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ULTIMATE LOAD OF TIMBER TRUSSES
DIETERMINED BY THI LIMIT ANALYSTS METHSD

Arne Ryden Egerup
L.ley MoSe.

Structural Researeh Laboratory
Technical University of Denmark

Synopsis.
il et wi sl

Desipn off timber trusses accordin: to the linear theory or
erasticity is known teo be conservative. A more advanced
computerivsed analysis reproduces the deformation pattern
quite accurately, but gives only a poor indication of the

ultimate load.

Ultimazte lcad is usually determined by full-seale testing.
This can be expensive, particularly if a series of tests is
undertaken to develop a family of truss designs,

This report presents a metnod based on the plastic limit
analysis theory to determine the ultimate load. The analysis
rakes advantage of the ability of the material to redistribute
stresses beyond the elastic imit, and offers an analytical

estimation of the facitor of salaby.

A comparisorn between the ultimaie loads obtained from actual
tests on a number of gifferant W-trusses and those predicted
by the outlined procedure verify the theory taking the
complexity of the structure into account.




Introdustion.

Prefabrricated timber roof trusses are widely used in small
bullding construction. Today the prefabricated timber
trusses are taking over most of the market due to their
suitability for industrial mass production.

Consideringt the number of unliis every year (} mill. In Denmark)
if, is especially important from an economic point of view tha
the desipn give an optimum struclure fulflilling the funcbional

requirements during the service time.

The functional requirements are specified in the building
codes and vary from country to country, but the main reguire-
ments will be that the structure has sufficient stiffness to
keep the deflection below a gilven permissible value, and must
be strong encugh to carry the expected loads with a certain

factor of safety.

It is common practice, in order to get a new ftruss design
accepted, to predict the performance either by full-scale
prototype testing or structural analysis, or by a combination
of more advanced analytical procedures with performance tesis.

The methods of structural analysis are normally entirely based
on the elastic theory, mainly using the stiffness method on a
mathematical model of the real structure5. This structural
analog may be as simple or as complex as necessary to produce
a complete structural analysis by using a computbterized system.
e deflormation battern of the structure is reproduced quite
accurately by this procedure, nence the acceptability of the
service-load deformations is sufficiently checked, but the
procedure does only give an indication of the ultimate load

of the structure.

Design methods which are entirely based on the elastic limite
fail to take advantage of the ability of some components in
redundant structures to redistribute stresses beyond the
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alastic limit. These redistributed stresses can often carry
very considerable additional loads. Therefore, from this
viewpolint, eclastic analysis is unduly conservative.

The object of the rescarch described in this report was to
develop a method bascd on the plastic limit analysis which
would give a reasonably realistic estimate of the factor of
safety for timber trusses. The plastic analysis combined

with the elastic analysis would then ensure an appropriate
design with respeci to factor of safety and performance for
working lcad. It must be pointed out that the outlined proce-
dure does not pay any atbtention to the stablliity of the
members,? long-term 10ad5, local damape, fatigue and vibration
which may govern particular designs. These must be introduced
into the design separately.

Derivation of Theoretical Relationship.

The behaviour of a timber {russ when the applied load is
increased to failure of the truss is illustrated by a-load-
deflection curve in figs. 1.
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Fig. 1. T{pical load deflection curve for a W-truss, with
ywood plaftes nailed to spruce.

For loads beyond the elastic 1imit local regions of the ftruss
will be plastic and iLhe stresses will exceed the elastic limit
stresses. 'This ductillbty in redundant structures permits a




redistribution of stresses beyond the elastic limit and
enables the structure to carry further increased loads urntil

Lotal collapse or local {racture.

Properties of the componentis.

Membeyry characteristics.

Wood is normally regarded az a linear elastic material.
However, while wood iIn tension and compresslon has almost
perfect elastic behaviour this is not the case with wood in
bencing. TFip. 2 shows a uniaxial stress strain diagram for

wood
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Fig. 2. Stress strain diagr.m for wood.

The curve is linear respectively to the tensile stress o, and
the compression stress Gpc' Failure in tension occurs by
mipture of the fllwes, while failure in compression occurs
by folding of the {ibres, but without any total collapse of

the compression fibres. he st{ress of tne {ibres in compres-

sion will, after the folding process, decrease to approximately

2/3 of the maximum value (ultimale compressive stress). For
combined bending and axial stresses the moment capacity will
remaln nearly constant, when the fibres In compression have

reached the ultimate compressive stress.

tig. 3 shows the bending capacity of a {imber beam with depth

nh as a function of the curvature.
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Fig. 3 Diagram of noment versus curvature for a reEtangular
Cross section.

It can be seen from the plots that the bending capacity is
dependent on the axial force, but as shown in Fig. 3.b the
curves from Fig. 3.a can be idealized by a peffect elastic
blastic function where MF is the maximum plastic moment
(yield moment).

There is only a limited amount of information aboui bending
capacity avdilable in the existing literature. Due to lack
of' information the relationship between the plastic moment
and plastic force was evaluated assuming an idealized stress
distribution as shown in Fig. X,

¥ig. 5 gives a dimensionless graph of the functlon between the
plastic moment and the axial yield force for a rectangular
cross section which can be expressed by

M N M

r f 4n I
e L S PR S ()
MOF NOF n-1 NOF

where MOF 1s the plastic moment for no axial force and NO
is the plastic force for nro moment,
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Joinl characteristics.

The Jjoint characteristics are ;iven by the load slip diagram
for a specific fastener. Fim. o shows a
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Fig., 6 lLoad siip diagram of light gauge %toothed plates in
spruce,

typical load slip dlagram. For most types of fésteners the

curve can be idealized by a perfect elastic plastiec funetion,
where SF is the maximum yield force. The vield force can be
determined by a simple loading arrangement with specimens in

tension.

Method of limit analysis.

The complete solution to a Plastic analysis problem involves
finding a field which is both s5tatically and kinematically
admissibleh. The 1limit analysis theorems lead to an upper
bound in the case of a kKinematically admissible field, whereas
a statically admissible field produces a lower bound. The
actual colliapse load can therefore be obtained by considering
all possible upper boundsand selecting the lowest one.

By means of the principle of virtual work the actual collapse
load i for a mechanism can be determined by the eguation (2)

which expresses the internal work to the external work.
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it
E Mg - 8+ L5 s = [ r(x) wo (x)ax (2)

The left hand side is the internal work done by the plastic
moment on the rotations 6 in the hinges and the yield force
on the elongation of connection in the yleld points. The
right hand side is the work done by the external rorces ¥
on the virtual displacements W*.

For a complex structure this principle becomes very elaborate,
hut for the simple W truss only a few collapse mechanisms are
possible.

However, for more complex structures a computer proyram based
on linear elastic-perfect plastic analysis was used to search
for the collapse mechanism giving fthe lower bound.

Fig. 7 and fig. 8 show the possibilities for a W truss with
loads applied respectively at the Jjoints and between the joints.
The formulas given for the ultimate load for the different
mechanisms are determined from the actual geometry of the
trusses used for the experimental verification (page 10).

All other combinations are easily determined by superposition
of the elementary mechanisms.

An alternative method to the prineciple of virtual work is the
method of inequalities, which reverses the procedure and finds
the largest possible lower bound.
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Fig. 8. Collapse mechanisms :or leadcase B.

The techniques described so far are concerned with finding
the theoretical load-carrying capaclty of a structure made
of an ideal plastic material. However,vthere will be various
limitations fo anpl’rebility of fhese ideal solutions to the

real physical problems.

It is necessary to pay attention to the local deformations.
The idealization of a yield hinge concentrated at one point of
a beam implies that the strain at the outer (ibres of the bLecam
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going 1Minity. In practice, the hinge is spread o

inite portion of the beam, and only finite strains result.
However, these strains may be s -rable and if they are too
large, a local fracture may entue. Therefore the displaceiac 1o
of the structure must be considercd to ensure that failure
occurs as a collapse mechanism, aud not as a loeal fracture
in which case the ultimate load may be considerably less  thar
that produced by the limit analysis. For complex structures
a computer program based on linear elastic-perfect plastic
analysis will check for local fracture and produce the
corresponding load. '

Experimental verification.

SZrperimental research was carried out to verify the theoreti
predicted ultimate load of the W-truss and the actual behav
of the truss under both elastic and plastic conditions.

2 seriptions of the spe:imens.

Trusses with a roof slope of 15° and a span of 6 m but with
different member sizes of the upper and lower chord and 4if':
rent joint characteristics were produced. In the Joints were
used 2.5 mm metal-plate connectors with 20/40 mm nails. The
‘russes were made of spruce commercial grade (50 grade),

{No. & grade).

Description of loading apparatus.

In a test rig the loads were appliecd to the laterally supported
truss with hydraulic jacks and the loads recorded by a pressure
cell in the hydraulic system. The deflections were measured
for =ach load-step using dial gauges.

Loading Procedure and Results.

In order to obtain the linear portion of the load deflection
~urve the load was precycled once and then applied stepwise
v .th a magnitude of 1/10 of the expected ultimate load. This
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is necessary in order to set the Joint connectors in the wood
foundation. The structures in service are subjected to a
similar condition.

As well as the truss experiments proper, secondary tests werc
carried out in order to establish the quality of the material
used, as expressed by its modulus of elasticity, ultimate
compressive strength, humidity ete.

Two types of loading condition were used: loads applied at
the joint (load case A) and loads applied at the mid-point
of the upper chord members (load case B).

The results are summarized in Tables 1 and 2. Comparisons

of experimental and theoretical resuits are shown in Fig. 9
as a plot of experimental versus theoretical results. The
coefficient of correlation is 0.71 and the highest deviation
approximately 23%.

