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Abstract

The ultimate load behaviour of glued and nailed plywood web i—beams
has been investigated theoretically and experimentally.

In the theoretical investigation the following joint and material
characteristics have been considered.

The timber to plywood flange-web joints may be rigid (glued) or semi-

rigid (nailed). In the rigid joint no joint slip is assumed (i.e. no strain

difference between the timber and plywood) whereas joint slip is assumed in.
the semi-rigid joint. Hence in the case of the sé@i rigid joint a joint
load_slip (Q -~ &) relationship is required and both a linear and a generalised
non linear Q - &% relationships have been considered. The flange and web
material may be elastic or elastoplastic. _Linear and idealised elastoplastic
stress~-strain («¢ - € ) relationships are used to describe the behaviour of
timber and plywood in compression whereas a linear ¢ -& relationship is used
in tension. |

The relationship of the various combinations of joint and material
characteristics is shown in the following diagram: |
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Generalised governing differential equations for the I-beam have been
derived in terms of the top and bottom flanges direct forces (N) and the
flange-web joint slip . Governing differential eqﬁations based on any
of the above cases may be obtained from the generalised ones. Solutions to
the governing differential equations have been found by applying numerical
procedures based on the predictor corrector and the Newton Raphson methods.
Solutions to the bending stress and strain distributions, deflections,
shear stresses and flange~web Jjolnt-slip have been found-at different points
along the span. Although the analysis of rigid and semi—rigid beams with
linear Q@ -6 and g -¢ characteristics may be considered as particular cases
of the generalised procedure gifen‘above, they have been considered separately
as they may be solved by simpler pfocedures.

The effect of slip on shear deflection has been investigated theoretically
and analytical solutions to shear deflections at mid span of symmetrical plywood
web I-beams under uniformly distributed load and four point loading are given.

Two computer programs have been written to find solutions for the flange
direct forces, joint flange-web slip, distributions of bending stresses and
strains across the depth of the beams, deflections and shear étresses at
different points along the span of rigid and semi-rigid beams. Solutions are
based on the different cases given in the above diagram.

The exéerimental work included the testing of two glued and two nailea
simply supported plywood web I-beams under four point loading. Results for
strains, deflections and slips were recordedf

The predicted theoretical behaviour of the beam and the experimental

results are compared and it is shown that there is a good agreement.
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NOTATION

Total applied load

Applied load per unit length

Direct force

Shear force
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Interface shear force
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PART I.

INTRODUCTION
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PART I
INTRODUCTION

Chapter 1 General Comments

A plywood web I-beam of the type considered in this thesis essentially
consists of solid timber flanges which are glued, nailed and glued or simply
nailed to a vertical plywood web, refer to fig. 1.71. Also in a plywood web
I-beam vertical solid timber stiffeners are provided at the ends of the
beam and at intermediate points along the span so as to separate the top
and bottom flanges and also to stabilise the plywood web against buckling.

In this thesis the terminology rigid plywood web I-beam will apply to
a plywood web I-beam with a glued joint between the flanges and web where
complete transfer of strain between flanges and web will be assumed, i.e.
no joint slip. Also the terminology semi-rigid plywood web I-beam will
apply to a plywood web I-beam with a nailed joint between flanges and web
where incomplete transfer of strain at the interfaces between the flanges
and web will occur i.e. difference of strain between flanges and web and hence
Jjoint slip will occur.

Plywood I-beams provide an efficient way to utilise the beam materials
economically. The solid timber flanges are provided mainly to resist bending
stresses and hence they are placed as far from the heutral axis as possible.
The thin plywood web is mainly provided to carry the web shear stresses, but
it also Carries bending stresses.

In the past rigid plywood web I-beams were used in aircraft construction.
Recently, rigid and semi-rigid plywood web I-beams have been used extensivély
as structural members to support roofs and flooring systems §f varicus types

of buildings. They may also be used in other aspects, e.g. bridges.
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The method of the structural analysis of rigid plywoocd web I-beams
which has been followed by many designers, e.g. Plywood Manufacturers
Association of British Columbia (1958), is based on linear stress-strain
relationship (« —¢ ). Their method of design is to limit their load
bearing capacity to the most critical load obtained from the governing
permissible design factor, e.g. permissible bending stresses, permissible
deflection, permissible web shear stress, etc. Permissible design factors
for various species of timber and plywood are given by many codes of
practice, e.g. cp 112 (1967). Permissible design factors are well within
the proportiongl limit and hence linear structural analysis is justified.
On the other hand the methods of the analysis and design of semi-~rigid
plywood web I-beams, have not been established as a standard format as in
the case of the glued beams. Booth (1969, 1974) has suggested a method
of their analysis and design based on a linear « —-e¢ relationship for timber
and plywood in tension and compression and also on a linear Q - &
relationship for a timber to plywood joint.

The work dealt with in this thesis is of a theoretical and an
experimental nature on the ultimate load behaviour of rigid and semi-rigid
plywood web I-beams. Ultimate load behaviour is considered in this thesis
in order to have a better understanding about the behaviour of rigid and
semi-rigid plywood I-beams at failure so as to promote their methods of
structural analysis and designs with the objective to design economical
sections.

In the theoretical work described in this thesis, the rigid and semi-

rigid cases are treated separately. In the semi-rigid case the behaviour



Y
~J

of the plywood web I-beam is affected by the Q -8 relationship of the
timber to plywood joint. Linear and non-linear Q -& relationships are
considered separately. For each of the above cases, rigid, semi-rigid
with linear Q -8 relationship and semi-rigid with non-linear Q - §
relationship, the following two ¢ -e¢ relationships for timber and plywood
in compression are considered to find the bending stresses distributions
across the depth of the bean:

&) A linear o ~-e¢ relationship

(2) An idealized « - ¢ relationship to represent

the non-linear case, fefer to fig.1.2.

It should also be noted that dl the theoretical solutions described
in this thesis are based on linear @ ~e¢ relationship for timber and
plywoéd in tension. Also the theoretical solutions described in this
thesis include solutions for deflections, direct forces, slip and
flange web forces per unit length, in case of the semi-rigid beam, at
different points along the span based on the previous ¢ -¢ and Q - §
relationships. Webs are assumed to be thick enough to prevent web
buckling at ultimate load and analytical solutions are given for web
shear stresses and shear deflections based on linear g -t relationships
for timber and plywood in compression. Numerical procedures are employed
to find solutions describing the behaviour of the rigid and semi-rigid
beams when the analysis is based on idealized non-linear g -—¢ relationship
for timber and plywood in compression and/or non-linear Q - § relationship
for a timber to plywood joint.

The object of the experimental work described in this thesis is to.
verify the results obtained from the theoretical solutions described above.

In these experiments strain measurements across the depths of beams using
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electrical resistance gauges, deflection measurements and slip measurements
in case of the semi-rigid beams are made at certain points along the span.
Web shear strains are also measured using rosettes at certain points along

the span.
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Chapter 2 Review of relevant literature

2.1 Analysis of solid timber beams in bending:

The concgpts that have been adopted by many investigators when
analysing beams in bending may be summarised in the following points:

(i) To assume that plane sections before bending remain
plane after bending, i.e. Linear strain distribution
across depth of beam.

(ii) To assume that the material being analysed will follow
certain stress-strain relationships in tension and
compression (a —-¢ ).

(iii) To consider the equilibrium of direct forces and
equilibrium of moments at any section of a beam to
find the stress distribution across the depth of that
beam relevant to the assumed ¢ -¢ relationships.

(iv) To consider the equilibrium of direct and shear forces
to find the shear stress distribution across depth of
the beam.

(v) To assume that the theory of small deflections may be
applied at any section of the beam.

The concepts mentioned above have been adopted by many investigators for
the analysis of solid timber beams and the validity of some of the
assumptions have been considered by several research workers.

Dietz (1942), Comben (1957), Ramos (1961) have all considered the
validity of the assumption that plane sections before bending remain plane

after bending.



Dietz (1942) carried out bending tests on Douglas~fir beams subjected
to four point loading at‘% span. He measured strains at both sides across
central cross section of the beams. He concluded that sections plane
before bending apparently do not remain plane after bending. He noted
marked non-linear distribution of strain near the top compression fibre
of the beam.

Comben (1957) concluded after testing Douglas-fir beams in bending
that the strain distribution across depth of timber beams ié basically
linear at all load levels except at high loads when the compressive
strains near the top edge are slightly increased and hence the strain
distribution tend to be slightly non linear.

Ramos (1959) also concluded that the strain distribution across depth
of timber beams is basically linear.

Different investigators have adopted different ¢ -¢ relationships
for timber inltension and compression to find the distribution of stress
across the depth of timber beams at all load levels, especially at load
levels when the timber in compression is behaving non-linearly. Almost
all investigators cited in literature have adopted linear ¢ -¢ relationship
for timber in tension. While many investigators have adopted linear &« - ¢
relationship for timber in compression, some have adopted non-linear ones
to find the distribution of stress across the depth of timber beams.
According to Kollman and Cote (1968) and Dietz (1942), Baumann (1922) has
solved graphically the distribution of stress across depths of timber
beams by applying the exact tension and compression ¢ —c¢ relationships;
equilibrium of direct forceé_and equilibrium of moments at any section of
the beam. Also Kollman and Cote (1968) have cited Suenson (1941) who
adopted a parabolic ¢ -¢ relationship for compression, Ros (1936) and

Thunel (1939, 1940) who adopted a @ -¢ relationship similar to that
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given in Fig.1.2 for compression and they have all solved the distribution
of stress across the depth of a timber beam by considering equilibrium of
direct forces and equilibrium of moments.

Beghtel and Norris (1959) applied the concept to analyse beams in
bending, as outlined before, to rectangular solid timber beams. They
adopted a linear g ~c¢ relationship for timber in tension, a non-linear
one similar to that adopted by Ros (1936), fig.1.2, for timber in compression.
They also assumed that the moduli of elasticity of timber in tension and
compression are the same. They gave theoretical solutions for distributions
of direct stresses and shear stresses across timber beams depths and also
they gave an approximate solution for mid-span deflections. They also
tested rectangular solid timber beams of various span-depth ratios
subjected to four point loading at # points of the span. Their predicted
results from theoretical solutions compared reasonably well with their

experimental findings. They did not measure strains at any section of the

beams.
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Ramos (1961) followed a similar theoretical approach as that given
by Beghtel and Norris (1959). In his experimental work he included
strain measurements across critical cross-sections of Douglas-fir beams
subjected to four-point loading up to failure. He used electrical resistance
strain gauges to measure strains. He computed the corresponding stresses
from the relationship:
¢ = E(e- :r) - 1.1

where e G computed residual strain

To compute residual strains he adopted Nadai's (1950) assumption that

"a compression specimen subjected to a gradually applied load follows a
typical g -=¢ curve. If at any time the sustained load is gradually
released, at the same rate as it was applied, the ¢ -=¢ curve descends
along the straight line substantially parallel to the straight line portion

of the curve within the proportional limit". i.e.

P ¢
Ae = T e - 1.2
e
e, = £ — At - 1.3
where Pe : load at proportional limit
e G corresponding strain at proportional limit

Needless to say that €. = O when the compressive stresses are below the
proportional limit stress and thebeam is in elastic tension.
His experimental findings agreed reasonably well with his theoretical

work and hence validated Nadal's assumption for timber beams.
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2.2 Timber to plywood nailed joints

Many investigators have done experimental work on glued and mechanically
fastened timber to timber, and timber to plywood joints tested in direct
tension and compression. Mechanically fastened joints relevant to this
thesis are timber to plywood nailed joints. Many research workers have
tested timber to plywood nailed joints in direct compression. Mack (1966)
tested and analysed similar joints with the objective of expressing the
joint displacement in terms of the corresponding applied load. The
parameters he considered that might affect the joint behaviour were many.
Those which he found to be more actively interacting are species, nail
diameter and displacement parameters. The curve obtained experimentally
was found to be curvilinear with a marked yield point at about 0.14 inch
displacement for a joint with a standard gap of 0.028 inch between members
before test. He reported that the yield point is due to apparent increase
in joint stiffness when the gap closes. Mack's equation applies to
joints with displacements up to 0.1 inch, i.e. to displacements less than
the yield point displacement. Morris (1968) arrived at a similar equation
as that obtained by Mack (1966).

According to Mack (1966), Jansson (1955), Niskanen (1961), and
Noren (1962) have also giventheoretical load displacement curves for timber

to timber nailed joints.

2.3 Analysis of plywood web I-beams in bending

2.%.1 Rigid »nlywood web I-beams

Most of the theoretical work on rigid plywood web I-beams is based
on linear ¢ - ¢ relationships for timber and plywood in tension and

compression, e.g. Council of Forest Industries of British Columbia (1958).
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A lot of experimental work has been done at Forest Products Laboratory
at Madison with the objective of designing plywood webs in plywood box
and I-beams, e.g. Withey (1943), Lewis and Dawley (1943), Lewis, Heebink,
Cottingham and Dawley (1960, 1960), Lewis, Heebink and Cottingham (1959,

1959).

