses in the plates.
But now this effect is counteracted by the stressehse mentioned above.
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