In general, the theory predicted the ultimate load very well.
Variation between experimental and theoretical values was
expected due to the variation within the componenﬁs of the
trusses.

The results were considered to be an acceptable verificatlion
of the theory taking the complexity of the structures and
material into account.
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Top lBottom| Number of Nails in |Ultimate Lltimarne
Truss |chord| chord Load B Twoad
No size sice | Heel chort | Long Theory |- Test
nom. nom. | point|diagon.diagon.| [kp] [kp]
1.1 2x7y Pxl | px2? 2x5 | 2x10 1440 1h20
2.4 - - - - 2x8 - 1610
5.1 - - - - 2x6 - 13560
4.1 ) 2xv £xh | 2x28 2z5 | 2x12 1710 1880
5.1 - - - - 2xl0 - 1460
6.1 - - - - 2.8 - 1814
O I S 2xl 2x22 2x5H | 2x10 1310 15%0
v.2 - - - - 2x10 - 1290
8.1 - - - - 2x8 - 1660
9.1 - - - - 2x6 - 1300
10.1 | 2x0 2x5 | 2x28 PxhH | 2x1l 1600 1630
14.1 - - - - 2x10 - 1560
11.2 - - - - 2x2.0 - 1420
12.4 - - - - 2x8 - 1480
135.1 2x5 2xh PxPe 2x5 2x10 1200 1460
14,2 - - - - 2x8 - 1500
14.2 - - - - 2x8 - 1170
15.4 - - - - 2x6 - 1400
16.1 2x5 2x5 2x28 2x5 2x12 1490 1680
16.2 - - - - 2xiz2 - 1500
17.2 - - - - 2x10 - 1500
18.2 - - - - 2x6 - 1730
19.1 2xh Oxi 2x22 2x5 2x10 1115 1360
19.2 - - - - 2x10 - 1240
20.1 - - - - 2x8 - 1180
20,2 - - - -~ 2x8 - 1190
21..1 - - - - 2x6 - 950
SN - - - - 2x6 - 1040
2.1 | 2xh 2x5 | 2x28 2x5 | 2x42 1408 ~ 1520
Table 1. Summary of truss details and theoretical and experimen-

tal resulis for loadcase A.
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Top [Bottom| Number of Nails in ([Ultimate|Ultimate
Truss|chord{ chord Load T* Load F
No size size] lleel Short | Long Theory Test

nom. nom.| point|diapon.diagon. [kp] [kp]
3.0 | 2x7 x4 | oxoe 2xh | 2x6 1.38¢ 1590
h.o 2xT 2x5 axoh N axde 1h6t 120%
5.0 - ~ - - 2x10 - 1625
6.0 | - - - - | axe = 1435
7.0 | 2x6 2x4 | oxe2 - 2x10 120% 1290
9.0 - - - - 2x06 - 99h
10.0 | 2x6 2x5 | 2x28 - 2x12 1390 1305
12.0 - - - - 2x8 - 1250
13%.0 2x5 2x4 2xe22 - ax10 1040 1365.
14.0 - - - - 2x8 - 111%
15.0 - = - - 2x0 - 390
17.0 2x5 2x5 2x28 - 2x10 1250 1220
18.0 - - - - 2x8 - 1085
22.0 2x4 2x5 - - 2x12 1130 1280
Table 2 Summary of ftruss details and theoretical and experimen-

tal results for loadcase B.
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Conclusion.

Plastic limit analyslis is not an alternative method to the

elastic analysis, but must be considered as an additional

method which enables the designer to give a realistic estima-

tion of the factor of safety. An acceptable design of a

structure requires analysis of the performance both under

elastic and plastic conditions.

Plastic limit analysis is mathematically simple and can easily

be applied in advanced computerized optimum design procedures

for development of new structures.
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THE YIELD LOAD OF BOLTED AND NAILED JOINTE

H.J. Larsen

Structural Research Laboratory
Teaohnical University of Denmark.

SYNOPSIS

An account is given of a theoretical delermination of the
bearing capacity (yield strength, ultimate strength) of dowels,
bolts, nails and similar, based on the assumption that the
stress-strain curve for bending of the dowel and for embedment
of the dowel corresponds to a stiff-plastic material. lLxpres-
sions for the bearing capacity of arbitrary single and doubhle
shear joints are derived. The expressions are as an example
applied to Jjoints with bolts and nails in ordinary structural
timber (Nordic spruce or fir), and simple, approximate expres-

5ions are given for bolts.
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INTRODUCTION

In the Nordic countries the veaving capacity of dowels, bolts,
nalils and similar is fixed on the basis of the ultimate bearing,
capacity (yleld strength). Tests have shown that this can he
determined theoretically on the hasis of knowiedge ol the prism
strength of' the wood and the yield moment of the bolt. In Lhe
l'ollicwing general expressions are first formulated for use in,
for example, the oalculétion of Joints between wood and plywood
or steel and concrete, after which they are specialized corre-
sponding to joints in Nordic structural timber. The hasis was
first given in generally applicable form by K.W. Johansen [1].

THEORY

Material assumptions.

Fig. 01 shows the stress-strain diagram in bending for mild
stecl. © is a measure of the bending deformation, while M is
the bending moment.

Stiff plastic

Elastic plastic

&

The real stress-strain curve is i‘requently approximated by
assuming either that the material is perfectly eiastic-perfect-
ly plastic or, more simply, that it is stiff'-plastic. Ln the
following, the Latter approximation will be used. The yield
moment can be written as

M =W o o1

v Py ( )

where W 1s the plastic mement of resistance and oy is the
tensile yileld stress (strength) of the stecl. For a circular
cross-section

{1] Johansen, K.W.: Theory of Timber Connections. Interna-
tional Association for Bridge and Structural Ingineering.
Publications. Vol. 9, 1949,
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where d is the diameter.

a) bt

t P-force per unit of width

Deformation., mm
] )

0 5 10

Fig. 0.

Tn embedding tests with a dowel in woed as shown in fig. 02a,
a4 stress-sirain curve as skown in ig. 02b is obtained. AL
the beginnineg there is a Lineav relationship hetween force and
embedment, while at the end a "plastic" state occeurs, with a

leng, almost horizontal stress-strain curve.

Along the horizontal part of the curve, the leoad per unit
length ol the dowel is written as dsH, where 4 is the dilameter
v’ rhe dowel and S+ is the mean stress under the dowel, i.e.
Ve stress resulting from considering, as a rough simpliifica-

tion, that the pressure is uniformly distributed. is called

S
H
the embedding strength and depends on a large number of factors,
principally the prism strength of the wood Sps but also the
cross-sectional shape and diameter of the dowel, and the angle

v between the direction of the force and that of the fibres.

o o
\‘)\(e('\\o
[
15 A
“Hsu/sp I "'\v
EE’ +4- Direction of
| i fibres
1' | i .] . S —
Y | | [
| e,
05k =3 0 ¢V
! I 60 qQe s
d = diometer of dowei, mm
L ) L i

Yy 5 0 15 20 2B

Fig. 03.
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The variation in the ratio s”/sp wlth the direction of the
force and the dowel diameter is by tests found to be as shown
in Cig. 03. The values in the [igure, for the force acting
parallel to and at right-angles to the fibres, are calculated
on the basis of the bearing capacity of tested dowel joints.
For intermediate values of the angle v, we interpolate in
accordance with the formula,

- ~ — — i A \
Suv = Suo - (8y50 SH9O)SLHV. (C3)

n embedding tests, e.g. as shown in fig. 02, slightly different

values avre found for the ratio SH/SP' )

In the following the bearing capacity of dowel joints will be
determined on the basis of the approximation that the siress-
strain curve for the dowel and its embedment in the wood is
stiff-plastic., The bearing capacity can also be determined

on slightly less rigorous assumptions, see e.g. {2]. but for
practical purposes, the simple theory gives completely
satisfactory results, inter alia because, as indicated in
connexion with fig. 03, it entails an adjustment of the material

constants.

Built-in dowel.

Let us first consider a simple case: a circular dowel of
diameter d placed in a piece of wood Wwith thickness L and loaded
by a force P at a distance e from one side of the piece of

wood, see fig. O4.

Case 1.

It is first assumed that the dowel islso stif'f" that it only
Zets negligible elastic devormations. ‘fhe dowel

may then rotate about a point at a distance x from cne side,
see fig. O4%a. As it is assumed that the stress-strain curve
for embedment is stiff-plastie, the load on the dowel will be

[2] tTarsen, H.J. and Vagn Reestrup: Tests on Screws in Wood.
Bygningsstatiske Meddelelser, Vol. 40, No. 1, 1969,



as shown in b, and the internal forces as shown in ¢ and

cl @ AT 15de

Pig. O4.
By projection, we find
P = 5 \5 | Iﬁ'}-{ Y
Py = (L Px jsyd O
and by moment about the 1l'orce
s df{x(L - =+ e) = (L - ) (-]-—:‘E e)] = 0
H 2 i 2 :

Heneoe

x = Liow e - :1/(L i Pe)g v 12
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and

Py = (V@ v 2e) 012 - (1 1 26))s,0 (0

Wi
S

The maximum moment is ther

Mmax = X st

(YIz, . 3 e -
and (0%) applies as long as Mmax = My.

Cage 2.

I > itions wil 5 5 in fig. 0%.
Iy Mmax = My, conditions will be as shown in fig

a) @

Fig. 05.