2.3.2. Semi-rigid plywood web I-beams

Most of the theoretical work on semi-rigid plywood web I-beams cited
in literature and described hereafter in this section is based on linear
a~-¢ and @ -6 relationships.

Booth (1969) applied the concept of bending as outlined in section
2.1 to derive analytical solutions to describe the behaviour of
semi-rigid plywood web I-beams subjected to bending. His solutions were
based on linear ¢ -~ ¢ and linear Q ~§ relationships. Similar solutions
for highway composite concrete slab and rolled steel joist (RSJ) were
given by Siess, Newmark and Viest (1951).

Booth (1969) suggested the use of linear ¢ -¢ relationship while
adopting a non-linear connector Q - & relationship when analysing semi-rigid
plywood web box and I-~beams. He suggested the use of mononomials and
exponential functions to describe comnector Q - § relationship similar
to those given by egns. 1.4 and 1.5.

Q = a8 - 1.4

c(1 ~ 399

Q - 1.5

where: a, b, ¢ and d are constants depending on joint

characteristics, i.e. nail diameter, species etc.
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He also suggested that the non-linear differential equation can be solved
numerically. He reported that similar equations for composite highway

concrete slab and RSJ were solved by Yam and Chapman (1968) .

Vermeyden (1968) has conducted experimental work on semi-rigid

plywood box beams with the objective of designing them.

2.4 FElectrical resistance strain gauges on timber and plywood

Some investigators have considered the performance of electrical
resistance strain gauges compared with mechanical ones, with special
attention to the effects of type of bonding material, bonding technique
and grain orientation.

Youngquist (1957) reported that strains measured by electrical resistance
gauges were less than those measured by mechanical strain gauges by up
to 10%. Solvey and Blecher (1952) also found similar results when they
tested plywood panels.

Amana (1967) considered different bonding materials with different
types of electrical resistance strain gauges on plywood tested in direct
tension parallel and perpendicular to the face grain. He arrived at similar
conclusions as those reported by Youngquist, and Solvey and Blecher; but
in some special cases when certain glue types are used with certain strain
gauge types he found that strains measured by electrical resistance gauges
can be higher than those measured by extensometers by up to 33%. While
most high strain variations were reported for specimens tested and strains
measured perpendicular to the face grain, some high variations were reported

for specimens tested and strains measured parallel to the face grain.
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PART II

THEORY



PART TT
THEORY

Chapter 3 Introduction
3.1 Scope

The theoretical work given hereafter in part II of this thesis is
to describe the behaviour of rigid and semi-rigid plywood web I-beams in
bending taking into consideration linear and non-linear & - ¢ relationships
for timber and plywood in compression, linear g - ¢ relationship for
timber and plywood in tension and also linear and non-linear @ -8
relationships to describe the joint behaviour for the semi-rigid case.

Generalised differential equations are derived to solve for the
direct forces in the top and bottom flanges (refer to eqns. 2.21 - 2.24)
at different load levels and different sections along the beam, and hence
deflection, direct stress and shear stresses may be found. These generalised
differential equations are solved by applying an iterative procedure using
a computer program, refer to chapter 6.

Although the rigid case may be solved as a particular case of the
generalised, it is found that it is an advantage to consider the rigid
and semi-rigid cases separately as the first case will require a simpler
procedure than the rather slow general procedure required to solve the
second case and hence some computer time is saved, refer to chapters
L and 5.

Also it is found in the case of a semi-rigid beam that a linear @ -3
relationship to describe the timber to plywood joint behaviour of the

beam may lead to simple problem formulations and solutions. Accordingly
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the two cases of linear and non-linear Q -& relationships are treated

separately, refer to sections 5.5 and 5.6.

3.2  General assumptions

(1 Plaﬁe sections before bending remain plane after bending, i.e.
linear strain distribution across depths of flanges and web.

(2) Deflections are small.

(3) The moduli of elasticity in tension and compression are the same
for timber: similarly for plywood.

(4) Webs are thick enough and stiffeners are provided at appropriate

distances such that the webs do not buckle.

Chapter 4 Rigid plywood web I-beams

L1 Stress-strain relationships for flanges and web

For the analysis of rigid plywood web I-beams, the general assumptions
mentioned in section 3.2 apply and also complete transfer of strains between
timber flanges and plywood web at joints interface is assumed.

The analysis is based on idealised ¢ -¢ relationships for timber and
plywood in tension and compression. While for timber and plywood in
tension linear ¢ - ¢ relationships are assumed, fig.2.1(a), non-linear
g - ¢ relationships similar to that given in fig.2.1(b) are assumed for

timber and plywood in compression.

o U'u - -

¢ |

| !

| I |

I | |

R {

- P !

[ l

- by ) e
' _ ' £ A EpLEy €4
(a) Timber and plywood in tension (b) Timter and plywocd in comprassion

Fig. 2-1. Idealized 0-€ relationships for timber and plywocd
in tension and compression
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Obviously the values for ultimate and yield stresses and strains (du and ﬁy,

u

Stress distributions across depthsof beam relevant to the previous
¢ - ¢ relationships, refer to figs.2.1 and 2.2, will depend on the applied
load level and position of section along the span, i.e. on the external
applied moment.
the beam depthsthat might occur at any section and load level, the cases

described in fig.2.2 will be considered as shown in section 4.2.

To cover the whole range of stress distributions across

to say that the stress distributions across the depths of timber and

plywood in tension, at all levels and sections, relevant to the linear

g - ¢ relationship of fig.2.1(a),are linear, fig.2.2.

4,2 Determination of bending stress distribution and curvature

h.2.1

Linear ¢ - ¢

timber and plywood

In the following derivation reference is made to fig.2.2(a)

To

find position of neutral axis (n) and curvature 0:

we have

where

from bending theory:

EI

TET + E1A1(n -

E1I1 + E212

SEF| ,/ZEA

1
2 [E1A1d1

E1A1 + E

2

+ E313

+ E2A2d2 + E3A3(2d2 - d3)]

2A2

+ E3A3

Needless

e and cy) depend on the characteristics of the material under consideration.
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Fig. 2:2. Strain and stress distributions

at any section across the
depth of a rigid beam
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Bending strains and stresses:

Absolute values of stresses and strains may be found as follows:

1 T q = 1
5, = oy = (d2 - n) 0
P (n - d1) G
f55 = (d2 -n - d3) G
o9 = By ey 23
o = By g
921 = By o4
o = By 55y
o353 = B3 33
Thoo= By e
If ‘11 SA 9y and  e,, < oy then stress distributions according to

fig. 2.2(a) are adopted and deflections, web éhear stresses and flange web
shear stresses are found as shown in sections 4.3, 4.4 and 4.5.

On the other hand if the compressive extreme fibre strains of timber
( :11) and/or plywood (.521) are greater than their respective yield strains
in compression, then the strain and stress distributions according to
fig.2.2(a) are abandoned and distributions according to fig.2.2(b) are

adopted.
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h.2.2 Non-linear a ~ ¢ timber, linear plywood

Reference in the following derivation is made to fig.2.2(b) and

fig.2.4(a).

The following procedure is adopted to find position of neutral

axis and hence the distribution of direct stresses across the depths of

timber and plywood:

(i)
(ii)

(iii)

Assume a curvature 0 be given by egn.2.1

Let position of neutral axis from top fibre be n, then absolute

values of stresses across depth of beams are given by:

o1 = dqy =By gy ioogp= Bflm-dp) e
dpq = Enbd Py = Ez(dz - n) 0 _ o
. = E_(d, - -~ d, )0 = EBE,(d, - n) o6
33 3(dp =m0 5 oy, 3(dp - )
and also depths of yield penetration in flange and web are
given by:
h, = n- ¢ /06
1 1y/ - 2.5
h2 = 0
Total compressive force above neutral axis is given by:
-1 a1 -
C = Joyqmby + aghyby + 2log, + 095) (4 = Bb,
substitute values of Gopr Tqp h, from equs. 2.4 and 2.5 and
rearrange:
2 ¢ fy (2 2]
=1 - —L - (=L)< -
C = 2b1E16 [ (E21321 1)n + 2( 5 + dq)n ( 5 ) d1 _ 2.6

Boq = by 21 = T2

E.. =E/E

1



(iv)

(v)

(vi)
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Similarly
T = 2b_E_6 [E B n® - 2(E B..d. +d,)n +E__B. _d 2 4 2d.d,-d,°
T 2733 23723 2572372 3 257232 273 73 2.7
where Byy= b?./ bs E ¢ EZ/ E,
T-C=o0

Substitute values of C and T from egn. 2.6 and 2.7 and rearrange

€

2 ' “ly
313E13n - 2(313E13d1 + 323E23d2 + d3 + 313E13 5 ) n

2 2 2

+ By5Ey5d,7 + BysBasdy” - 457 + 20,0 + B13E13(%K)2 =0 - 2.8
o n - 2oMbad
where a 813E13
b 813E13d1 + 323E23d2 + d3 + B13E13(:%1) 2
c 513E13d12 + 523E23d22 - d32 + 24545 + 313E13(:%1)2
and h, is then calculated from 2.5

Total internal moment on any section along the beam is
calculated by taking moments of all direct forces acting

on that section about the top compressive fibre.
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Nll - \
Nac ! —
n
R
2t ds R3
X
P
> X N\ N [ds
. 3 LN
Direct forces on web Direct forces on flanges

Fig. 2-4 (a). Stress distribution; non linear C-€ timber,
linear plywood

1
- 1 . - 4L
Moo = 2 Ty b Ry, z 0
N, b R Th
1% Tty A T
(a,-h,) (20,,%a, )
v 4 . ” _ 171 12 7 1u . - 2.10
Ny = 2logytagp) (de=hydb, PR =T (oo ragg) 1
1
- 1 - . - 1
N, = Zayb, (d,-n) : ; Roy 5(2d, + n)
N = (e +a,,0d,D i R = d,- ‘3 (2ﬂ33 " ”34)
3 34733°95°3 3 S R
33 3h
s 7 o .
M, =1N20R2c + MRy + MRy = Ny Ry = NgRy - 2.11.1

Substitute values from egns. 2.710, 2.4 and 2.5 in egn. 2.11.1 and rearrange

E,b 6 e
M. = 171 3 1y .2 2 _ ¥.2
in - [n -3 &= -[BEmsmdz +E31B31(3d2d3 2d3) +

+3d2-3(2)2]n

! 3

(L3 LB B a’ +

2 2 .. 2 3
5 5182195 331531(&12 d3-5d d +2a3 )+2c11 ]_2.11.2

23

We have: Mgy ™ Mjp = O -
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Substituting values of M and M. , we get:
ex in

3 1y 2 2 2 2 “1y42
n’ - 3—33 n~ - [3E21821d2 + E31831(3d2d3-2d3 ) + 34, - 3( 5 ) ] n

6§gx
E.b. .6

13,3 3 2 2 o By.os 3
5,6 " ( 57 + 2E, a +.E31831(3d2 d,-5d,d; “+2d., )+2d,” = O

182145
- 2.11.3

(vii) Non-linear simultaneous equations 2.8 and 2.11.3 may be solved
numerically to find n and ©.
In this thesis equations 2.8 and 2.11.3 are not solved directly,
but the following systematic numerical procedure is followed to
find n and 6, which is an indirect solution to equations 2.8
and 2.11.3.

(a) Internal moments are found from eqn.2.11.1 using a guessed value
for B8 as indicated in step (i) and solving for neutral axis
position from egns. 2.9.

Having found internal moments acting on the section, then check
for the following:

’Mex" Minl < £ Moy

where § 1s desired accuracy.

Two cases arise:

I/ .If !}%x - D@nl < ¢ Mex: then a solution is obtained and hence
the guessed value of 6 and the calculated values of n are correct

and hence the direct strains and the corresponding stresses across

the depths of timber and plywood are calculated from equations 2.k,
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I/ 1If ’Méx - P%n > ﬁpgx, then a new curvature closer to
the true curvature is found as shown in the following step (b).
Having found new curvature 6, then procedure given in step (a)

is repeated until desired accuracy is achieved.

To find a new curvature closer to the true curvature, the

Newton Raphson method is employed as follows and reférence is made to
fig. 2.5. |
(1) To find 6, assume initial guess is A(Mo, 60). Let slope at

A be calculated from (Mﬂ - Mo)/m60

where % 1s a parameter found by trial and error to take the values

-10

10—4 £ 7 £ 1077, so that a good approximation of slope at

A is possible.

|

{

l

|

[
SF)

Fig. 2- 5. Linear Newton Raphson Method
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M - M k
Also slope at A = % _EX
8 -8
o 1
Ui 60
Then 61 = 60 +@;:ﬁ; (Mex - Mo)

Corresponding Moment M1 is calculated as indicated in steps
(i - vi) for the new curvature 6,3 this new moment corresponds
to Moment M1 at point B in Fig.2.5.