The yield moment of the dowel is reached at a point at a
distance z from the surface. With the idealized stress-strain
curve, the dowel will at this point bend sharply and otherwise



remai straf%kt. Over tLhe lenpgih =, the pressure from the
wood will be s”d, while the pressure is otherwise indetermi-
nate bt less than st. [ the riction forces on'the surface
of the dowel can be neglected, ¢ will be zero at the point of
def'lect.ion as the moment here nhas 1t maximum value My, and

by vertlical projection and moment about the point of deflec-

tion, we f{ind

:y z '/:st
and
My [ Py(@ Y a4 - %)
Hernce
2M )
o) .
z =l e’ 4+ g—% - e (00)
H
and
o 2M .
) . - n v _ . 72\
}y = {1/ e“ 4 5. e)st (07)

Single shear joints.

will now examine an arbitrary single shear joint that has to
remnismit g foree located at a distance y 'rom one of the joint
citices.  We wish to find the maximum value P of the force.

Cne of the pileces of wood has the thickness L1 = 1, and tne
embedding strength Spq 7 Sy while the other has the thickness
Lr=al and the embedding strength Syp = B8y, see fig. 6.



Fig. 06.

For this case four different types of rupture are possible.
These are shown in fig. O7.

I}

Fig. 0O7.

-

In rupbure type I, the diameter d of the dowel is so thick
fhat the dowel remains straight during rupture. Thus, in

both pieces of wood, conditions coerrespond to the case denoted
1 in the previous section. 1r one of the pieces of wood is
much thicker than the other, rotation will be prevented and
rupture will then be of type Ia, where the dowel is subject

to parallel displacement in the weakest piece of wood.
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Rupture types Il and III occur if the loads on the dowel become
50 big prior to development of rupture type I that the yield
moment 1s reached at one or two points. If the dowel only
yields at one point, rupture pattern II will occur; while IIX
corresponds Lo yielding of the dowel in both pieces of wood.

For rupture types 1, II and III, the bearing capacity can be
found by requiring that rupture occcur simultaneously in both

pleces.
For rupture type I in piece 1, we find from (05), with e = -y:
2 2
P, (YL - 2y)% + 12 - (L - 2y))s,d (08)

and in piece 2, from (05), with e = +y:

P, = (Y (oL + 2y)° + (aL)° - (ol 4 2v))Bsyd  (09)

Eliminating y from these expressions, we get

) ) 5 73
e VB_+ 28° + 2aB° + 20°B° + 0°82 - (1 + ¢)
1: Py = Lds, 1T B (10)

However, Py cannot exceed

Ta: P = Lsyd for of = 1 (11)

RIL

Ia: Py nBLst for ap < 1 (12)

corresponding to rupture type la.

For rupture type II, (08) still applies in piece 1, but in
piece 2 we find from (07):
2M
- 2, _ ¥
Py = ( y 4 Bst - Y)Bst (15)

Eliminating y, we get

. _ . 3 Toraky
IT: Py = sdl 5ios [ 5 : sate - 11 G



- 25 -

In the derivation it is assumed that the yield point of the
dowel lay in pilece 2. If yielding ocecurs in the other piece,
we find by inversion:

: M
oB 1/ _ Ai 4 2By | Yy L
[ Py sydl 28— [2(2 + 8) - : — 1]
n -
(15}
For rupture type III in piece 1, we find from (Q7):
2M
e 2 " -
Fy = 1/(‘3’) T spd "t ¥)syd
while (13) applies in piece 2.
Eliminating y, we get
TT. - B {
ITL: B l/umyst s (16)

The expression, (10) - (12) and (14) - (16) that =ives the
lowest value of Py is wvalid.

From the basic expression glven above, we can alsoc determine
the location of the force in the joint (the quantity y). I¢
the external load did not originally correspond to this, the

*

structure will seek to deform in order to achieve correspondence.
As an example, is in fig. 0.8 shown the simple lapped joint.

Fig. 08.

Double shear joints.

Only symmetrical double shear joints will be examined. Asymme-
trical Jjoints are rather rare in bpractice, and the inaccuracy
arising In calculating an asymmetrical Joint as a symmetrical
Joint with the thickness of both side pieces egual to the
thinnest side piece in the connexion is insignificant. The
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thickness of the side pieces is Li = L, while that of the
middle piece is L,=~ ql. The side pieces have the embedding
strength Sy = Sy while the mi@dle piece has Syo Bsy.

Rupture can occur in four different ways in this joint. see
fig. 09.

Fig. 09.

If the dowel is stiff, rupture will occur in the form of
crushing, either in the side pieces (Ia) or in the middle

piece (Ib).

Tf the dowel is insufficiently stiff it will yield, elther in
the middle piece (rupture type II) or both in the side and the
middle pieces {rupture type III). A state with yielding only

in the side pieces is not possible.

rupture type Ia:

Ia: P_ = Lds, for af = 2 (17)

hs H
and for rupture type Ib,
Tb: P = 3aflds, for g = 2 (18)

For rupture types II and III, it will be seen that Py is the
same as for the correspondiling types of rupture in singlé shear.
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The special case B 1.

The expressions found are rather complicated. due particularly
to the factor B. IHxpressions will,therefore,first be given for
the special case, B - 1, which corresponds to the common case
in which pieces of wood with the same fibre direction are to

be Jjoined.

In single shear joints we find for B = 1:

e Py - ﬁLdsH[v/j + 2 b Za” - (1 0+ a)) (19)
. ') . s }
{a: }y LdsH (20
1 12Mv ) (21)

I1: P =Ld Lo - - 1 21

TII:F ) - / 'e‘M‘y's_I d (22)

Ft is assumed that a = 1. The results are shown in fig. 10
for oy/sH 10, which corresponds to the value for.s found

for Nordic timber and ordinary bolts, sce below:

11

@ —e~ =3|single shear} 2 1 1 075
=2 [double shear) / //
/ /s /
20 = ya 7
sud ///'
|
1.5 - S -
—_— Common
Single shear
—=—= Double shear
1.0
A
Lkl
05 ﬂwmwﬂ{
i, #R
4 2hb g
a 1 7l 3 A 5 6 7

Fig. 10.
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For double shear joints, (19) and (20) are substituted by [17)
and (18), with g = 1.

The special case g = 0.5,

'or thick dowels, we find, «f. {ig. 05, that Sy for leading
perpendicular to the ibres is about half the value for iocading
parallel to the fibres. Therefore, for single joints in which
one plece of wood is perpendicular to the other, we have

R = 0.5, while in double joints in which the middle picce is
perpendicular to the side pieces, we have B = 0.5 or B = 2.0,
depending on the direction of the force, cf. fig. 11, where

the bearing capacity for double shear Joints of this tyvpe is
shown 1n relationship to the ratio L/d for the same ratio

between oy and SH =25 above.

20

P, : ! .
L Aty A30 | A:
sud 8:

15 i SR 7 >
/

10

s | 4 .
i |
05 %ﬂ I }e
— COMMON Y
//’//, e A $2R, 2F,

>
<0
"
0
jox]
‘(‘U
—
]

-——= Type B bbb tatll
] | !
0 1 2 3 4 5 6 L/d 7

Pig. 11.
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BOTTS AND NATILS

Bolts.

Structural timber from the Nordic countries, with a moisture
content of under about 20% and for short-term loading, can be
taken to have a prism strength of 35 N ‘mm® (characteristic
value corresponding to the 5% fractile). The corresponding
embedding strengths are shown in fig. 03.

For ordinary bolts (quality D40), it can be reckoned that
UV = 240 N/mma.

The characteristic ultimate bearing capacities can then be
found from the expressions derived in the foregoing after
adding to the material parameters the necessary safety factors
(poss. partial coefficients),reductions for long-term loading,
etc.

The expressions are rather complicated. The Danish Code of
Practice f'or Timber constructions [3] therefore specifies
approximate expressions, which, without safety factor, are
. as follows:

For single shear joints:

r&ﬂ%%4k&ﬁd

ah.n KlLid

P. = min _—— 2 (23)
- < 4.3 kyLyd + 24 a

o [K. 4 Ky (®2
G d“V/ - Véi%

[5] Danish Standard DS L7,



for double shear Jjoints:

~l2.3 k2L2d
245 p
25 killd
o i o 2
Py =ming y 5 Ik, Lyd + 24 d (24)
Mk, + K V/O
2 1 2 g
ST 350
Here,
d diameter of the dowel in mm.
Lj thickness in mm of thinnest piece of wood in single
. shear joints or of side pieces in double shear
joints.
L,, thickness in mm of thickest piece of wood In single
. shear joints or of middle piece in double shear
joints.
kj and kg factors obtazined from the following table 12 and
‘ taking into account the angle between the direction
of the force and that of the fibres in the pleces
of wood with thickness Li and L2. The table is Juss
another way of presenting fig. 03.
Table 12.
A le between N ‘
Hiroetion of k for bolt diameter (in mm)
force and di- ’ - - ‘ -~
rection of fibres = 6| 10 = 16 &9 25
0° 1 1 1 1 1 1
30° 1 0,92 1 0,801 0,86 | 0,82 | 0,80
45 1 0,84 | 0,80 ] 0,75 | 0,7¢| 0,67
60° 1 0,78 | 0,72 | 0,67 | 0,611 0,57
90° 1 0,73 | 0,66 | 0,59 | 0,54 | 0,50

The values in (23%) and (24) are characteristic values for

short-term loads.

For permanent loading, the values are according Lo [5] reduced
by the factor 0.60 (corresponding to the British 9/16). 1In
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certain cases this Is conservative {(in the bottém Line of

(25) and (24), the reduction is only VO.G), hut it is chosen
in order to obtain simple rules since f('or ctorp~term loading
it is then always possible to increase the values by Che same

factors az used {or wood.

Nails.

The nails commonly used in Denmark are drawn wire nails witl

ffull square cross-section.

According to tests, they have a yield moment,
s

3
My wan = U5 (00-a) %r Nmm (24)

and the chara‘teristic short-term value of the embedding
strength, see fig. 0.3, is as follows, with a prism strength

of 35 N/mmd:

sy - 0.09-(14-a)- 35 N/mme (26)

a is the edge length of the nalls in mm.
Because of splitting, nails are always chosen sufficiently

longz to achieve rupture type III, and the characteristic
short-term bearing

P, =V 2:11.25-(20-2)-2”-0,09(14-a) - 35 2
8. 4-a%.Y(50-a)(14-a) (27)

Here, too, the long-term strength is in [3] set conservatively
at 60% of the short-term strength.
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INTRODUCTION

In timber structures, Jjoints are often executed with nailed
steel gussets. Compared with wooden or plywood gussets, steel
gussets mean that the Jjolnt can be made thinner, the risk of
splitting is reduced, and the bearing capacity of the nails

i1s increased.

In light structures, such thin gussets are often used that it
is possible to nail through them without pre-drilling. Because
of the danger of buckling, the gussets are freguently placed
between the wooden parts.

For heavier loads thicker gussets are used, and in this case

it is necessary to drill the holes in advance. This means that
a number of the advantages are lost because the holes often have
to be drilled a little too big, at any rate for the square nails
normally used in Denmark.

In order to avoid these drawbacks, a special nail (the glulam
rivet) has been developed for this purpose in Canada [1a] and
[1L], with the head shaped so that it rivets itself into the
gusset.

Such a special naill is hardly warranted for a small market like
Denmark, and a substitute has therefore been sought. It has
been found that conical steel pins, as used in the engineering
industry, are suiltable.

Basically, the joints are as shown in fig. 1.

In the following an account is given of the theoretical bearing
capacifty and stiffness. This is followed by a description of
tests carried out, which partly verify the theoretical expres-
sions and partly clarify the effect of various factors (numbgr

[1a] McGowan, W.M.: Explanatory Tests of a Nailed Plate Con-
nector for Glued Laminated Construction. Porest Products
Laboratory, Vancouver. Information Heport VP-X-11.

[1b] McGowan, W.M.: A Nailed Plate Connector for Glued Laminated
Timbers. Journal of Materials, Vol. i, No. 3.
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of pins, number of pins in direction of force, distances f{rom
ends, pre-drilling, loading time, climatiec conditions).

wcul pin

Fig. 1.

THEORY

Yield loéd.

The general basis is given in [2]. The theoretical appearance
of tlhie joint, corresponding to the type of yielding aimed at
(denoted III in [2] fig. 06) is shown in fig. 2.

Fig. 2.

The yield point A in the wood lies at a distance zllfrom the
surface of the wood. When Zq is known, the diameter at A can
be determined on the basis of the known D and the conicity of
the pin (which is normally 1:50). The yield moment at A s

e —— . s =

[2] H.J. Larsen: Yield Load of Bolted and Nailed Joints,
JTUFRO, 1973.



where Uy is the vield stress.

Over the length AB we assume a consbtant loading

where Sy is the embedding strength.

As Zn PTOVES £o be very small, the diameter is assumed to be
constant and equal to d? over the length BC, i.e. the yvield
moment at C is

) 12 /6
MyC = O_ydg"(

If we designate
o,.d.,

H-2 ,
B = 5.0d, & 45077 i

where O is the embedding strenpgth in the steel gussel, the
yield load will be determined f{rom formula (16) in [2], with

2My substituted by (MyA + MyC) and 2d by (di + dg), i.e.
C. S -

- _ _y_'_l'l_ o . 23 _B S

Fy l/ g (a7 + d3)(dy + d) 74— (2)

Assuming that the shear force is zero at the yicld points A
and C, we find

s R ~ S . / [z
Py = :-,Hz'.i(d1 + dg),E 8

and

Py = Oszd2 (4)

Py can be determined from (1) - (3) when the geometry of the

pin and the material strengths are known.

It is a condition that 1 and t are so large that yield tvpe
IT, with yield point in the wood or the steel, cf. {ig. 7
in {2], cannot occur. The necessary criteria wiil not be

derived here; however, approximating, we ind



min ) sId

and

€ . = 2.4 °
min OHd2

Slip at working loads.

At normal working loads, the conditions can be assumed to be
linear-elastic, and the slip can, as an approximation, be
found by considering the pin as an elastic beam that is free
to move but restrained at the .surface of the wood and resting
on an elastic support.

Approximating the bending stiffness EI of' the »in by

Eéﬁdg and writing the reaction to the pin as p = Ky, where
¥y = ¥y{x) is the impression, see fig. 3, we find the slip g
at the surface [3] to be

P .
& = ()
Yy
where )
k - . }«’ﬁ A (EI)—I}' = 0 6(' K‘?I . E'III d i
y 77 co 2 S
or
k4
S " A A
Ia, =172 T
72 E - Et d?

where P is the force per pin and E 1s the modulus of elasticity
of the steel, and Et of the wood.

TESTS WITH PINS

Conical steel pins complying with German standard DIN 1  were
used for tThe tests. The pins are supplied in many different
sizes, designated by d x L, where d is the minimum diameter
and L the length, see fig. 4. Regardless of size, all the Pins
have the conicity 1:50.

—— e B

[3] Troels Brgndum-Nielsen: Spandbetontanke, 1964,



- 37 -
et~ WDOU
v 7l
—_— dlmﬁ '?o::souso

* L

L e -

e

Flig. 4.

Pins with the dimensions 2.% x 50 mm and 6.5 x 100 mm were

selected for the tests.

The pins have a guaranteed minimum tensile yield strength
.
(stress) of 500-600 N/mm“. The actual yield moments, My,

were determined by means of an arrangement as shown in fig.

dm

e

P [

— T, —

K A L

- _ >
\“"-’,

Fig. 5.

There are guite heavy deflexions, and in the calculation of
the moment at the middle, the alteration in the geometry due
to the deflexions is taken into account.

Lood

]
[ ]
;

|

|

|
|

0 Deflection




A typical stress-strain curve is shown in fig. 6. Tt will be
seen that the force remains constant over a length, which -
because of the alteration in the geometry - means that the
stress increases very slightly (strain—hardening). It was
therefore necessary by definition to fix the angle v, see

fig. B, at which the yield stress is calculated. On ihe basis
of" tests on the joints, a value of v = 20° was adopted for the
2.5-mm pins, and a value of v = 15° for the 6.5 mn pins.

The yield stress Uy is calculated on the basis of the vield

moment My as

- _ > :
Oy = M/, = M /(d2/6) | (9)

where Wp is the plastic moment of resistance. The calculated
yield stresses etec. are given in table 1.

Table 1.

Dimension Batch Yield stress in bending N/mm2 No. or ]
mm X mm No. Mean Stand. div. samples
1 1018 20 | 20
2.5 x 50 2 922 26 15
2 996 20 15
6.5 x 100 1 688 16 145

TESTS ON JOINTS

Test programme

The test programme is shown in fig. 7.

The tests aimed at clarifying the effect of the following
factors:
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Climatic
conditions:

loading time:

Pin size:

Pre-drilling:

No. of pins:

Distance
from ends:

DIV [

Tn the majority of the tests a constant moisture
content (about 14%) f'rom nalling to testing was
aimed at. In a single test scrtes the effect

of alternate wetting and drying was investipgated.

Most of the tests were carried out as shorte-
term tests, in which the load was inureased

from zero to Failure in the course of 6-8 minutes.

In a single series, the joints were subjected to
constant loading, and the development ol slip

in relation to the time was measured.

Two pln sizes were uscd, corresponding to the
extreme limits of the sizes. likely to be used

in practice.

In the case ol small pins, 1t was investi-
gated whether the bearing capaclty and stiff-
ness were increased by pre-drilling instead of
nail’np;, the pins straight in. [JFor the big pins
it was aosolutely essential Lo pre-drill.

It was investipated whether the bearing capacity
depended on how many pins were placed beside
each other {at right-angles to direction of
force) and on hiow many pins were placed in

line {in direction of the force).

Most of the tests were carried out with the
standard value - {or ordinary nailed joints,
i.e. 15D, where D is the largest diameter. 1%
was investigated whether an increase in the
distance to 30D or 44D resulted in an increase
in the bearing capacity.

Each test series comprised ' joints, except series No. 0, In

which there were 9 Joints, and series No. 2/, in which there

were only 4.

A total of 148 joints were tested.
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The minimum spacings specified in the Danish Code of Practice
for Timber Structures for steel to timber were used throughout,
i.e. 7D between the pins in the direction of the force and
3.5D between the rows of pins at right-angles to the force,

and 5D from centre of pin to edge of wood. )

Short-term tests

5 mm steel gussets were used for the 2.5 mm pins, and 13 mm
gussets for the 6.5 mm pins. Holes with a diameter 0.2 mm
smaller than the largest diameter of the pins were pre-drilled
in the plates. At a difference in diameter of 0.1 mm, the
introductory tests showed that there was a risk of the pins:
passing right through the plate, while at a difference of 0.3
mm, it was very difficult to hammer the pins sufficiently far
in to obtain a smooth surface.

The wood used, which was Scandinavian spruce or pine, was
conditioned at room temperature and a relative humidity of
75%. Test series No. 27 was an exception to this. Here, the
specimens were submerged in water to fibre-saturation and then
dried to a moisture content of 7-8%. This procedure was re-
peated seven times. However, after the last wetting, the
moisture content was only reduced to about 15%, after which
normal testing was carried out.

The small pins were elither hammered straight into the wood
or were hammered in after pre-drilling with a 2.5 mm drill,
i.e. corresponding to the minimum diameter.