(2) To find 6, or generally 6,s closer to the true curvature,

the slope at B is assumed to pass through point A, and hence,

8 -
(8]

] :
o 1
or generally,
ei_eip1
8ip1 = 8 * i m, . (Mex - M)
i 4=
where 1 = 1, ee. in in = number of iterations

Number of iterations to achieve convergence to desired accuracy
is found to be less than six iterations in all cases considered
in this thesis. It depends on choice of 1. Less iterations are

achieved at the extreme high limit of 7 , ie 10_10.

(3) If « Z ¢ and

21 % oy €11 > cqy, then assumed stress distribution

is correct, and is then adopted.

(4) But if R and ¢, & “1y? distributions according

to fig. 2.2(b) are incorrect, and are abandoned and those

corresponding to fig 2.2(c) are adopted, refer to section 4.2.3.
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If € and € >«

oy 11 , distributions according to

21 > 1y

figs.2.2(b) and 2.2(c) are incorrect, and are abandoned and
those corresponding to fig.2.2(d) are adopted, refer to

section L4.2.4.

Linear « - ¢ timber, non-linear plywood

Reference in the following derivation is made to fig 2.2(c) and

fig 2.4(b).

A procedure similar to that used in section k,2.2 is adopted.

The following changes in equations 2.4, 2.5, 2.6, 2.8, 2.9 and 2.10 will

make the procedure compatible with the assumed stress distributions.

(1) Equations 2.4 will read the same as given in section 4,2.2 with the

exception of the following

dapq = Emd
2.4(a)
G217 = o
(2) Equation 2.5 will read as follows
h1 = 0
. . o
h2 = N - _le : , | : 2.5(&)

(3) Equation 2.6 will read as_follows:

C =

b.h. +

a - a1
o Polts zﬁzuba(n h2) + 2(611+512)b d

1

& 21521 6]

- Y iy - a4 2]
-;quqe [2(E21521 +d,)n - B (=557 - 4, 2.6(a)
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(4) Equation 2.8 will read as follows:

—él)n +E 2 2

£
E E
dg dptds* o 13P13% FazPazds

| 2
EygBpgtt = 2(Bi3B, 50 +E 5B 0d +do+E, 8

2 S2yy _
_d3 -2d2d3+E23823( = ) =0 2.8(a)

(5) Equations 2.9 will:read as given in section 4.2.2 except for

a = E__B

23723
_ 2y
b = Eﬁsﬁd1 + E23523d2 + d3 + EEBBZB =
_ 2 2 2 fayye .
c = E’IBB’IBd’I + E23523d2 - d3 +2d2d3+E23523( 5 Y- =0 - 2.9(a)

(6) Equations 2.10 will read as mentioned in section 4.2.2 with the

exception of the following ;

O2u ' KT
R E I X Ric |
2cI 2 Nig E’
N2 .
n 012
d,
b
‘Uéa
1 1

O24 O34

Web Flanges

Fig. 2:4 (b). Stress distribution; Linear 0-€& timber, non
linear plywood
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(h22+n2+nh2)
= 2 . -
Noo = 2bpop,(thy) 5 Ry 5(h+n)
’ & ’ I
replace equations for N, N, R, & R, by the following - 2.10(a)
equations for ch and ch in equations 2.10 and 2.71.71
d (2¢,,%0,,)
: 1 12 11
N = (g, ,+3,,)b.d s R = == ——
1c 1179127711 Te = 3 (o, +o,4)
If ¢ .4 ¢, , then the assumed stress distribution is correct,

11~ . 1y
and is then adopted.

But if > distributions according to fig.2.2(c) are

©11 2y’

incorrect and abandoned and those corresponding to fig.2.2(d)

are adopted, refer to section 4.2.k.

h.o.h Non-linear ¢ - ¢ timber and plywood

Reference in the following derivation is made to fig.2.2(d) and
fig.2.4(c).

A procedure similar to that used in section 4.2.2 is adopted. The
following changes in equations 2.4, 2.5, 2.6, 2.8, 2.9 and 2.10 will
make the p;ocedure compatible with the assumed stress distributions.

(1) Equations 2.4 will read the same as given in section 4.2.2 with the

exception of the following

2.4(v)

621 dZu



(2)

(3)

(%)

(5)
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Equations 2.5 will read the same as given in section 4.2.2 with

the exception of the following

Equations 2.6 will read as follows

C = °2ub2 > 202 2(n-h )+—~(o’1 +512)(d —h )b +51 h b

+2—l +2d, )-(E

1l

2732, Sy, 2
4B oq (5 () T, ﬂ

1321 e

2
—b1E16 [-n +n(2E

Equation 2.8 will read as follows:

Sy 2y,

2
In“-2(E 13313 e E23323 5

(E d_+E

13313 1 23323d +d +E

n

13P13E3P 52

d_°+E 2_4 2+2d 4+ (-

f2y,2
23P23%5 ~d3 13P13 5"

*E12P43d4 5% By3P5305

Equation 2.9 will read the same as given in section 4.2.2 with the

exception of the following:

a = (B3B3 5P,5)
Sy fey
b = E13313d1+E23323d +d3+E,]3[313 5 +E23[323 A
_ 2 2 .2 “1yy2 oy.2
c = 13313d +E23323 5 -d3 +2d2d3+E13313( Y +E 3323( = )

2.6(b)

2.8(v)

2.9(b)



(6) Equations 2.10 will read the same as given in section 4.2.2 with

the exception of the following:

Tou T1y

T T !
[R2C hz N1-.——
n Nac N3 NE—
! Ty
do
033
J. ....Liii:);
Web 0-24 F‘ange 034

Fig. 2:4(c). Stress distribution; Non linear 07 -€
plywood and timber

2 2
(h2 +n +nh2)

=2 . -
NZC = szﬁzu(n+h1) H RZC = ?ZE;IET—_— 2.10(b)

4.3 Bending deflection

4.%.1. Governing differential equation

Having found the correct stress distributions across the depthsof
the beams at different sections along the beam and hence curvatures, then
the bending deflection may be calculated.

Assuming sméll deflection, then bending deflection may be calculated
by integrating equation 2.12 along the whole span and applying the relevant

boundary conditions.

- = - 8 - 2.2
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L4L.3.2 Analytical solution

Analytical solutions for deflections may be found if a linear ¢ -«
relationship is assumed over the whole span of the beam, then 6 is given

by equation 2.1.
e.g. (i) for a simply supported beam loaded with uniformly distributed

load (p per unit lengfh) over the whole span, we get

' = 2+ &) 2.1
WEDNEL LT ST D : - 2.13

(ii) for a simply supported beam under four point loading at %-span

loaded with a total load of magnitude P, we get

3 3 3 |
- (k-3 k-4 5)

(el 14

where, in eqn. 2.14:
negative values of square brackets are omitted when substituting

values of %

i.e. at mid span x = L/2, first square bracket is omitted and

3
_ 23 PL,
W= 753 7 - 2.14(2)

4,3.3 Finite difference formulation of the problem

A more generai approach which is valid for any kind of loading,
boundary conditions, support conditions and ¢ - ¢ relationships is by
applying a finite difference approach.

The generalised formulation of the problem over the whole span may
be given by equation 2 .12 and satisfying the following boundary conditions,

refer to fig.2.6.



k

w (0) 1

km+1

w (L)
where: k1 and km+1 are parameters depending on support

conditions, ie ‘for rigid supports k.1 = km+1 =0

Also © in equation 2.12 may be found at any section along the span
corresponding to the appropriate stress and strain distributions as
shown in sections (4.2.1 -~ &.2.4).

The finite difference formulation of the problem may be obtained by

dividing the span into intervals of equal lengths H and obtaining the

s L ol
Lo |
X H
) P L 1 1
@ (020 Woxd WL=0

Z

Fig. 2-6. Deflected shape of a sumpty
supported beam

central difference approximation of the second derivative at any point
along the span excluding the boundary points. The central difference

approximation of the second derivative is given by many authors as:
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f’(xi) = _1.[ f(xi+H) - 2f(xi) + f(xi—H)] + O(H2) - 2.15

B

where: O(HZ) is the truncation error function

i=2, seoe I

L L
T H

The problem formulation over the whole span at intervals of H

and including the boundary points is given by:

w,] _ = k,]
Wy = 2w2 + w3 = -H262
- 2.16
Wilq T 2 Vi - _B%e,
1
Wm+1 = m+1
OR
- —- - — —
1 0 0 0 oo 0 W, k1
1 -2 1 0 ces 0 Wy k2
O 1 -2 1 L3R I ) k
"3 . 3
N e o o o . .
0 0 0 0 1 =2 1 w k
m m
0 0 0 0 0 o 1] |Lw ] | k4
where: k. = -H26.
1 1

i = 2, eswe I
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For a simply supported beam on rigid supports k1 =k =0

and hence above matrix reduces to

pasese

- . ] -
2 1 0 ee 0 W, k]
1 -2 1 . 0 W X
3
; e 0 ] = .
. 1 2 . .
Lo 0 0 cee 1 =2} L x|

or (4] O] =[x

which is a banded matrix with the following chracteristics:

(1) all |i - j' > 1 elements =0
(2) all diagonal elements = =2
(3) all other elements =1

Since it is a feature of the above matrix that each row or
column at most involve three active elements, then the method of
substitution and elimination is chosen and also it provides higher accuracy
and less problems than when inverting matrix [A].

The truncation error in the difference formula for the derivatives
is O(H2) and solution of equation (2.16) is an approximation to the true
solution. The truncation error approximately varies with the square of
the interval H, i.e. if Hf: %H, then truncation error when H? is chosen,
is approximately reduced by Z.

A computer sub-program, based on the abo?e finite difference
approach, has been written to solve the problem. In the éolution of the
set of equations, it is found that a Harwell sub-program MAO7YA supplied by

Imperial College computer centre library is more efficient than that



written by the author and hence MAOYA is adopted. MAOYA uses a similar

method of solution to that used by the author.

L.L Web shear stress distribution

Webs have been assumed to be thick enough to prevent web shear
failures. To check the magnitude of web shear stresses at different load
levels their calculation will be assumed to follow a linear g - ¢
relationship which results in linear direct stress distribution across
the depths of timber and plywood. The maximum web shear stress corresponding
to this linear direct stress distribution occurs at the neutral axis

and may be given by equation 2.17.

v EF
xz2 = b, EL - 2.17
2
where EF = First moment of area of all components above or

below the neutral axis about the neutral axis

of the beam.

4,5 Flange-web shear stress distribution

Similar to the calculation of web shear stress, calculation of
flange~web shear stress at the interface of timber and plywood is based

on linear ¢ - ¢ relationship and is given by the following formula.

v EF,

Tyx 1~ 2d, EL
- 2.18

E_F

~
1]
|<
q\\:
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where Tyx 1= Flange web shear stress at the interface between

the solid timber and plywood of the top flange

Tyx 3 = Flange web shear stress at the interface between
the solid timber and plywood of the bottom flange
F1 = First moment of area of the top timber flange about
* the neutral axis
F3 = First moment of area of the bottom timber flange

about the neutral axis

4.6 Computer program

A computer program is written to solve for strain and stress
distributions at different sections along the beam for any loading
condition, also curvatures, deflections, web shear and flange web shear
stresses are found as indicatgd in sections 4.3, 4.4 and 4.5. A flow
chart of this program is given in the appendix. A general description
of this program may be summarised in the following
(1) To read and check data, i.e. material properties and geometry

of the section, loading conditions, interval length (H), accuracy (&),

etc. |
(2) To find section properties, i.e. A}, Aj , etc.

(3) Td find moments and shear forces at desired nodes along span.

(4) Starting at the left hand suppdrt, stress distributions at the
desired nodes are found and storea following an iterative procedure
similar to that mentioned in sections 4.2.2 - 4.2.k. Also curvatures

at the desired nodes are found and stored.



(5) Having found curvatures at the desired nodes along the beamn,
deflections are found at these nodes by applying the finite
diffefence routine as indicated in section 4.3.3. These deflections
are stored.

(6) Web shear and flange web shear stresses are calculated as indicated

in sections»h.h and 4.5.

(7) To write stress and strain distributions across the depths of beam,
deflections,web shear and flange web shear stresses at the desired

nodes.

Chapter 5  Semi-rigid plywood web I-beams

5.1 Additional assumptions

The assumptions mentioned in section 3.2 will apply together with
the following ones for the analysis of semi-rigid plywood web I-beams.
(1) Nail connection between flange and web is assumed to be continuous

along the length of the beam.

(2) Shear transfer between flange and web takes place at centre of
gravity of joint.

(3) The flange and web deflect equal amounts at all points along their
length and to the same curvature.

(4) Friction between flange and web is neglected.
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5.2 BStress-strain relationship and implied stress distribution

The idealized g - ¢ relationships for timber and plywood in tension
and compression given by figs.2.1 may produce any of the stress distributions
across the depths of the top and bottom timber flanges and plywood web,
at different load levels and sections along the beam, given in fig.2.7.

It is noted in fig.Z2.7 that non-linear ¢ - ¢ relationship is not
considered for timber in compression in the bottom flange as it will be
assumed that the compressive‘strains in the bottom flange will not exceed

the compressive yield strain of bottom flange timber.