Pre-drilling was absolutely essential for the big pins. When
holes were pre-drilled with a 6.5 mm drill, damage often re-
sulted (splitting of the wood), and a 7.0 mm drill was Shere-
fore used over the whole length. The holeé were thus slightly
larger than the pins over a length of about 25 mm. However,
this should be of no significance, partly because the hole is
partly filled due to compression of the wood during hammering-
in of the pin, and partly because the outer 25 mm are of very



- 4o _

little importance to the functioning of the pin.

The load (tension) was transmitted to the wood through a
bolted steel plate. This plate and the steel gusset forming
part of the joint were fixed directly in the grips of the
testing machine and were shaped in such a way that the force
lay in the joint between wood and steel, cf. fig. 8.

Stael plate

Botted joint

Gussel

Fig. 8.

The tests were carried out on the Department's Mohr-Federhaff
hydraulic 60 Mp universal testing machine. The force was
regisfered electronically.

A constant pump output was used, i.e. the load was increased
as something between constant loading rate and constant rate
of deformation. The equipment for the machine at the time of
testing did not permit the load to be increased corresponding
to constant rate of deformation, which is normally considered
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preferable. From the rupture conditions it is estimated that
this has no effeet on the maximum loads achieved, but that 1t
did perhaps affect the appearance of the stress-strain curves
around maximum loading.

The slip was measured by means of two transducers (Hewlett-
Packard HP-7DCDT-1000), placed on a metal plate screwed to
the wood and with the feeler on a bridge fixed magnetically
to the gusset. The measuring length was about 20 mm. The
elongation of the wood over this length is infinitesimal in
relation to the slip.

The signals from the force and deformation measurements were
transmitted to a printer, which traced the stress-strain
curves direct.

After each test, the moisture content was determined by means
of an electrical moisture-meter (Delmhorst), calibrated by
determining the moisture content in about 60 cases by
weighing and drying. The moilsture content lay befween 14%
and 20%, average 16%.

After each test the specific welght was also determined by
means of an approximately 5 em thick slice cut from the entire
eross-section of the wood. The specific weight was determined
corresponding to weilght and volume at a moisture-content of
15% (p15). The specific welght lay between 330 and 640 kg/mj,
average 490.

Long-term tests

A total of 9 long-term tests were carried out, designated 26/1
- 26/9. The number of pins, intervals, etc. are shown in fig.
7. The test specimens were as in the short-term tests, excep!
that the transducers (fig. 8) were substituted by dial gauges

(1/100 mm) .

The load was applied through a lever arrangement and corre-
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sponded to about 30% (26/1 - 26 3), U43% (26’4 - 26/6) and
60% (26/7 - 26/9) of the expected short-term strength.

The specific welght of the wood was determined, and the slip
was registered over a period of about 12 months.

The tests were carried out in a room with a rather constant
climate, corresponding to 20°C and a relative humidity of
about 50%, which gives a moisture content of the wood of
about 10%.

TEST RESULTS

Typical stress-strain diagrams are shown in fig. 9-10.and the
typical appearance of the joints after failure is shown in
fig. 11, the wood being split along a row of pins after the
test.

2000 /-\

Force per pin, N
= s o —
1750 K f
/ it

1
RTiny.

1000

2.5mm pins

(D 3=2, not predrilled (series 1]
750 ® i=B8, « i = [seres 5)

(@ 3x8. predrilled (series 14}
500
250

J Slip . mm
0 1 2 3 4 5 6 7 -}

Fig. 9.
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obrengzth values

e complete test values ete., are given in [4].

L s H H . & M 0
e divectly measured yield loads, P, per pin are compared

. . . . : . . . t .. . L
in Lhe tollowing with the theoretical value I'7 for the joint

P question,

I'" i caleulated by means of formulae (1)-(35).
] Structural hesearch Laboratory, Technical Undversity ol
Penmerle . Intern Rapport, No. 1-24,
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As B (formulae(l)) is of the order of magnitude 20, and the
bearing capacity (formulae(2)) depends on B '(1+B), it will be
seen that it 1s not necessary to know Iy exacltly. Therefore,
cprresponding to the assumption in steel structures, q[ is
tentatively put at double the yleld stress for the russets,
which are of steel st. 37, i.e. at 2-240 = 480 N/mm-.

In accordance with [6] and formulae (6.42) and (1.10) in [%],

the embedding strength s can be determined from the follow-

Hu dil'da
ing empirical expressions valid for 5 <= 6 mm:
d,+d
S = 22

d,+d S

_ 1 72 P15

= 0.09 (1% - %) 55606 T
d,+d 0.087 o

= 0.09 (14 - 22 15 (10)

2 0.10 + 0.06 -+ u

For d2 > 6 mm, it is assumed, in accordance with the same
references, that
0.087 Py5

Sgu = 0-7 spy, = 0.7 54T o061

(12)

where Spu is the prism strength at a moisture content u (%),
and Pyt (kg/m3) is the density calculated on the bhasis of the
weight'and volume at a moisture content of 15%.

Unless otherwise directly stated, the values given for Pm/Pt
are the average values for each series of 5 tests.

In cases in which it is stated that there are significant
differences, at least a 95% criterion is used.

For the small pins, the characteristic yield load was of the
order of magnitude of 15 kN per pin, while for the big pins,
it was about 7% kN per pin.

svaluation of strength results

Effect _of pre-drilling. For series 5 it was found that Pm/Pt

{5] Larsen, H.J.: Materialer og Forbindelsesmidler til ‘Trwu-
konstruktioner, 1971.

[6] Nielsen, T. PFeldborg og Marius Johansen: Forsgg med trem-
forbindelser med bolte og mellemlwg. Statens Byggelorsk-
ningsinstitut, Rapport nr. 67, Copenhagen 1970.
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= 1.03 (standard dev. = 0.03), and for series 14, Pm/Pt

= 1.26 (s.d. = 0.11). The two series were identical apart
from the ract that pre-drilling was used in series 14. 1In
view of the deviations found, the difference is significant.

T S MR OEL MR e e PR Mmoo e e R G e e R e A b e e e B S P ke e S re e e it mm e i b o= e Ee e e e ey e e e e e e e

Fig. 12 shows the values of P"/P° found for series 8, 28, 29
and 30. These were identical except that the number of pins
(2.5 x 50 mm) at right-angles to the direction of the force
varied from 3 to 12.

P pt 2= stand dev.

120l % } mean

ol i) P, R LY = mean

o |

090} i Fins :25%50

Predrilling : No
i . End dist.  o=15(D
n=
é
ia
1 b r

Fig. 12.

it will be seen that the bearing capacity ihcreases with the
number of rows, which is inexplicable and must be fortuitous
even though, evaluated statistically, the phenomenon is signi-
Ticant.

For the two comparable series for the 6.5 x 100 mm pins, Pm/Pt
was found to be 1.22 for series 16 (2 rows), and 1.02 for

series 24 (4 rows) which is a significant fall. However, the
wood in series 24 had quite considerable cracks, which partially
explains the lower value.

Effect of distance from ends: Fig. 1% shows the effect of ihe

distance from the ends. It will be seen that the chosen minimum
distance of 15D is sufficient for the achievement of the full
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bearing capacity.

Ll
[
140
110
q + -3 2w sland dev
1204 . 1
mean
110k 1 | T
100}—
090 dmm| r | n
el 2513 |4
0.801-
o1 25i3]8
105 106 113 d= 2.5mm
mean={ 119 1.19 115 d=6.5mm e| 25312
>
in 112 1.13 All ol 6522
. s, 6512([¢

1 i 1 1]
Lo 320 ) 2.5#50 :No predrlling
6.5 «100 ' Predriiling

Fig. 17.

Sffect of number of pins in direction of force: In fig. 14,
Pm/PE i1s plotted in relation to the number of pins in the
direction of the force (n). As no relationship was found
with the number of pins perpendicular to the direction of the
force or with the distance from the ends, the resulits from
all test series are included, apart from series 14 {where

pre-drilling was used for the small pins) and 26-27.
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The mean for Pm/Pt(125 specimens) was 1.12, with a standard
deviatlon of 0.086, i.e. a coefficient o variation of L 6%
No single series deviated significantly [{rcm this mean. The
mean for small pins was 1.10 (st. dev. 0.073) and for the
big pins, 1.1%5 (0.10).

Bllect of alternating moisture content: In the single test
series (No. 27} in whieh the moisture content was varied, a
significantly higher bearing capacity was found. (But also
a considerably bigger deformation).

Stiffness values

On the basis of the individual stiress-strain diagrams the
slip was determined corresponding to normal working load,
which was estimated to be 35¥% of the yield load.

The movements showed a rather big variation, which was only
to be expected since they are closely related to possible
friction.

For the small pins, the movements averaged 0.24 mm for joints
with 6-12 pins, while for more pins, they avaraged O.3%0 mm.
The exceptions to this are the pins with Pre-drilling, where
the movements were only O.;# mm, and the Jjoint exposed to
variations in moisture, where the movements were 0.56 mm.

For the big pins, the movements for joints with 4-6 pins were
0.13 mm; for 8-12 pins, 0.20 mm; and for more than this,
0.27 mm.

For joints with a large number of pins, KV (formula (7)) was
of the order of magnitude of 2100 N/mm for small pins, and
9000 N/mm for big pins. ‘

Fig. 15 shows EHKE_’ in accordance with formula (8), where

Et is the modul&s gf elasticity of the wood, estimated according
to {7] on the basis of the density,

[7] Sehlyter, R. and G. Winberg: Swvensk Furuvirkes hallfest-

hetsegenskaber. Ingenigrvetenskabsakademiens Handlinger
Nr. 92, Stockholm 1929.
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Fig. 15.

It will be seen that m——— is of the order of magnitude of
0.0039 1/mm for the nu&be% of pins exceeding 12; while the
stiffness for smaller numbers is considerably greater.

Long-term tests

Fig. 16 shows the development of the slip with time. Relative
values are used, the slip at the time t = 1 minute, when the
first reading was taken, being put at 1.0. The actual movements
at this point of time were about 0.2 mm for a loading level
corresponding to about 30% of the expected yvield load, 0.80 mm
for a loading level of about 45%, and 1.80 mm for a loading
level of about 60%.
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For the loading level corresponding to 30% of the yield load,
the slip amounted to less than 0.5 mm after about = year.
This Should be seen in the light of the fact that the yield
slip are of the order of magnitude of at least 5~6 mm. Even
if the slip was to continue to accelerate (in the chosen
single-logarithmic depiction) there would be no risk of
failure during the lifetime of a structure.

In the subsequent short-term tests it was found that the ratio
between the measured bearing capacity and the theoretical
capacity, Pm/Pt, was 1.07, i.e. the foregoing long-term testing
did not reduce the strength significantly.

The movements under normal working loads were perhaps slightly
higher than in the corresponding short-term specimens, but the
small number of specimens does not allow us to exclude “he
possibility of this being fortuitous.



CONCI.USIONS

The type of Jjoints investigated appear to be suitable for
large connexions, Jjoints in glulam beams etc.

The ratio between the yield loads found by means of the testis
and the theoretical wvalues 1s 1.12, with a coeffiecient of
variation of about 7.5%. That the test values are somewhat
too high is due to the fact that the theoretical expressions
neglect friction forces and that part of the load in the
vielnity of failure can be taken as tension in the pins lying

in an inclined position.

The bearing capacity per pin was found to be the same regard-
less of' the number of pins per Jjoint, even when there was a
large number of pins {up to 1€) in a row. This really seems
reasonable 1f we compare the movements occurring near rupture
with the deformations that can occur in the gusset between the
pins. That it has been {ound, {for example for Glulam Rivels
[ib], that the bearing capacity decreases with the number of
rivets is presumably due to the fact that considerably smalle:
spacings have been used with these, so that rupture in the
case of the big quantities of rivets occurred as shear f{ailure
in the wood in a plane through the yield points A (see fig. 2).
In the present tests, such large spacings were used that the
strength of the wood did not constitute a limiting factor.

The movements under service conditions are small for short-term
loads (a few tenths of a mm, maximum for the small pins), but
the Joint still shows good plastic properties near rupture
(movements of 5-6 mm). Under long-term loading, the movements
increase (slightly more than doubled in the course of one year),
although without such serious creep as to endanger the long-
term strength.

The movements are independent of the number of pins when this
exceeds about 12, but are reduced when fewer vins are used.
This is only to be expected since with the large number of pins,
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the load will be distributed unevenly over the pins under
normal working conditions.

Pre-drilling results in a considerable increase in both the
strength and tite stiffness.

The end distances adopted (15 x the diameter) and the pin
spacing (about 7 x the diameter in the direction of the force
and about 3.5 x the diameter perpendicular to this) are suf-
ficient for the achievement of the full bearing capacity.

Prior long-term loading does not entall any deterioration of
the short-term properties.
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STRUCTURAL FAILURES IN DENMARK 197i-7% -

d.d. Larsen

Structural Hesearch Laboratory
Technical University of Denmark.

o #®

The most remarkable type of structural failu-e has been the
destruction of a number of glulem pitched cambered beams in
four or five bulldings, see fig. 1.

s several similar cases have already been reported, of., inter
alia [1]}, it will suffice Jiist to rapeat a few characsterlaiic
feetures:

i. The construction material is Scandinavian sprucs, the
characteristie short-term tensile sirengtn of which,
perpendicular to grain, isg 0.9 N/m=®, and for vt loe
current Code of Practice lor tre Structural Use of Jimber
f2] reckons with a long~term Tactor of 0.5 and a soafei
factor of 1.8, i.e. the permissible stress is G.3 W/ .

<. The stresses perpendicular to grain were originally cal~
culated from the expressions aonplying rfor = curved bheam
of constant height (broien iine in fin. 1), end are found
To be 0.10 N/mm~ both for dead load?and for snow load,
giving a total of approx. 0.20 N/mn .

ch

3. 1If (as specified by Foschi and Fox {2]), the chances in
the stress field caused by the triangle a%t the %o are
nere

taken into sccount, these stresses,will be inecreascd by
a factor of 2.7, i.e. to 0.5 N/mp“. Thus, formelly, ine
beam is unacceptable. and had the rupture ceecurred afher
the structure had hezn subjected Lo full snew load fon 2
long time, the Tailures would nave bren vaderstandable.”

4. However, the rupture occurred aboui; 18 months after erecition,
without the structure having baen exposed to snew lozd of
any significance, and ths stresses nevear greatly excecded
the permissible stress and vere, in fac’, teilow thiz for
most of the time. : .

e e e I T

Prepafed.for IUFRO-V. Meeting 1975.
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5. The reason for the failures is presumably that, as .
established in [1], the long-term reduction is considerably
greater than assumed. A contributory factor has presumably
also been moisture stresses, which may be quite considerable
in the big cross-section in question (about 200 x 2000 mm).
The damage occurred mainly in the spring, when the timber
is moistened from the outside, and the moisture content in
the outer 10-20 mm was found to be 3-5% higher than inside
the beam.

~ 6. Although quite considerable cracking occurred (up to 100 mm
wide) no cases of actual collapse have been reported. Either
a favourable rearrangement of the stresses has taken place
after rupture or a part of the load has been taken ny the
diaphragm effect in the roof surfaces.

T. The bulldings in question have been reinforced by means of
prestressed ties - an ironic solution in view of the fact
that the pitched cambered beam solution was adopted pre-
clisely to avoid the use of ties.

*

The number of structures damaged - possibly collapsed - is
otherwlse presumably considerable, but in most cases the

reason was to be found in obvious errors - of calculation,
design or execution ~ and the cases were settled discreetly
between the parties, possibly through the mediation of insurance
companies. This is really unfortunate because even though

the cause of the damage is clear, useful information could in
many cases be obtained on the carrying capacity of the struc-
tures and possibly also on the reasonableness of the load
assumptions.

[12] Madsen, Borg: Duration of Load Tests for Wood in Tenszion
Perpendicular to Grain. The University of British
Columbia, Structural Research Series. Report No. 7 1972.

[2] Danish Standard DS ¥43, 2nd edition, 1968.

[3] Foschi, R.0. and Fox, S.P.: Radial Stresses in Curved
Timber Beams. Journal of the Structural Division, Vol.
96, ST 10, Oct. 1970.
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NOTE ON DETERMINATION OF CHARACTERISTIC VALUES

H.J. Larsen and H. Riberholt
Structural Research Laboratory
Technical University of Denmark

# %

POLEMIC SURVEY AND INTRODUCT'ION

In recent years it has been agreed that permissible stresses
ete. shall be fixed on the basis of & characteristic value,
i.e. a low probability limit for the strength values. Using
statistical terminology, the characteristic values must thus
be determined as a fixed fractile in the distrubution function
for the quantity investigated.

There 1s not yet complete agreement on the fractile to be used,
but as far as wood is concerned, it looks as though the 5%
fractile is being accepted for values for strength calcula-
tions.

The appliecation of statistically determined characteristi-c
values facllitates the specification in building codes and
standards of the requirements to be complied with, but problems
arise when the general requirements are to be utilized in
practice.

Only in cases of a very large number of samples l1s the determin- -
tion of the characteristic value free from problems because the
1t can be assumed that the real population and that constituted
by the samples are identical.

If the distribution function is known, then it will be possible
to calculate the fractiles, even in the case of a 1limited number
of samples. Purther uncertainty admittedly arises because the
sample population does not necessarlly have the same properties
as the real population, but there are recognized statistical
methods for taking this into account, for example, by deter-
mining the 5% fractile with a desired probability or, more
correctly, corresponding to a desired confidence level.
Agreement has not yet been reached on what can be consideread

2 reasonable figure for this confidence level. ' In Denmark,

& 75%-level is used, while in Canada, 1t appears from [1] that
a 95%-level is being considered. , .

Unfortunately, we only have the necessary knowledge of the
distribution functions in a few cases. This applies, for
instance, to manufactured products such as chipboard and fibre- _
board, where certain strength values are determined as a

routine procedure, and perhaps also %0 certailn short-term

Prepared for IUFRO-V. Meeting 1973,
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strength valoes for the commnonest types of wood. However,
these are excepiions; the distribution function is normally
unknown and, for reasons ol economy, there is usually only
a limiteu nmunber of samples. In this event it is often
impossible to determine the characteristic value with a
reasonable degree of cerbtainty.

In many instances, the problem is neglected, and the Normal
distribution is assumed; this frequently glves reasonable
results - subjectively evaluated, elther because the distribu-
tion does happen to be approximately normal or because the
standard deviation is so small that the distribution assumed
is completely immaterial.

In cases in which these conditions are not fulfilled, the
results may be totally. unreasonable, both from an objective
evaluation (e.g. when negativs strengths are found or when

the addition of further test values, that happen to be quite
high, result in 2 reduction of the characteristic value) and
subjectively, because one "knows" intuitively that the results
are unreasonable. A number of depressing examples of the
consequences of an incorrect application of the Normal distri-
bution are given in {1].

When our elementary knowledge of statistics proves insufficieit,
we have no alternative but to pccket our pride and turn to the
speclalists. But that rarely helps. The statisticians simply
assert that the problem is insoluble and refuse to waste more
tine on it.

Now engineers hate to admit thwc there are insoluble problems
and they attribute the attitude of the statisticians to ill-
will or ignorance, whereupon they take it upon themselves to
solve the problems. When the speclalists have given up, there
is room for intuition and talented amateurs.