5.3 TFlange web force -~ displacement relationship

The joint load-slip (Q -8 ) relationship is given by the following
equation, refer to fig.2.8:
= &
Q = kJ,f( )
where: k5f= species factor depending on the timber and plywood

k nail diameter factor

%)

£(s)

displacement function
Two displacement functions are considered in this thesis.

5.3.1 Linear displacement function

In this case the Q =& relationship is given by,

Q k& - 2.19

kk

where: k o0
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Fig. 2-7 Strain and stress distributions for the semi

rigid beam




- 5% -

k may be found by considering experimental results for timber to
plywood joints'tested and finding the slopes of straight lines OA, 0B, OC
(fig. 2.8) such that an approximation of the joint slip (8) at certain

load levels may be found, i.e. say straight lines OA, 0B, OC may be assumed

0 0
Fig. 2-8. Q -0 relationship for a timber
to plywood nailed joint

to describe the behaviour of the joint @ - & relationships at low,

moderate and high load levels respectively.

5.3.2 Non linear displacement function

Mack (1966) obtained equation 2.20 by fitting experimental results
of load per nail and the corresponding slip for timber to plywood nailed

joints.
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Q = ksF®A<4’1 8 + 0.59) (1 - e~ 7% - 2.20

75

where k., = 52®1° - 2.20(a)

7]
Equation 2.20 is adopted in this thesis to describe the Q ~& relationship,
curve ODE fig.2.8, of a timber to plywood joint. kais found in this
thesis by testing timber to plywocod joints and fitting the results

obtained to equation 2.20.

5.4 Generalized governing simultaneous differential equations

S 4.1 Derivation of governing equations

In the following derivation reference is made to fig.Z2.9.

Strain distribution across depth of any member subjected to known
values of direct force and moment and corresponding to a known o - ¢
relationship can be found, refer to section 5.5.71.

e = f(M, N)
Hence strain in top timber flange may be expressed as:

€.

and that in plywood web may be expressed as *

g, = £(My,N,)

Hence strain difference between top flange and plywood web at point of

shear transfer may be expressed as !



MLET
o
N

ulg

Flanges Web

M
I- @ 1
(1) (1)
d y 1 I —————=u= N, & 4,
®
r
Levels at which strains My
d and stresses are calculated N
2 Y 2
L ~(2) S
. N.A.
rs
| ©
- 3
-
s 1) Qgee—F—=="e== N3 g————>-03
‘ ] (3) (3) T T
- '_I » @
" by b b3
P 2

Top timber flange is designated (1)

Bottom timber flange is designated (3)

Plywood web is designated (2)

Strain or stress is designated €j,j or T4,j

where L = number designated to beam part under consideration e.g. top fange(1)
j = number designated to level at which calcuiation is made

Fig. 2-9. Forces at any section across the depth of a semi-rigid plywood-web I-beam

—gg—



strain difference

Noting

Then

and since

Then

similarly

where

Also

Then
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= g, - & = f(M’l’ M2,
N, = f(N,l, NE)
M, = f(MeX,N1,N3)
My= 1 (Mex’N’l’NB)
17 = T NN
dsd . .
= = strain difference
da1
& = T NN
da3
ax = g(Mex’Nﬂ’NB)
a,l : slip between top timber flange and
plywood web
53 : slip between bottom timber flange
and plywood web
Q =gs = ksFGf(a)
k k
N
& = AT e
qu ksﬂkg1
— = £(3)
ax S, 1
dN k k
3 . LB s
= £(%,)
dx s 3

2.21

2.22

2.23

2.24
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5.4.2 Features of governing equations

The problem is described by the generalized differential equations

(2.21 = 2.24) in terms of the variables N, N3,51 & & The solution

3
of the problem'is found if the previous differential equations are solved
for N1, NB’ 51 & 53 at different points along the beam and the boundary
conditions are satisfied. The following features of the governing
differential equations may facilitate the evaluation of the model at
different points along the span and also, in some cases, its solution.
(1) The governing differential equations (d.e.) 2.21 - 2.24 may be

linear, partially non-linear or totally non-linear depending on

whether Q - 3 felationship for joint is linear or non-linear and

also whether g -~ ¢ relationship for timber and plywood in compression

is linear or non-linear.

(a) Linear Q - 8 relationship:

In this case equations 2.23 and 2.24 are linear and depending on
whether ¢ - ¢ relationship for timber and/or plywood in compression
is assumed to be linear or non-linear, the governing d.e. may be
classified as linear or partially non-linear respectively;since for
the first case equations 2.21 and 2.22 are linear and analytical
solutions are possible while for the latter case equétions 2.21 and

2.22 are non-linear and some numerical procedure is required to

evaluate them at any point along the beam.
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(b) Non-linear Q -& relationship

In this case equations 2.23 and 2.24 are non-linear and depending
on whether g - ¢ relationship for timber and/or plywood in compression
is assumed to be linear or non~linear, the governing d.e. may be
classified as partially non-linear or totally non-linear respectively )
since for the first case equations 2.21 and 2.22 are linear while
for the latter case all equations 2.21 -~ 2.24 are non-linear and a
numerical procedure is required to evaluate equations 2.271 and 2.22
and to solve the model over the whole span.

(2) Solution for the rigid case is obtained by setting nail spacing to

dN1 dN3
% 0, say 0.01, as this will make —— =

a small value or s = P

17 53

very large and hence forcing strain differences between flanges and

web to be very small.

5.5 CGoverning simultaneous differential equations for a linear

flangeQWeb force-displacement equation

A linear Q - & relationship of the form described by equation 2.19
is assumed to describe the load-slip curves of the joints and hence

equations 2.23 and 2.24% will read as follows:

av, k,
ax - E: 61 - 2.2%(a)
aN X
2 _ 3
BT 5, ®3 - 2.24(a)

Evaluation of equation 2.23(a) and 2.24(a) for any point along the beam
is possible for given values of 5, and 63. To evaluate equations 2.21

and 2.22 both linear and non-linear « - ¢ material behaviour should be

considered.
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5.5.1 Linear ¢ - ¢ +timber and plywood in compression

The stress distributions across the depths of top timber flange,
plywood web and bottom timber flange relevant to the assumed ¢ - ¢
relationships are given by fig.2.7(a).

Referring to figs.2.9 and 2.7(a) we get the following equations.

It should be noted here that N1 and N3 are treated as positive values
that they take their respective correct signs in the final equations.
= A
Npo= FEA e, v oe)
N . ~2.25
174, 127 M ‘ -
N M, d '
1 171
OR ¢, = = - 2.26(a)
11 E,]A1 2E1I1
N M,d
1 171
£, = + - 2.27(a)
12 E1A1 2E1I1
Similarly:
N
thq = Ei - 2;42?2 - 2.26(b)
22 272
N M.d
2 22
e = - - 2.27(b)
2k E2A2 EEZI2
N M.d
f33 = Ei - 2E31:3 - 2.26(c)
33 33
N M.d
2 52
2= Eh + 5T - 2.27(c)

33 33

and
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It is worth mentioning that all these strains may be evaluated if values
of Nq, N2, Nz, M1, M2 & M3 are given and that the strain distribution
relevant to the assumed stress distributions are dependent on the magnitude
and sign of these variables.

In the case consideredin this thesis, the joints centre of gravity

lies at mid-depth of the top and bottom flanges, hence the strain difference

between web and flange is assumed to occur at these points, i.e.

ds 2d -d
= = -2 5 - [524‘751;—1'( 24 = ‘21)] - 2.28
Noting:
M = M +M2+M3+N3(; T )+N ST - 2.29
and for simply supported beam
ZN =0y or N2 = - (N1 + N3)
. -d2‘§¥ EM1I i EMi =EM§ =Me-5{N5(rl;3)+N2r1 om0
dx 171 2-2 %73 “

and substituting values of c yeq51 % & <, from equations 2.26 (a and b)

v

and 2.27 (a and b), we get:

as r M
1 g . . 1 TqT3 ex
== LW trsatam ) tNSEas e )t s

171 22 2 2



Similarly

OR

it may be found that:

2

: r,.r r M
= NG 1 - ;El ) + NB(E1A + E1A +'zg-l = E;T
T2 273 272
= KaN1 + KbN3 + KCMex(x)
= KN+ KdN3 - KeMeX(X)
2
R O I
E A, E A SEL
= 1 Tq1T3
EA, TEL
I‘2 I‘2
_ J K = o
= ZEI 3 e - EEI
L2
1 3
= Ea Y Ea. t oEEI
33 22

Equations 2.21(a), 2.22(a), 2.23(a) and 2.24(a) describe

model and may be evaluated at any point along the beam if values of N1, N

61 & 63

are given.

3

- 2.21(a)

- 2.22(a)

the linear

37

The procedure to solve the model along the whole span.

is given in section 5.7 and an analytical solution is possible and is

described

5-5-

in the same section.

2 Non~linear o -~ «

timber and plywood in compression

The stress distributions across the depths of top timber flange and

plywood web for timber and plywood in compression relevant to the assumed

g -t

relationships are given by fig.2.7(b).
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Equations 2.271 and 2.22 cannot be evaluated at any point along the
beam using analytical equations as in the case of linear ¢ - ¢
relationships, and hence the following iterative procedure is adopted to

evaluate equations 2.21 and 2.22 for known values of N, and N,.
2

1
Step (i)

(1) Assume linear ¢ -e¢ relationships for timber and plywood
in compression, fig.Z.?(a), and also noting that a linear ¢ -¢
relationship is always assumed for timber in tension.

M., and M

(2) Assume an initial curvature 60 and then find Mq’ 5 3

from equation 2.30.
(3) TFor known values of N, N5 (and hence N2) and also the

calculated values of Mq’ M2 and M5 from (1) above, find the strains

120 210 221 S5z & 3

b & c), 2.27(a, b & c¢). Also the corresponding stresses are found.

£

€410 from equations 2.26(a, b & c), 2.27(a,
Step (ii)
Z . ey :
If €41 > E1y and €59 < i*y then linear stress distribution assumed
for the flange is incorrect and is abandoned and a non-linear stress
distribution is adopted, refer to fig.2.7(b).

The procedure is as follows:

(1) Assume the same value of the initial curvature 60 as used

in step (i)
(2) M, and M5 are calculated from eqn.2.30.
(3) M1 is calculated as indicated by one of the following two

cases, refer to fig.2.7(b).
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Case (1) Reference is made here to fig.2.10.
_ €41 Tiy
T X
AN T—F 1 .
d Ny 2
1 Lae
ny €12 1 012
\\ 1 N |
\ | N
1 Y N

Fig. 2:10. Case(1); Non linear stress distribution for
timber in compression flange

A similar procedure to that of section 4.2.2, steps i~v, to find

the position of the neutral axis is adopted. n, is found to be given by

n, = b-\/ﬁ)a—c] - 2.31
£
where b = d, + -
1 5
(e}
N B .Y 2Ny
1 6, E. D, 6o
Sy
h,I = n,] - 5 - 2.32
(e}
19 =88, s fp = (mg = A8,
oqp = B8yl =~ dy) = 2.35
.
¢ [3erg " + d108,-0) oy ytay )] -
! 3[04 (40 ) ag %0, ) ]

N,
M, = 5 (X - dq) _ - 2.35



- 6 -

If n,«< d,, then distribution according to Case (1) is abandoned
-and that according to Case (2) is adopted.

Case (2) Reference is made here to fig.2.11.

€1y. Ih1 — Ih1 )
1

N

€12 O

Fig. 2:11. Case (2); Non linear stress distribution
for timber in compression flange

n, and h, are calculated from equations 2.3%1 and 2.32 where,

1 1
tq = B8 4 ep = (4mg)B s aqp = Byg(dny) - 2.36
M, = 3¢, h Zb + 1« (n,~h )(n +2h )b, - 2N _d
1 % 20 P11 T B MMM TP T 20

1 2
- Z&,00a,-n,) (2d1+n1?b1 - 2.37
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(%) TFind internal moment for the whole cross section at any point along
the beam from equation 2.29. Check that total moment in section as follows:

M - m

< —
ex in| - EMex 2.38

where ¢ is thedesired accuracy

If equation 2.38 is not satisfied then a new curvature 6, closer to

the correct curvature is found in a way similar to that given in section

4.2.2 (step vii~b) for the rigid case. Having found 6,, the procedure

1’
given in step ( 2) is repeated to find 62 closer than 61 to the correct

curvature and this procedure is repeated several times to find en (where
n is number of iterations) such that equation 2.38 is satisfied and hence

en is approximately the correct curvature.

(5)

917 2 & 540 corresponding to the correct stress distribution have

been automatically calculated. They are stored separately.
Step (1ii)

If ¢. >

1 céy, linear stress distribution assumed for the web in

compression is incorrect and is abandoned and a non~-linear one is adopted,
fig.2.7(b).
(1) From the assumption that flange and web have same curvatures, then

initial curvature 6  is either obtained from step (1) if e, < ¢

11 1y

or from step (ii) if £11> a5

(2) M3 is calculated from equat%bn 2.30. = y and corresponding

33’ 3

stresses are also calculated.