To the intuitive belongs the notion that there really is a
"distribution” common to all wood-based materials and structures.
All you have to do is find 1i<%.

However, when we begin o collect the necessary material %o
determine the "distribution" we rapidly lose our illusions.
Some distributions are :symmetrical, others are unbalanced,
with an excess o' low results, and still others are unbalanced
with an excess of high results.

On reflection,'it does seem probable that there 1s difference
in the distribution in resnect of, for instance,

- natural prcducts, where no grading has been carried out,
- natural produ¢ts graded to remove particularly low values,*

- nratural producits graded into classes,
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- manufyqtured materials,
- glued, compnsite consbtructilors,

- composlte constructions assembled with mechanical
fasteners {(f r eramnle, trusses).

The probanility of it being reasonable to use the pyormal dis-
trivution will he hizlest for the manuflactured materials and
{for composite constructions whose properties are not systemati-
cally dependent on the properties ol a single element.

Another intuitive feelinz is that the distribution functions
must have certain common properties even though they diflfler,
and that 1t must be possible o use these to determine the
fractile sought. It does not appear directly probable - after
all, the difficulty lies in the fact that the determination
becomes very uncertain when the distribution funetion is not
known - but still!

11 is a comprehens’ve vork bLased on the assumption of these
common properties and, despite an instinctive scepticism, the
investigation—dees indlcate thait such properties do exist,

e.Z. that the determination of a given fractile with a required
confidence level can in all events be replaced by the deter-
mination of another, smaller fractile with a confidence level
of 507 {mean value).

Unfortunately, however, a number of objections can be made to
the investigation in question. First, the most important of
the sets of data used does not satisfy the requirement that
all the test values must belong to the same population becausc
the test conditions - and especially the loading rate - vary.
Secondly, the data material is very modest. Although data-
sets of 200-300 seem impressive at first glance, they are,

in fact, totally inadequate as a basis for fixing confidence
levels - which is what is cdone here. The fact that colossal
qguantities of figures are generated by means of EDP can never
compensate Tor the inadequacy of the basic material.

Although harbouring great scepticism with regard to t@e
possibility of determining f%the characteristic value.w1th

the required degree of accuracy on the basis of a limited
guantity of test data, the problem is so important that we
must leave no stone unturned, and the following 1is thereflore
proposed:

ACTION PROGRAIME

1. Data are collected from test series in which the same
tests are repeated many times, great lmportance being
attached to ensuring that all data from a serie in a
data-set are generated from one and the same statistical
process. -

A nunber of the test series in [41] satisfy this require-
ment and can bo used.
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2. EBach data-seft is Zegted wit: a view to ascertaining th
distribulion that bos'l deseribes the set. '

First it 1lg ‘nvaetigated whether certain of the standard
distributions (Normal, Tog-normal, Kavteyn ..... ) can be
used. If this 1s not the case, a simple transformation
is sought that car lead the test results over to one of
the standard distributions.

What we achileve by tying ourselves to one of the standard
distributions is that once we have found an acceptable
transformation, we can carry out the rest of the statistical
treatment and description with clear mathematical stringen-
ey, no further approximations have to be introduced.

The method used in [1] cznnot be recommended, firstly
because information on the appearance of the distribution
gets lost when the method with weighting of data is used,
and secondly, because it is impossible to assess the degree
of inaccurancy on the results achieved when a number of
approximations are made during the numerical treztment.

We investigats which transformation (distribution) best
describes either all or groups of the data-sets. Here, we
may, for example, find that one transformation is best in
the case of bending, while another is best in the case of
shear.

ol

4. When the most probahle transformations (distributions) have
been found, whether these be transformations for general
application or for specific problems such, as for instance,
bending or shear, they are generally used for the problem
in question, even for a limited number of samples.

BEXAMPLE

In order to illustrate the action programme, a number of data-
sets from different tests have been investigated.

In order to ascertain which distribution was.best, the data-
sets collected were tested by means of the ¥ ~test, in which
data are "ranked" and divided into k groups. The number in
each group a; are counted, and by means of the assumed
distribution, the number n-9, which.ought to be in each group
according to this is detegmi ed. x  is then defined by

2 k (a, - ne.)=

i i

x =z ne

i=1 i

By means of standard tables, for example from [2] or [3], the
fractile to which the relevant value corresponds is determincd.
The results are shown in table 1, where the fractiles in 3~
glve the probability of finding values of ¥~ lower than that
found, i.e., a big fractile mz:as that the distribution
function provides a poor description of the data-set and thus.
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with a certain provability, a poor disc-iption of the problem
under consideration.

TABLFE 1
Normel .disgtribution Log-normal distribution

Data- Humber Degrees of > Fracvile Degrees of 5 Fractile
set of data freedom < 1B fregdom X 15
No. n by = e T Y

1 21 10 21,3 93,95 12 28,8 99,5

2 195 o 2,41 12 7 5,17 38

3 189 11 12,7 &9 12 48,1 00,95

b 285 14 59,4 99,95 13 57,1 99,95

) 206 ih 50,0 99,95 14 29,7 99,1

6 68 4 27,5 99,95 4 8,91 94

7 &8 b 14,5¢ 08,4 k 5,56 76

8 63 4 12,94 98 4 4,31 63

9 60 4 17,5 99,6 5 TsT 80,2
1. Compression of small clear specimens, Lars Bach, DtH Denmar

%)

Pending of 63 x 125 mm poorest grade in Denmark, H.J. Larsel
& H. Riberholt, Dennark.

Clear Dry bending, Borg Madsen, Canada.

. # 2 grade Dry bending, Borg Madsen, Canada.

4 2 grade Wet bending, DBorg Madsen, Canada.
Shear of beam notched at the support, 1/% height.

Shear of beam notched at the support, 21/2 height.

Shear of beam notched at the support, 3/4 height.

O O~ v

# 2 grade Dry bending, 1 min. Borg Madsen, Canada.

Ir order to illustrate visually what actually lies behind the
x2—fractiles, fig. 3. shows the distribution of the failure load
for 4 2 grad-, dry bending, 4 min. {No. 9 in Table 1). From
this it will be seen that the Log-normal distribution provides
a better deseriptign than the Normal distribution, as indeed
indicated by the x“-fractiles in Table 1. The advantage of

the yx“-test is that we get a quantitative evaluation o1’ the
distribution that best describes the data-set.
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The following conclusions can be drawn from Table 1:

For data-sets No. 1, 6, 7 and 8, in which there has been no
grading whatsoever ol the material, the Log-normal distri-

bution gives a better description than the Normal distribu-
tion.

For data-set No. 2, which 1s graded visually, rejecting
both the poorest and the best, both distribution give a
good description.

For data-sets No. 3, 4 and 5, it cannot be determined which
of the distributions gives the best description, none of
them being particularly good. This must be attributed to
the fact that each data-set consists of data generated from
different statistical processcs, some of the values
originating from long-term tests and others from short-
term tests. This can be confirmed by investigating No. 9,
which is a sub-group of No. 4, but comprises only short--
term tests; here we find that the dilscription is generally
better and that the Log-normal distribution is the best.

The above conclusions are only drawn to illustrate principles.
They are bhased on very few data-sets and the applicability of
only two types of distribution is investigated. To fulfil the
‘aim formulated under noint 4 above, it would be necessary to
investigate a large number of data-sets and zeveral types of
distribution.

2

f2]
[>]

# * 4

An engineering approsch to estimating the Sth percentile

levels for structural proporties of wood. Borg Madsen.
University of British Columbia.

Introduction to Statistical Inference. E.S. Keeping.
D. Van Nostrand, Princeson, New Jersey.

Statistical Theory with Engineering Applications.
A. Hald, John Wiley & Sons.
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CODE FOR SPECIFICATION OF STRENGTH AND
STIFFNESS VALUES FOR WOOD BASED BOARDS

Nordic Building Regulations Committee
Structural Timber Group

Translation of NKB Trekonstruktionsudvaleets
XII Hetningslinier for fastswmttelse af styr-
ke~ og stivhedstal for tr=mbaserede rlade-
materialer, 1. april 1973.

anogsis.

The use of wood based boards (plywood, particle boards, and
fibre boards) in structures is still lncreasing, for instance
in stressed skin elements and box beams, and as gusset plates.

The Working Group for Timber under the Nordic Committee on
Building Regulations (NKB) has brepared the folloWing rules
for the fixing of strength and stiffness values taking into
account the dependence of time for these quantities.

The fixing is based on a statistic estimation.

The rules form the base of detailed regulations in each of the
Nordic countries, the safety systems of the countries still
being heterogeneous.

Apart from the basic principles is in an addendum Ziven exampies
of characteristic values for each type of plate.
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1. General.

This code has been prepared as a joint Nordic basis for the
specification of characteristic values for wood-based boards,
i.e. plywood and particle and fibre boards.

For use in calculations, a safety Tactor in accordance with
current, national regulations shall be added to the values.
Note:

The code contain a few provisions applying only to
boarding. Apart from this, the rules are generally
applicable to woed and wood-based materials.

2. Loading groups.

: ' 3
The loading classification {loading groups A, B, C*)) speci-
fied In Nordic Building Regulations Commitce (NKB), Publication
No. 7, 1967,is used.

3. Climate classes.

On the basis of the moisture conditions, the structures are
assumed to be grouped in the following climate classes:

Climate class la. The moisture content corresponds to the
indoor conditions in a permanently heated building without
artificial air-moistening, i.e. with an average annual relative

humidity not exceeding 40%.

Climate class 1b. The moisture content corresponds to condi-

tions in which the relative humidity of the surrounding air
only exceptionally, and then only for short periods (a few
days), exceeds 65%.

Note:

The moisture content of ordinary conifers lies under

A = Long-time loading, including snow.

B = Medium-time loading.

C = Short-time loading; the most important load in this
group is wind.
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about 137.

In addition to the structures grouped under climate
class la, the following can also be included in this
class:

- roof structures in cold, but ventilated attics over
permanently heated buildings,

- boards in outer walls in permanently heated buildings,
where the boards are protected by a well-ventilated
tight cladding.

Climate class 2. The moisture corresponds to conditions in
which the relative humidity of the surrounding air only
exceptionally, and then only for short perilods (a few days),
exceeds 85%.

Note:

The following structures can be included in this class:

- structures in not permanently heated, but ventilated,
buildings in which no activities particularly likely
to give rise to moisture take place, for example,
holiday houses, unheated garages and warehouses,
together with service space,

- outer roof boarding,
- scaffolding, concrete formwork and similar temporary

structures.

Climate eclass 3. All other climatic conditions.

4, Material requirements.

It is assumed that the boards are sufficiently resistant to
the climatic action to which they are exposed and that they
are manufactured, checked and marked in accordance with re-
gulations approved by the building authorities of one of the
Nordic countries.



- 65 -

5. B8pecification of characteristic strength and stiffness

values.

The following characteristic strengths are used corresponding

to loading group A:

5
%, 05 (10°)

As characteristic stiffness for use in strength calculations:

5
By o5 (10°)

As characteristic stiffness for use in deformation calculations:

b
Ek,jo (10™)

Here,

O g (t) is the characteristic strength corresponding to
’ the f% fractile at a loading time of t hours,

B p (£) is the corresponding characteristic secant
? modulus.

The characteristic values are determined corresponding to a

confidence level of 75%.

Note:

'"he 75% confidence level means that the probability of
the characteristic values estimated on the basis of
random sampling being too low is 75%.

For climete class la, the strength and stiffness values are
determined on the basls of specimens conditioned at a relative
humidity of 40% and a temperature of 2000; for climate class
1b: at 65% and 20°C; and for climate class 2: at 85% and 20°C.
For climate class 3, saturated speclmens are used. Other ‘
conditloning can be used provided conversion factors are

known or determined.
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It is permissible to determine % ¢ (t) as
k]
%, r (t) = Keime %, r
where
0k is the characteristic strength determined on the
basis of standardized short-term tests (i.e. of a
duration of between 10~T and 1072 hours) and
ktime is a factor taking the influence of the time into
account.
ktime ls fixed on the basis of tests of such duration
as to permit a reasonably accurate evaluation of
the influence cof time.
Note:

It is often possible to assume:

- Y = -
%, (ti) O, (t2, = C{log t, - log ti)
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+
Addendum 1.1

*
Particle boards complying with DIN 68763

a. Application.

Particle boards satisfying the requirement of DIN 68763 to
class V 20 can be used in climate categories la and 1b, while
boards satisfying the requirements to class V 100 or V 100 G
can also be used in climate category 2, assuming that the
boards are suitable protected against climatic action.

b. Strength and stiffness.

For loading group A, the strengths and stiffnesses specified
in the following table 1.1 can be used.

Note:

The values given in the table are calculated on the basis
of the values specified in the above-mentioned standard,
assuming ktime = 0.40 in climate class 1 and ktime = 0.2°
in climate class 2, in relation to the test duration of
about 10™% hours specified in the standard. .A coefficient
of variation of 0.10 has been assumed.

For the loading group B, the strength values can be multiplied
by 1.40, and for loading group C, by 1.80.

For loading combinations consisting only of loads expected
to act with thelr full value during the entire lifetime of
the structure, both the strength and the stiffness values
must be multiplied by 0.7.

In a continuous glued Jjoint between a plate (board) flange and
a maximum 30 mm wide web, the value for plate shear can be
doubled. It is assumed that the distance from web to edge

of plate is minimum 30 mm (measured perpendicular to %the
longitudinal direction of the Jjoint),that the free distance

*) Corresponding addenda will be prepared for other particle
board qualities.
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between parallel joints is minimum 60 mm, and that the joint
is not subjected to tension perpendicular to the plane of
the Jjoint.

Table 1.1 Particle boards complying with DIN 68767%
Characteristic stresses and stiffness values in MNKEE

Climate class 1’ ‘Climate class 2
Thickness in mm Thickness in mm
8 16 22 8 16 22
10 19 25 10 19 25
13 13
Strength calculations.
Bending 8.0 7.0 6.5 Lo 3.6 3.2
Compression # 4.8 4.7 3.8 2.2 2.0 1.8
Compressioqqi 3.6 2.7 2.7 3.6 2.7 2.7
Tension # 3.6 3.0 2.3 1.6 1.6 1.6
Tension_i 0.12 0.11 0.09 0.07 0.07 0.07
Shear through thickness 2.7 2.3 2.0 i.1 0.9 G.7
Plate shear 0.45 0.36 0.36 0.27 0.27 0.27
E-modulus, tension
and compression 1200 900 800 400 350 350
E-modulus, bending 1400 1100 900 600 500 500
G-modulus 600 450 400 2C0 170 170

Deformation calculations.

E~modulus, tension

and compression 1500 1200 1000 600 500 500
E-modulus, bending 1900 1500 1200 900 800 800
G-modulus 750 600 5C0 200 250 250

L)

In climate category la, the strength values can be multi-
plied by 1.1 and the stiffness values by 1.3.

N
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Addendum 2.2

Swedish Fibreboard (k-boards)

a. Application.

Wood-~fibre boards that at least fulfil the requirements of
Authorization No. T 75/71 from Statens Planverk (The Swedish
Building Authorities) can be used in climate classes la, 1b
and 2, assuming that the boards are suitably protected against
climatic action.

b. Strength and stiffness.

For loading group A, the strengths and stiffnesses specified
in the following table 2.1 can be used.

Note:

The values given in the table are calculated on the basis

of the values specified in the above-mentioned authoriza-

tion, assuming ktime = 0.40 in climate class 1 and

ktime = 0.25 1n climate class 2, in relation to a test
duration of about 10”2 hours.

For the loading group B, the strength values can be multiplied

by 1.40, and for loading group C, by 1.80.

-

For loading combinations consisting only of loads expected
to act with their full value during the entire lifetime of
the structure, both the strength and the stiffness values
must be multiplied by 0.7.

In a continuous glued joint between a plate (poard) flange
and a maximum 30 mm wide web, the value for plate shear can
be doubled. It is assumed that the distance from web to edge’
of plate is minimum 30 mm (measured perpendicular to the
longitudinal direction of the Joint),that the free distance
between parallel joints is minimum 60 mm, and that the joint
is not subjected to tension perpendicular to the plane of the
joint.






Acddendum 3.1

1
Canadian Exterior Douglas Fir Plywood. )

a. Application.

Canadian Exterios Douglas Fir Plywood, manufactured and
marked according to Canadian Standard CSA 0121, can be used
in climate classes l1a, 1b, 2 and J, assuming that the boards
are suitably protected against climatic action (inclusive of
rot) and that they are not used where they are likely to be
directly exposed to water for a long period of time.

b. Strength and stiffness.

For loading category A and climate class 1b s the strengths
and stiffnesses specified in the tables can be used.

Note:

For the present is used strength values corresponding
to the statements in British Stardard CP 112: 1967.

For loading category B, the strength values can be multlplied
by 1.20, and for loading category C by 1.40.

For loading combinations consisting only of loads expected to
act with their full value during the entire lifetime of the
structure, both the strength and the-stiffness values must be
multiplied by 0.9.

For climate class la, all values can be inereased by 10%.

For climate classes 2 and 3, the strength values for compres-
sion, bending and shear, and the stiffness figures must be
multiplied by the factor 0.7, while the strengths for tension
must be multiplied by 0.9.

The following notation is used in the table:

*) Correspond}gg adenda has been _brepared for other plywood

mMalitine i nan CramAd ~la



Bending moment per unit length when the moment vector
is perpendicular to the fibre direction in the outer
plies (stresses in this fibre direction).

m45 Bending moment per unit length when the moment vector
forms an angle of 45° with the direction of the flbres.

Bending moment per unit length when the momen%t vector
1s parallel to the fibre direction in the outer plies,

m90
(EI)O, (EI)45 and (EI)9O: Bending stiffness per unit length,
corresponding to the moments My m45 and m90‘

Tensile force per unit length in tension along the
fibre direction of the outer plies.

=)

n45 Tenslle force per unit length in tension at an angle of
45° with the fibre direction of the outer plies,

n Tensile forece per unit length perperdicular to the fibre

90
direction in the outer rlles.

né, nis and néo are analogous to Ngs Ry and g but for

compression,

(ED)O, (ED),*5 and (ED)QO: Stiffness per unit lenzth correspord-
ing to the forces no(né), n45(nﬁ5) and n90(n§0)'

590 Compressive strength perpendicular to the surface of the
board.

tO Shear stress corresponding to dlaphragm effaect (shear
Chrough the the thickmess) in directions parallel with
and perpendicular to the fibre directions.

t45 Shear stress corresponding %o dlaephregm effect (shear
through the thickness) in directions forming an angle
45° with the fibre directions.



_"1’5_

t90 Shear stress where one of the shear stresses is perpen-
dicular to the plane of the board (rolling shear).

G Shear moduli corresponding to shear stresses to

o Gt
and t45.

In order to avoid errors at the present stage, thoroughly

checked Danish tables are reproduced below (in the following),

giving nominal, not characteristic, values for strength cal-

culations. The characteristic values are obtained by multi-

plying the table values by 1.3.
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