(3) M, may either be calculated as in step (i) if Le, or as in

1 11 &4y
step (ii) if eq > Syt Also corresponding strains ¢, ande

11 127

and stresses G141 and 2PN are calculated.

(&) M, is calculated as given by eqn.2.43.
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€24 O24

Fig.2-12, Non linear stress distribution for plywood in
compression

Similar to case (1)

: 2
n, = b - Vo -c] - 2.39
2N
2 £2y.2 2
where b = 4,7 + (=" -
2 Bo E,b 0,
N, = _(N1+N3) for no end direct forces i.e. s.s.beam
2y N
h, = n, -—5, - 270
©q =050 4 e = (da_n2>eo v Oy = Eze(d-nz)eo - 2.4
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- [ — _2
r. =1 - r_ = 4. =1, _212
1 2 2 ! 5 2 22 -

2 1
_1 1 - 1
M, = Foy B0y + g, (ny=h,) (ny+2h,)b, 30 d,
5 o(d. -n)° (2d.+n.)b - 2.43
oo a1ty ot/ .

(5) Find internal moment for the whole cross section at any point along
the span from eqn.2.29 and check equation 2.38, if it is not satisfied
a procedure similar to that given in step[(ii) - 4]is implemented
until equation 2.38 is satisfied. Also Shpr ol and g ol

corresponding to the correct stress distribution have been automatically

calculated.
Step (iv)

Having determined the correct stress distributions and corresponding
stresses and strains in top timber flange, plywood web and bottom timber
flange, then the strain difference between the top timber flange and the
plywood web and also between the bottom timber flange and the plywood
web at the points of shear transfer (in this case at mid depths of both
flanges) may be calculated. Hence equations 2.21 and 2.22 are evaluated

for given values of N1 and N, at any desired point along the beam.

3

5.6 Governing simultaneous differential egquations for a non-linear

flange-web force displacement equation
A non-linear @ - & relationship of the form described by, eqn.2.20
is assumed to describe the load-slip curves of timber to plywood joints

and hence equations 2.23% and 2.24% will read as follows:
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an k  k 0.6

& = s, (k134 +.59) (1 - 87°1) ~ 2.23(b)
aN,  k .k 0.6

5 _s3@3 ~758
= - (4.163+.59) (1~e 3) | ~.2.24(b)

3

Evaluation of equations 2.23(b) and 2.24(b) at any point along the beam is
possible for given values of ﬁi and 63.

The two cases of linear and non-linear g -¢ distributions for timber
and plywood in compression considered in sections 5.5.71 and 5.5.2 will be

considered.

5.6.1 Linear o - ¢ timber and plywood in compression

In this case equations 2.21(a) and 2.22(a) will apply and their
evaluation at any point along the beam is possible for given values of
N1, N3 and Mex’ refer to section 5.5.71.

5.6.2 Non-linear g - ¢ timber and plywood in compression

In this case equations 2.21 and 2.22 will apply and both equations

N

can be evalusted at any point along the beam for known values of N1, 3

and MeX following the procedure described in section 5.5.2.

5.7 Analvytical solutions of governing differential eguations

5.7.1. Limitations to linear stress-strain and force-displacement

equations

A linear model is described by equations 2.21(a), 2.22(a), 2.23(a),
and 2.24(a). It is described as a linear model because both the g -¢
relationships for timber and plywood in tension and compression and also
the @ - & relétionships for the joint are assumed to be lineara all points

along the span and load levels.



Equations 2.21(a) and 2.23(a) may be combined together to give

eqn.2. 44
s,I dZN1 .
T{T 2 = KaN,l + KbN3 + KCMex(x) - 2,44

and also eqns. 2.22(a) and 2.24(a) may be combined to give eqn.2.45

dEEB
3= = KNy o KN - KM GO - 2.45

>3
k3 dx

Equations 2.44 and 2.45 may be reduced to one fourth order ordinary
linear differential equation with constant coefficients in terms of N

1

or N, as follows:

3
L 2
- ;? K, Qfgigifl +[#CKd + KbKej}Mex(x) =0 - 2.46(a)
%%%_ ;—::Kd + —i—?{a %_ [K‘ba-KaKd}NB
T fffészl.— [% K + K K ] M_(x) =0 ‘ - 2.46(b)
ky e 42 a e c ex )

equations 2.46(a) and 2.46(b) may be solved for any loading condition
and boundary conditions.
Booth (1969) derived equation 2.47 for a symmetrical semi-rigid

simply supported beam. His equation,
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E_ﬁi. k ._jil___ N = k g&zﬁf& r 2.47
- 5 = - I - 2.
de s EfAf BT bl s iE

may be derived from any of equations 2.44 3nd 245 by

substituting for Ka’ Kb, KC, Kd and Ke and also noting the following s

1 3
k = k1 = k3
r = I‘,I = I‘3
Ef = E1 = E3
Af = A1 = A3
Nf = --N,I = N3

5.7.2 Solution of governing differential equations in

terms of flange force

In this thesis equation 2.47 is solved for a symmetrical semi-rigid
simply supported plywood web I-beam under four point loading - refer to

fig.2.13.



—3

[N
g
o

(n) (p)

P
- = S.F.D.

Fig. 2-13. Bending moment and shear force diagrams
for a s.s. beam under four point loading

The beam is divided into 3-regions m, n & p as shown in fig.2.13.

Equation 2.47 may be rewritten as follows

2
a“N E.A
L a2y = -a EL N (x) - 2.47(a)
2 f EI ex
ax
where A = l ﬁ
¢ 2
2 e
and C = s EfAIZEI /(kLET) - 2.47(p)

Solution for equation 2.47(a) along the whole span is given for

regions m, n and p separately as follows:
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Regionfm) -~ 0< x £1

EfAf P
New = X 4 Sinh >\x+KmZCosh>\ X+ g rIx - 2.48
Region (n) - 1< x < (L - 1)

EfAf P

an=Kn’l Slnh)\x+ancosh>\x+-=ﬁ—rEl - 2.49
Region (p) - (L -1) <x< L

EfAf P

= i A ——— S — ~ 2

pr Kp,] Sinh A x + sz Cosh N x + —=~1 3 (L, = x) 2.50

where Km’l’ sz, Kn’l’ an, Kp’l’ Kp2 are constants and may be determined

by applying the following boundary conditions

At X =0 me = 0
At X =1 . me = an
dNe, ANy
ax - dx
At x = (L-1) N o= pr
den _ dep
ax - dx
At x =1L pr = 0

Substituting these boundary conditions in equation 2.48, 2.49 and 2.50,

solving and rearranging we get:
P EfAfr .
= ~— ———ce i i A e — S s
N. = 3 ET H:Coth AL (SinhAl + Sinh A(I-1)) - CoshA(IL-1)

- Coshkl] SinhAX + A X - 2.48(a)
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P EfAfr ]
an = 3 S5 3[Foth AL (Slnhxl + Sinha(L-1) - CoshA(L-l)) Sinhix
- SinhAl CoshAxX + AL z - 2.49(a)
EfA r '
P £ [ : X ] .
N =3 AE i CothaL (Sinh A1 + SinhA(L - 1))| Sinhax

- [SinhA(L -~ 1) + Sinh Al] Coshax + A (L = x) g - 2.50(a)
Equations 2.48(a) and 2.50(a) are found to be similar and this is evident
from symmetry of loading. Accordingly equations for interface shear (q),

bending deflection (wb) etc. are given for regions m and n only.

5.7.32 Deflections due to bending

From. eqn.2.30, for r = Ty = r3 and N2 =0
—dzw B Mex(X) - 2Ngr 3 M B Me 5.51
= )i = = - 2.
dxz ZE E2I2 EfIf
From 2.47(a) we get
a°N E
N _1____'-E+..ff£rMex(X) - 2.52
f7 2 2 KL
dx
substituting Nf from eqn.2.52 in eqn.2.51 and rearranging, we get
2
a2 ) Mex(x)' W o © Eh, 4N, 1)
_——= — ——— I . — -
an EI k ZE dxa

substituting values of MeX(X) for regions m, n and p and integrating

eqn. 2.51(a), we get



dw

s

d
—D
dx

where G , H ,
m m

Ny

=
v
i
A&

P 3

12 T L

A

n

o 1}
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EfAf me a
EL dx m
E_A

wln

|0

=~lm

2
P Ix

EfAf den .
EI dx n
E_A
ff
3T an + th + H£
E dN
s fAf fp + G
k EI dx P
A
s f
2r ” o pr + pr + Hﬁ

ET T

G , Hn, GP and Hb are constants of integration and

may be found by substituting the following boundary conditions

At x =0 w
m

me

At X =1 W
m

me

At x = (L=1) W
an

0
0
dw dw
n; n o _n
dx dx
dem B den
fn ’? dx dx
dw dw
W y
p dx ~
- den B deP
fp '’ dax =~ dx

- 2.53

- 2.54

- 2.55
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At x =1L w =20

=
Il
(@)

fp

Substituting values of Gm, Hh, Gn & Hn in 2.54 and 2.55, we get

Px

- 2.54(a)

- 2.55(a)

- 2.56

- 2.57

Bx PL1 1 s ©'¢T
wo==omt tIET O - Pty E Vg
_ P2, P PO s Bty o
Yo = IET IEL. ~ 72B1 x EI fn
5.7.4 Bending stresses in the flanges
Op = =017 T I3y
N
D S S
- A
T If 2 P
using equation 2.51, we get
Ef Nf
Of = SEET (MeX(X) - ZNfI‘) df +A_;
substituting values of Mex(x) and Nf for regions m & n and rearranging
we get:
EfA r E d.r E 4
P bl s . 1 f f f f
O = 7 TAET K St e (- ) - gEg
E r s E d.r E d
p Bgler o 1 £f £ f
= e e A —_—
Sen = 5 T (gfﬁlnhxx + ancoshAx + A1) (A EEI) * SET

£

- 2.58
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where:
’ A
K, =3 K _=CothaL (Sinmal + Sinha (L-1)) - Cosh A(L-1)- Coshal  -2.59
m1 Kk m
7/ A .
K ==-K = Cothh L(Sinh ALl + Sinh (L-l)) ~ Cogha(L-1) ~2.60
m Kk m ‘
’ A _
Kn2 = E&— Kpa = -~ Sinhx» 1 -2.61
EA
P ff
and Kk =3 - r . ~2.62

5e7e5 Bending stresses in the web

Oy = ~ 021 = Opy

similar to derivation of equations 2.57 and 2.58, we get.

E_d E_A
P 2 2 £'f 2 7 s
- — &< - X -
dwm = T Sl [X 2TE—I— r (Km,lSlnhk. -MX)] 2.63
E_a 2E_A s, s,
P 272 £f 2 .
Sm = & —E-'ETI-[]. ~ 3Er L (Kn,lS:thA.X+ Kn2COSh>\X+)\l)] ~-2.64
nere K., K. and € iven b 2 2.60 & 2.61
where K ,, K , and K , are as given by eqns. .59, 2. .01,

5.7.6 Shear force at flange web interface

_ 4av
4= Gx

differentiating equation 2.48(a) and 2.49(a), we get:
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p EfAfr S )
P y ,.. . e e N
9 = 7 T B Q[COH“L (Sinhal + Sinha(I-1)) - CoshA(L-1) oshxl]
¥ Coshxx + 1_; - 2.65
EfA r
P £ . .
g =3 T% [COtmL (sinal + SinhA(L-1) - Coshk(L—l))}coshxx

- SinhAl  Sinha x § ~ 2.66

5.7.7 Shear stress at neutral axis of web

2
b =§E§(—A-2-d—2-)l+q=E(b2d2)"q"(M2)+q
2 xz dx - 8 I 20 8 dx ‘E,I
2 2z
daN
using equation 2.51 and noting g = = e get
E2b2d22 dMex(x)
T - -— -
%2 %z = T8I ax erq | +q 2.67
o M (x)) . i A
substituting values of g and d "'ex for regions m and n in equation
dx
2.67 and rearranging, we get
2
.| - & 22 p o Coshax (1 ~ T2 B EA r
xz| = 6 T EL T2 BEL  “ml =22 +p By - 2.68
m z )-I-}:EI o~ =
2 b,EI
2
p B[ » , 'l Bb,&r
T [ =2 b.EL Kn1 CQShAX * Kn2 Slnhh%] 1 T 4zrr |- - 2.69
xz In 2
’ / ’

where Km1’ an, and K

L 2re as given by equations 2.59, 2.60 and 2.61.
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Chapter 6 Numerical solutions of generalised differential equations

6.1 Outline of procedure

The generalised simultaneous differential equations are given by
equations 2.21, 2.22, 2.23 and 2.24. They are described as generalised
because any of the governing differential eguations described in sections
5.5 and 5.6 may be derived from them and evaluated at any point along the

beam for given values of N1, NB’ 61 and &_. Evaiuation of the model at

3

any point along the beam means evaluation of the first derivatives of

8 5,, N, and N,. The procedure followed to find a solution to the

37 3

model over the whole span such that the problem boundary conditions are

1,

satisfied may be summarised in the following:

(1) Set co-ordinate system at left-hand boundary point of the beam and
divide the beam into equal intervals of length (H) as shown in
fig.2.6.

(2) Calculate moments and shear forces at all nodes along the beam.

(3) Set boundary conditions of the problem, i.e. in case of simply

supported beam boundary conditions are N1 =N

3 = 0 at both boundary

points.

(4) Find first derivatives of N, NB, 8, and 63 at left boundary point.

This is done by evaluating the governing differential equations for

assumed values of N1, N3’ 8, and &, at that point. In the case of

1 3
a simply supported beam N1 = N_, =0, % and %, are guessed as shown

3 3
in section 6.3.1.
(5) Having found first derivatives of N, NB’ 5, and 63 at left hand

boundary point integration is advanced to the next node using the

predictor corrector method as described in section 6.2.2.
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6.2
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Using a similar procedure to that given in step (5), integration
is advanced from one node to the next until the second boundary point

where calculated values of N,I and N3 are checked against the known

boundary conditions. If boundary conditions are not satisfied, then

the guessed values for 8 and &, are not correct and new guesses

1 3
are made at the first boundary point (at left-hand support) such that

these new guesses give closer values of N,I and N, to the desired ones

5
at the second boundary point (at right-hand support) than those
obtained from the initial guesses. The method used to obtain
convergence towards desired values of N1 and N3 at the second

boundary point is described in section 6.3.

Numerical integration algorithm.: Predictor corrector method

The method which has been adopted in this thesis to integrate the
governing simultaneous differential equations is the predictor
c¢orrector method.

It is one of the methods by which first order differential equations
may be integrated numerically. Other methods include Runge Kutta
method whose disadvantages in relation to the type of predictor
corrector method adopted in this thesis are discussed later in this

chapter.

6.2.1 Choice of predictor corrector type

When choosing a predictor corrector type, three objectives should be

aimed at :
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(i) Low truncation error

(ii) Large margin of stability

(iii) Protection against round-off troubles
It is difficult to meet all three objectives as they are somewhat
incompatible. Truncation errors arise from finite approximations for the
derivatives. Propagation of instability errors arise from solving
approximate difference equations which do not correspond to the solution
of differential equations. Roundoff errors arise due to certain combinations
of coefficients in the finite difference formulae. According to Hamming
(1959, 1962) the corrector formula plays a more significant part than the
predictor, hence its choice is relatively more important. He also suggests
that the Milne method modified according to Hamming provides a relatively
stable corrector formula that compromises between truncation and stability
problems. He also reported that his modified formulae were tried on a
range of problems and were found to work for average problems, i.e.
problems with average stability and truncation errors.

6.2.2 Milne type predictor corrector method due to Hamming:

The model may be solved along the beam from one node to the next by
applying the following formulae_to predict the next value of one of the
variables, modify it to compute a modified derivafive, compute a corrected
value using>that modified derivative snd then applying the predicted and
corrected values to find the value of that variable at the next point.

(m+1) (m+1) (m+1)
(m+1) 9 - 54
W,

= W + Tsre v - W 2.70
i i c 121-5Kb i i

]
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four model equations -

where
(m+1)
v, oy, m=3) [2%‘“ - u‘f.’(m'” « 28 | (-2 2.7
i i 3 i i
Y
(m+1) _ K n N (m-1) X (m-2) ulk g (m+1) x L » m=1
Y4 = MY Kb e c i d :i.).e e J +wa4
‘r
2.72
and
¢ (m+1) (m+1) (m+1)
il, T EXer % ceee ¥ ) 275
m m
o} o}
(m+1) _ . (m+1) 112 m . -
Yi = i 121-5b | %4 =N .
my p p c..
9(1-Kb) (Kb-1) 9-Kb
Ky = 75— K= K = T
2.75
7 7Kb+9 17Kb-9
Ke = ™2 v Ky = TR
where subscripts
p = predicted value
cr' = corrgcted value -
m, = modified value
i = variagble index -~ i =1, ... in and in = number of variables
and equations. In the case considered in this thesis in =4
corresponding to the four variables (Nq, N2, 61 & 63) and
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m = point considered along span, m = 5, ... m, (m>35)

m
n

L/H + 1
It should be noted that

(m+1) m+1

AE1 - Y%

p Cn
-will be assumed to be zero for the first point as it cannot be evaluated
for that point.

Obviously to use a predictor corrector method of the type suggested
here, one needs four starting points.‘ The procedure adopted here is to
use the Runge Kutta method of the fourth order to integrate up to the
fourth point when it is abandoned and the predictor- corrector method of
the type suggested in this thesis is adopted. The formula used to

integrate is given as follows:

m m m Im
m+1 = w.m + l[P. + P, + B + P, ]
vy i 61714 i i 1‘
1 2 3 L
Let;
m m m m m m
v, = f( x, v. .. w) 3 w (X)) = w,
1, 1 1 1 1
Then':
Pl = Hf(Xm, Y m see winm)
1
m p o3 |m
. m m il g M Inh ) 6
y = Hf(x.+ A 5 0 oeee s My + - 2.7
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m p m e m
- m H m i 12 m n I
= 3 - v, _— cee ¥ —_—
P Hf(x + > .t 3 , Yt 3 )
3
: 5 L I8
m H m 113 n
P = _ v —_ oo V] —_—
4 Hf (x + > L+ 3 , , 0wt 3 )
"

The advantages of this type of predictor corrector method are that:
m m
- v,

5 is an indication of the optimum
p

C
r

(a) the numerical value [wi

step size. 1If the value is too small, theﬁ the step is too short and
computer time is wasted, whereas if it gradually grows large, then the
step size needs to be shortened. If it suddenly becomes large, then that
is an indication of a local computational error. Thus the method supplies
a means of finding optimum step size and offers a way to check local
computations.

(b) Also it requires two evaluations for the derivatives for each step
forward, compared with four evaluations in the case of Runge Kutta and
hence about half the computer time is saved for each step (Hamming 1959).
| According to Hamming (1962), the main disadvantage of the type of
predictor corrector method adopted in this thesis is that the high degree
of accuaracy, i.e. low truncation errors, obtained from the original Milne
methbd is lowered. This is because Hamming has compromised between high
accuaracy obtained from Milne's method and instability as Milne's method

may be unstable.
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In equations 2.70 and 2.72 the parameter Kb due to Hamming is a
parameter to control stability and truncation errors. He reported that
for absolute stability the parameter Kb must satisfy (-;%«:Kb<:1). He
also found that the truncation error increases linearly as Kb goes

6
ETox He suggested that the parameter Kb takes the value

from 1 to -
zero to compromise between stability and high accuaracy. This value for
Kb is adopted in this thesis. It is worth mentioning that by setting
Kb = 1, Hamming's modified equations (2.70 - 2.75) are reduced to the
oriéinal Milne equations.

Also a disadvantage of this type of predictor corrector method is

that it requires a starting procedure.

6.3 Convergence criteria

A solution of the model over the whole span is achieved if the

following criterion is satisfied at the second boundary point.

’N1 - Nf1] < gy |

- 2.77

and

| - N/B} < NB‘I

% / .
where:N1 and N_,are computed direct forces at the second boundary point

5!

N, and N_,known values of direct forces at the second boundary

L 3

point, i.e. boundary conditions

£ Desired accu racy
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This criterion may not be satisfied from the first guess of &, and &

1 2

at the first boundary and hence the need to find improved guesses for 5, and &

] and[|N3"N3
[E ‘ qu] *]. and [ E! N3 , . respectively. To find improved

3

] converge towards

such that the numerical values[lN,I - N1

.guesses the following systematic procedure is adopted. This systematic
procedure may be summarised in the following routines.

6.3.17 Direct search routine

To apply a direct search routine the following definitions are
made:
(i) Upper bound slips:

Are those guessed slips (6,I and 53) at first boundary point that may

yield a solution to the model such that the obtained values of N,I

and N3 at all points along the beam are higher than the correct ones.

(ii) Lower bound slips

Are those guessed slips 5, and 63 at first boundary point that may

yield a solution to the model such that the obtained values of N,I and N3

at all points along the beam are lower than the correct ones.

(iii) Good guesses for 5, and &

1 3
Are those gueses for slips 5, and 63 at first boundary point that
may yield a solution to the model such that the shapes of the
solution curves for N,I and N3 along the span are evident. In the
cases considered in this thesis the criterion that is adopted to
determine the shape of the solution curve over the whole span is that

a change of sign for the derivatives of quand N3 is encountered over

at least one third of the span, fig.2.14.
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Fig. 2-14. Variation of N, and N; along the span
for any two guessed values of 8, and 0,
at left hand boundary point

This criterion is found by trial and error and applies for the cases
considered in this thesis. The object of finding a good guess is that
the direct search routine may be abandoned to a faster directional search
routine which is based on linear Newton Raphson method to find solutions
of simultaneous equations. This method needs good guesses to obtain
convergence.

Having defined the previous expressions, the procedure to apply

the direct search routine may be outlined as follows:
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3

Certainly, in some cases good guesses may be made, e.g. when solving the

(1) Guess upper and lower bound slips 61 and &, at first boundary point.

general non-linear model described by eqns. 2.21 - 2.24 for a simply
supported beam where a linear model may be correctly assumed at low loads
and solved analytically to find good guesses for 61 and 53 at the first
boundary, whereas at high loads parabolic extrapolations from low load
results may ﬁrovide a way to find good guesses at these load levels;

or at least if good guesses are not achieved, upper or lower bound guesses

near enough to the correct guesses may be achieved.

(2) 5, and 6, are found as follows :

1 3
Ad I & ]
= - m
1 % 1\
- up Lo '
_ 1 / . - 2.78
AS = 18 - & m
3 “SL 5|
ys) Lo
&
where: 1 ‘up’ 53’up are upper bound slips at first boundary point,
8 8 '
1 \Lo’ B'Lo are lower bound slips at first boundary point
m number of increments chosen .

and § respectively,

48 and A5, increments are added to 3
Lo Lo

1 3 8
1,0+, m times such that all combinations between upper and lower bound
slips for 51 and 53 are iterated until a good guess or a solution is

obtained.
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(3) If a good guess is obtained, then the direct search routine is
abandoned and the directional search routine is adopted to find a
solution.

(4) 1If after incrementing up to both upper bounds of &, and 53, neither

1
a good guess nor a solution is obtained, then that means increments chosen
are large anq hence smaller increments are chosen, i.e. higher number of

m. Following this procedure it is found that a good guess may be obtainedj -
but in some cases when coarse guesses of the upper and lower bound slip

are inevitable, a considerable amount of computer time may be used to

find a good guess such that the direct search routine is abandoned to a

faster directional search routine.

6.3.2 Directional search routine

Having obtained a good guess, then the directional search routine is
applied to obtain a solution to the model over the whole span, and
satisfying the criterion given by eqn. 2.77, faster than if the direct
search routine is used.

This routine is based on Newton Raphson method to obtain solutions
to simultaneous equations and on the principle that since we have four
coupled equations in four variables and since any change in any one of
the variables at any point along the beam will produce changes on the
other variables at all points on the beam, then incremental changes on
the slips 84 and &, at first boundary point will produce changes on the

3

variables N, and N, at the second boundary point. Based on these principles

1 3
the Newton Raphson method may be applied as follows::
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Assume N1 and N, at second boundary point are given by :

3

F(s,, 8,) = N*

1 1
2 - 2.79

- *

Gey, 25) = Ny

Also 61 ,0 ; 65,0 initial guesses

61!1-’ 65]1 : first approximation for 8, and 65 at first

boundary and assume these guesses are good

close approximations to the correct 5, and &

1 3’

and N_ near

1 3

enough to the correct ones at the second

so that they produce values for N

boundary point (N1*, N_*).

3
OR;
F( s, |, s, ) = N*
ool -
- 2.80
a( 61]1’ 5311 ) = N,

Bxpand eqns. 2.79 i.e. F(61, 65) and G(61, 53) as Taylor series about
(s

) truncating each after first derivative terms, i.e. linear
0

, 6
¢}

TR

approximation, we get:

Xe)
F(61r 53P = F(a1lo, GB'O) + 5%; ( %]" 8, 0) + %fé% (551_ 53,0)
’ 3 ° = 2.81
G, o) = 6oy gl y %%1 (s, -2, R aG53 (5] 35 )
(4] o

substitute 2.80 in egn. 2.81, and putting
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48 = 51,“51[
4 o]
- 2.82
Ag = & [u )
5 3 3 o
we get
oF oF
or s 4+ 2& a5, = N *_-F( &5 |, &_|)
851 1 853 3 1 1 o 3 o
o o
- 2.83
.a_g. AS + BG AS = N_*
d8, 1 S: 3 3 ~al 8|, 63)
o 3 . o o )
o
Noting for a simply supported beam N’l* = N3* = 0, at second boundary
point, then :
-1
A
% 211 B 210
As3 821 B2 820
OR
84 1 %0 8227 " *2 B0 _
= 1
) - 2.84
As +
3 =210 %21 %11 %20
where
_ oF _ oF
849 = 36, | » %12 T s
3
o o
R - I
21 de,| ' P22 T 3
1 3
o o
8.10 = - F( 51 ) 831 ) . 8.20 = - G( 51 . 63l )
o o o o

849 8pp T Bqp 8y
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From 2.82, we find new guesses to be as follows:

l
o

“h

° - 2.86

)

<

The evaluation of eqn. 2.84 and 2.86 to find new guesses 511 and 63‘
1
1

necessitates the evaluation of 34191 3457 8591 8551 84q and aZO'

Since analytical functions are not available for F(sq, 63) and
G(Gq, 53) the following numerical procedure will .be used to find aqqr 2920
811 Bpp1 Bqp A4 Axge

(1) TFor initial guesses 51\ ) 631 at first boundary point, the model
o o
is solved along the beam using corrector predictor method as mentioned

are found at sécond boundary point.

before - values of N and N l
T, 31,
then: a,5 = - F(sq‘ , 63‘ ) = - Nq}
o o o
. - 2.87
80 =" G(51\ Bl = -
o o
(2) For initial guess 51l' add a small increment of n.5,| , such that
o o
81 l = 8 T 51\
o o o

’
and solve the model along the span forsguesses §1l0 and 5310 at first
1 K|

d N
ant Tz

1 at second boundary

boundary point and find vélues of N

o] (o]

point; then,
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61 61
- ! - N
N, N,]l N, q
a _ o o ~ 0 o
K — =
51‘ - 5 T8
o] o] o]
- 2.88
81 51
N, - N N - NI
a o 3 5 _ ar ur
21 = T =
A "5,
o] o] o]

(3) TFor initial guess 53\0 add a small increment of U] 83|O, such that

’

>

4
and solve the model along the span for guessess1loand6%0 at first boundary
8 & :
3

point and find values of N1 . and N3 03 at second boundary point,
then
63
N| - N1\
%12 % 07753\ >
o}
’ | - 2.89
N - N\
822 7 307763\30
o}

It should be noted that in equations 2.88 and 2.89 the parameter 7 is

-3 -8
found by trial and error to lie between 10 £ 7 £ 10 . It is found that
-8
faster convergence may be achieved towards the higher limit of 7. i.e. 10,

-3

while slower convergence may be achieved towards the lower 1limit,10,

i.e. higher number of iterations.



Having evaluated equation 2.84, now new guesses 61! and 63‘ may be
/I A

obtained from eqn. 2.86 and these new guesses may be used in the same way

and &

to obtaln new guesses &
2 3 2

as the initial guesses s, L and 53‘ 1‘
(o]

closer to the correct values of 5, and & This procedure is repeated

3¢

several times to obtain convergence to the desirel accu racy of N, and N

1 3

at the second boundary point.

6.4 Bending deflection

Curvatures 6 relevant to the solution of the governing simultaneous
differential equafions have been evaluated avtomatically at all nodes as
integration has advanced from one node to the next along the whole beam
span, as shown in sections 5.5, 5.6 and 5.8.1. These values of 6 are
used to find the bending deflection at these nodes as described in
section 5.3.3 using a finite difference approach.

6.5 Bending stresses in the flanges and web

Bending stresses in the flanges and web relevant to the solution of
the governing simultaneous differential equations have been evaluated
automatically at all nodes along the beam as integration has advanced from
one node to the next as shown in sections 5.5, 5.6 and 5.8.1.

6.6 Shear force at flange web interface

Shear force per unit length at flange web interface relevant to the
solution of the governing simultaneous differential equations has been
evaluated automatically at all nodes along the beam as integration has

advanced from one node to the next as shown in sections 5.5, 5.6 and 5.8.1.
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It should be noted that shear force at the flange web interface is the value
of the first derivative of the direct force acting on the flange under
consideration.

6.7 Web shear stress at neutral axis of web

Derivation of web shear stress at the neutral axis is based on a
linear distribution of direct stresses across the depths of the timber and

plywood. Based on this assumption we get from equation 2.320:
M M (x) + Nr - Npr
ex 171

) 33
E212 IEI

direct stress shear stress

—_—3

ba
d;
f'1 ’-é-—

d2 bo

q 93
'—‘>'__g_ l'3 . 5—

b2

Fig. 2-15. Shear stress distribution across depth of
plywood web



Referring to fig. 2.15 we get

2
a,, [(2r,l+d1) ] b,

T, T 3 8 I, *
2
. (2r1+d1) a4 Mex(x) + 1\111-,l - NBI-B .
= T2 8 ax — IR 94
E q
2 2 1 ‘
T = Bemr (Rt 47 (Vg - rsag) - 290

6.3 Computer programs

A computer program has been written to solve any of the sets of
the governing simultaneous differential equations given in sections 5.5
and 5.6 at different points along the span for a desired loading condition
such that the problem boundary conditions are met. A flow chart for that
program is given in the appendix. A general description of this program
may be summarised in the following:
(1) Read and check data, i.e. materials properties, beam geometry, loading
conditions, interval length (H), instruction to choose desired quel,etc.
(2) Find section properties and nodes along the span corresponding to

the chosen interval (H) and calculate moments at these nodes.
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(3) Guess upper and lower bounds of slips at first boundary point at
left support.

(4) Evaluate derivatives that correspond to the chosen model at first
boundary point for upper and lower bounds slips noting that N1 = N3 = O.
Integration along the beam is done by applying the predictor corrector
method. Upper and lower bound solutions are checked to find whether
a solution or a godod guess is obtained. It should be noted that
at each node the external moment is balanced against the internal
moment corresponding to the stress distribution relevant to the chosen
model. This is done in a separate sub-program which is called at
every node.,

(5) If neither a solution nor a good guess is obtained, then direct
search routine is applied until a good guess or a solution is obtained.

(6) If a good guess is obtained then directional search routine is applied
until desired accu racy at the second boundary ?oint is achieved.

(7) 1If a solution is achieved from either step (5) or (65, then
deflections are calculated at different nodes using the finite
differences sub-program which is described in section 4.3.3, and also
the web shear stresses and interface shear on connector are calculated.

(8) . Write slip, direct forces for web and flanges, web shear stresses,
interface shear on connector and deflections at desired nodes. Also
strain distributions across the depths of timber and plywood and
depth of compression yield from top flange edge are written at these

nodes.
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It is worth mentioning that the program is designed so that if the direct
search routine is abandoned for the directional search routine and that a
solution is not obtained using the directional search routine, i.e. failure
of criterion for a good guess, then the routine is designed to go back to
the direct search routine at the point where it was abandoned and find a
solution by direct search routine. This trouble is not encountered in the

cases solved in this thesis.
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Chapter 7 Shear deflection in plywood web I-beams

7.7 Assumptions
The assumptions that are made to derive shear deflection of plywood

web I-beams are summarised as follows:

(1) Linear o — ¢ relationshipswill be assumed for timber and plywood
in tension and compression, i.e. linear stress distribution across
the beaﬁ depth.

(2) Linear flange-web force - displacement equation will be assumed.

(3) Uniformly distributed load over the whole span of a symmetrical
plywood web I-beam will also be assumed.

(4) The general and additional assumptions mentioned in sections 4.2
and 6.1 will also be adopted.

7.2 Shear stress distributions

The beam layout and the assumed shear stress distributions across the
depths of the timber flanges and plywood web that are considered in this
thesis are given in fig.2.16.

Booth (1969) gave the following formula for flange web shear force
per unit length at interféce of flange and web of a simply supported
semi-rigid plywood web I-beam symmetrical about y and z axes and carrying
uniformly distributed load over the whole span.

) a X
Echer VO o (JC T)

i TPTE n Cosh (mx)  *
' vC L

- 2.91
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Fig. 2:16. Shear stress distributions at any section across
the depths of timber flanges and plywood web.
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z
er =2 k El
L
Ef=E’I=E3 and Af=A1=A3

d
7.2.17 Timber Flanges (Eé - d

jol)

. 2
e < =iz
f)‘z~2

Following similar derivation to that for web shear stress given in
section 5.8.5 and from shear stress distributions shown in fig 2.16 and

also from equation 2.971, we find:

E.|l d, 2
f 2 2t vV
Tpe = = 3 (2 ) - 2 TE] 1+ 2rK ., + qu - 2.92
where K = EfAfr 2.9
£1 -~ T El - 2.93
| nx
LC i (ZCT)
K = -1 - 2.94
ax ™ . x Cosh(_r_ X,
J L
7.2.2 Plywood web
d d
. 2 <z =< -2
(i) (2 - df)— 1= >
T and T will be found in a similar way to that used to find
xzwl AN :
txzf in egn. 2.92.
2
. B d
2 2 2 v
1 = "2 | G - 7| mr |1t e K - 2.95



!
-3
Q
-3
!

d2
33 < < — .
(ii) o0 = z = (2 df)
2 2
E d K K E d
2 2 2 £1 £1 2 > 2)
— AL (=) _ 2 =L —_— _— =) .
t&wa =V 2ET <(2 ) '7) * b, * b, (qu D 25kl 2rb2<K2 ) =27+

- 2.96

7.3 PShear strain energy

Shear energy may be calculated from the following eqn.

2 .
2
U = fﬂ a}ézdxdzdy - 2.97

volume

where U = shear strain energy.

7.3.717 Timber flanges

d d
P P
—_— P L —
(2 df)_ z 5
2 e
:
u, = ff—g(;’fﬂibf dx dz where 2J'dy = b,
£
area : ‘Eﬁ;
P

Substituting r from 2.52, we get

xzf
/2
2
2K_“b
£ 2% f 2 2
U =
£ 26, v dx
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where Kf

%

f2

Te3e2

U and lqw

w1l

U. in eqn. 2.98

£

£ K

L/2

Jvz 2 dax
"L/Z Qx

f2 - 2.98
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2IE|

[1 + 2rKf1 qu]

d> /o
4+ Z‘ﬂ dz

A
9
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Plywood web

> will be found in a similar way to that used to derive

d
zségg
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"2

G

wl K

u

2 Kw’l fvz sz dx

where

T

from eqn. 2.95, we get
L/2

& zwl

- 2.99
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E,
where Kw = TRl
Kw1 = Kf2
d2
+ 3 _ = (== .
(ii) 0 =z < (2 df)
2
U = "xzw2 b, dx dz
w2 —ER%;__— 2 .

substituting from eqn. 2.96, we get

L/2 5 L/2
b 2 K
2 2.2 £1 2
V= & % %1 [T%*® * 56 Keo ./;2qu ax
2 272
~L/2 ' -L/2
L/2
2K K
w 11 2
-G Kw23 j[Q quQxdx - 2.100
-L/2
where 1
2(d,-2d,)
L 22
a a, z 5
- B2 .2, Mag = 2 2, 5 I 5
K1 = €T >+ Ydz = ) [dz - 20d,7d,” + 30d,d," - 12d,

(4~
2(d, de)

Koo = J;?

0

3 (4, - de)
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2
ds 2 1,.3 2 3
Koz = JC5 - 20 a2 = 33 (4,7 - 6d,d,% + hag”)
0 *
7.33 Total shear energy
UT = Uf +L%1 + Uw2
L/2 L/2 L/2
2 2
- K Ve K _ |v@ -
wl J. U o ¥ uZ.I‘ Koz & - K3 J;anqud§' - 2.101
-L/2 _L/2 -L/2
where
b b b
. fy2 2 2y 2
B = @ % %ot G szKw1 T Ky Ko
f 2 2
g 2
K = I g
u2 G2b2 w22
. . 2K Ko, .
usd G2 23

7.4 Shear deflection at mid span

Shear deflection may be calculated using Castigliano's theorem which

may be formulated as:

oUT

3P

In the case of uniformly distributed load a virtual load P may be applied

Deflection due to force P = wg =

where deflection is desired to be calculated and Castigliano's formula

may be rewritten to find shear deflection as follows:

JU.
y _ % _ 9% av - 2.102
S dP 3V dP

Hence shear deflection at mid span may be given by equation 2.103.
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L/2 L/2 L/2
w = 2K .p (X 2yax  + 2K p J(xK 2)dx-zpr K _ dax
s ul U u2 gx u3 U qx T 2.103
o] o] o]
2 2 2. 2, 2
. P _ ~ _ Lo
substituting Q ~ = [1 + 2K, KqX] =1+ WK KT L}rKf,]KqX
then
r L/2 ,/2 L/2
_ L2 .
wo = 2p (C_, JX ax + cssz{qx ax + CstX K 8
— [0} [e) [0}
w_ = 2p Lcs,I Q, +Cp 2, + CsBQB] - 2.104
where
1 = K - 2.10
C . = Lr®..°K . + K _ - 2rK. K - 2.106
52 £1 "u1 T w2 £1u3 .
Cp = MK K. -K. - 2.107
L/2 2
Q. - . L
[ = fxdx = 3
o]
L/2 5

L=C
['(1-——1—-_

u
m Cosh 376

L
L

92 JXKqux
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L/2 L/2 13/2
L/2 T X X
/ 5 12C §sinndT T) 2Lvcf sinn(VC T)
93= quX X = —3 2"11 ax - - — dx + fxdx
w X' ——— - m J
o Cosh 570 Cosh E
0
2 2. L
Cosh” " * 3C761 n Coshz—s
2VC
2 2 L
_ pL 1 2w 2w _16C o, 1
Wy = g} 0 + € 2[;0 o (1 + 567 Y367 + o) 2 3 o ) + 1
S1 24C SES7C
o0 | & (1 - —1—) = 1 - 2.108
s3] »2 Coshm
2¥C
7.5 BShear stiffness factor using non-dimensional parameter o & B
d b
Define: o = 'd—f ) B = Eg'
2 T
assume m = -G—2 = Fé
Gf ] Ef
substituing d¢, B and m in equations 2.105, 2.106 and 2.107, we get:
K> 2 |
C_, = ¢ L 2E Pm + np) (10-150+607) + E (1-20074300 - 1207)

5
b.d.G.K- | kS
£ 272 15 is - 2.105(a)
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2 b 2
c -6 1 26" (1-a) aB(m+maB) (10—15a+6a2) Lo (1~20a3+30a4—12a5)
s2 " 5y 4 G.K° K, 2 2
f7272ig is
2 2 2 3 2.,.3
, 150 (1-;) (1-2¢) _ 30ma (1—;) (1-6a+ho”) - 2.106(a)
is
6 1 Kigna(1-a)’ [ 3, 2 2,  pu° 3k 5
C _ == - . o’ (m+m“B) (10-15a+607) + (1-200"+300 =120 )
35 p g 6K K.’ 2
fi272ig is
K. . . .
-5 Klg a (1-a) (1-6a"tha) V° - ' - 2.107(a) -
is
3
b.d
where K. = 1El/ (B f2 ) = 20” + mp
is f ——
12
— bfd?3 2
Kig = El/ (Ef ——1—5—-) = 20(3-6a+4a”) + mp
we define the following quantities:
¢ G.K. °
o1 = 2Pedpl Gy
g G.K, °
Csr = 2bfd2 2'ig CSE - 2.109
’ . 2
Cop = 2b,a,0K; “C o

using eqns. 2.109 and 2.05(a), 2.106(a) and 2.407(a), egn. 2.108 becomes

W = pLZ -~ 2.110
s 8bfd2G20s A
2
where : Ki
¢ = -—ﬁ—c, - 2.111(a)
s s



2 L
L4 ' ‘ A

C* = C 4C |—— (1 + 2% 2" .y .16 1] ) + 1
5 81782 coente 20T T 5026y "2 Coshfln

2VC : 2/C

6 (8 (e—T1 1y _ 4 - 2.111(b)
832 " Gosh=le
2%C

Shear stiffness factor for rigid case:

For rigid case,connector modulus tends to have an inifinite stiffness

”

i.e. k 302 and hence C -so. Substituting C = o in 2.11%and values of(:Sl
»

CSZ’ CSB’ we get:
cx = gﬂ{2a3(m+m23)(10—15a+6a2)+5m2(1-20a3+30a4—12a5)
2002 P 2. 3
+ 5 (1=20) (1=a) "+ 10ma(1-a)a-6a"+4a”) - 2.112
and
C = |20 (3-6atka®) + mp]® - 2.113
s J /C; y

Stieda (1967) derived a shear stiffness factor for figid plywood web I.
beams symmetrical about Y and z axes. His equation is similar to that
given by eqn. 2.113 except for the term (m + m°B) in eqn.2.112 which he
gives as (1+mB)2. This difference is because in his derivation he
adopted the transformed section approach whereas in this thesis the sum

of the shear energy of all components is obtained.
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7.6 Other loading conditions

A procedure similar to that mentioned in section 6.4 is adopted to
derive shear deflection for semi-rigid simply supported plywood web I-beam
symmetrical about Y and.z axes and under four point loading, fig.Z2.13.

The derivation is also based on shear stress distributions similar

to that given in fig.2.16, but appropfiate formulae are used to give Tt

T

. . . e
S and w2 corresponding to this loading. These formulae for .

and - may be derived in a similar way to equation 2.90 given

Zwa

to describe web shear stress at neutral axis in section 6.7. Shear

T
xXzwl

deflection may be given by eqn. 2.114 as follows :

Pb 2 b
- __t 2r 2 —_—2.114
W, = GZ [meZ + bf KW (Kf2+Kw'l )][1 —Ll»rQ,+ + 41‘295]!
1
z EfAf
where;Slq = qumdx = Km151nhkl =T rl
o]
1 s ‘ 2,2 2
2. | EAr . Eher
Q= [(K_ )ax= (Sinh2 A1 + 21 1) + —=—— K _SinhAl+—— 1
5 gxm L [ m1 71 2
o]
- K T
where ; K = Kr ACosh M + fAf
? Tgxm m’ El

4

and Km1 is given by 2.59.

xzf?

|
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PART TIII

EXPERTMENTAL INVESTIGATION
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PART IIT

Experimental Investigation

Chapter 8 Scope and objectives
The work described hereafter in part III of this thesis is of an

experimental nature‘with the following objectives:

(a) to establish mechanical and physical properties of small clear
specimens of timber and plywood used in the beam models described
in chapter 2.

(b) to establish the elastic properties of timber in actual sizes
used in the beam models described in chapter 12.

(¢) to establish load-slip curves for timber to plywood joints.

(a) to verify the theoretical work given in part II of this thesis
describing the behaviour of rigid and semi-rigid plywood web
I-beams in bending by testing four beam models, details of which

are described in chapter 12.

Chapter 9 Sampling and specimen cutting

9.1 Timber for flanges

The main requirementé that governed the choice of timber used in the
beam models described in chapter 12 were:
(a) it should have straight grains and freé from defects and also it
should be of uniform growth, i.e. no marked bands of spring and

summer growth rings.
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(b) It should be readily available in reasonable sizes such that there is
enough material to make the beam models and to obtain satisfaétory
and representative number of small clear specimens.

It was found that it was difficult to meet both requirements as at the
time of this experimental investigation clear timber was scarce in the
market. The first requirement was considered to be more basic than the
second one as failures due to local defects were to be avoided and also
to obtain reliable strain gauges readings straight grain timber was required.
Such timber to meet the first requirement and partly the second requirement
was found stored in Princes Risborough Laboratory of the Building Research
Establishment since the early 1940s. The timber was Canadian Sitka Spruce
which was stored conditioned at 12% moisture content. The timber was
available in four 4 x 6 x 96 inch joists.

The design of the models was then governed by the amount of timber
available and hence the cutting schedule was prepared bearing in mind that
after cutting the timber for flanges, enough material should be available
for small clear specimens and joint specimens. To achieve this, each
joist was considered as a separate unit and that it represents the
material for one model and that the flanges size was chosen to be
12 x 12 x 95% inches. It should be noted that the length chosen for the
flanges was based on the fact that the timber at the ends of one joist

was damaged such that only 95} inch of its length was useful.
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Fig. 3.1. Specimen cutting: timber for flanges and small
clear specimens :
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NUMBER OF SPECIMENS

MODEL N© 1 2 3 4
Gross
Test Sit] S12|Totai] S21| S22 {Total} S31} S232{Total | S41 |S42 {Total Total
Compression 2%
paralle! to F/;-}-”-'-:_:: % 3{3|6f(3|3ls]l3]3|e6|3]|3|s | 24
grain 1.E— ——
& 2
Compn. b to
grain and shear 7 .
. > 6 6 12 6 6 |1 - ~ ~ - ~ ~ 24
4 grain Zj 2 & </ _ 2
| = T
Tension
// 3mm

g:‘_°,n E?—_J—*{Illaassssaaeaasu
al

* Joint — - - =2 T R B - |-
L& | 313|633 |6/ 12
131:
Fa
J11 312 J21}J22 J31}1J32 J41{J42
Static — = T |
_ S =S 1 |w {2)1 |1 |2 121 2 | 8
Bending 13, 40"
' 13”
3
* static bending ‘
to determine — . [
modulus of L T~ [z 3 3 3 3 12
rigidity G e 20" o ol
s

* Al dimensions are according to B.S. 373 (1957) except for:

(a) joint test where dimensions are hbased on beam models (3) and (4)
joint dimensions

(b) static bending test to determine G where dimensions are based on
l7d ratio equal to that of the beam models, and on flange cross
section since specimens were obtained from fiange material after
medels were tested

Table 3:1@.Culting schedule for small clear specimens of timber
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Fig.3.1 and table 3.1(a) illustrate the cutting schedule for the
four Jjoists to obtain the desired flange sizes and representative number
of small clear specimens for that Joist; e.g. flanges for model 1 are
designated 11, 12, 13 & 14, bending specimens are designated Jﬁ1 & J12
and small clear specimens are obtained from specimens designated S11 & S12.
It should be noted that specimens for static bending tests are obtained
fromvcentral.region of joist span, as maximum bending moment will occur
in that region.

All specimens to determine the physical properties of timber, i.e.
density and moisture content were obtained from the small clear specimens
after they had been tested.

It should be ncted that no growth ring matching for small clear
specimens was specified as this would have resulted in some material being
wasted.

9.2 Plywood for web

The plywood used for the webs in the models and specimens to establish
its mechanical and physical properties was Finnish birch plywood found
stored in the stores of the Civil Engineering Department of Imperial
College. The plywood was available in 4 x 8 feet sheets having 7 inch

thickness made of five plies. Two # inch sheets were joined using Cascamite

J

glue to make % inch thick plywood, and also, so formed,Z inch sheets may
be joined to make 1 inch thick sheets. It should be noted that the models
webs were chosen to be of either % inch or 1 inch thick and 8 x 951 inches

for depth and length respectively.
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Test , Specimen Dimensions N°off
67Zmm , 104mm _, _64mm 104mm 67mm
'| i
Tension E[ HU ) || {25mmlT VT ) z m- 6
i ]
R=508mm t
- 406mm
229mm
89mm (
!
ek
Panel 2 \ 6
Shear | I 223mm
[t-12-0 \ \
|
Bgmm
[ ~— t=12mm
Compression somm| ] 6
f\‘,./J
50mm7
=_ 350mm
Bending E 6
' } ol t=
120
. 6in > 13-in
Joints T T T -@kn s

All dimensions are according to B.S. 4512 (1969)

Similar schedule was also prepared for tinch thick plywood for all the tésts except for the
panel shear test

Table 3-1®-.Cutting 'schedule for plywood specimens
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Three 2 x 8 x 95% inches and one 1 x 8 x 95} inches sheets were cut
for the models webs. Table 3.i(b) shows the cutting schedule for the
specimens to determine mechanical properties of the plywood and load slip
curves for timber to plywood joiﬁts. All the specimens to determine the
physical properties of plywood were obtained from the small clear specimens
after they had been tested.

The glue used was Cascamite '"one shot'synthetic resin glue which was
prepared and applied according to the manufacturers' instructions, The

Borden Chemical Company (UK) Ltd. technical information No.32e.

Chapter 10  Small clear specimens and joints tests

10.1 Timber for flanges

The following tests were performed on small clear specimens, obtained
for each beam model as indicated in section 9.7 to determine the
mechanical properties of each beam model corresponding to these tests.

(1) Compression parallel to grain test
(2) Tension parallel to grain test
(3) Static bending tests to determine moduli of elasticity (E)

and rigidity (G).

Also the following tests were performed on small clear specimens
obtained from beam models (1) and (2) only to determine ultimate strength
for compression perpendicular to grain and also ultimate strength for shear
parallel to grain for the timber used for the flanges of those models.

It is worth mentioning here that these tests were not carried out for beam
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models (3) and (4) as the material available was not enough to make small
clear specimens for those tests and specimens for joints tests, as these
models are the modeis representing the semi-rigid cases.

(1) Compression perpendicular to grain test

(2) Shear parallel to grain test.

Tests to determine the moisture content and specific gravity were
performed on specimens obtained from small clear specimens at the end
of each of the previous tests.

All previous tests were carried out according to B.S.373 (1957).
Extensometers were used for compression parallel to grain, tension parallel
to grain and static bending tests to determine moduli of elasticity and
also to find load-displacement curves of these properties. Fig.3.2 and
fig.3.3 show the types of extensometers and the way they were attached
to the tension and bending specimens. All extensometers were calibrated
against a standard 1 dial gauge in the same way for each test carried
out and then magnification factors were fouﬁd in compression, tension
and bending.

Static bending test was also carried out to determine the modulus
of rigidity of the timber of the models. A procedure similar to that
described in B.S8.373% (1957) for four pointloading bending test was followed.
Instead of using extensometers, three dial gauges were used at mid span
and under the loads. Deflection relative to loading positions, i.e. in
constant  bending moment region, were found and pure bending stiffness

was calculated from the following equation:
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Fig.3.2 Tension parallel to grain test arrangement



Fig. 3.3

Static bending test arrangement

- Qocl -
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TR
o’
where M = pure bending moment
1 = 1length of pure bending section
W = relative deflection at mid span

The pure bending deflection at mid span was calculated using pure
bending stiffness for a load less or equal to the proportional limit
load. Shear deflection was then calculated by subtracting the pure bending
deflection at mid span from the total deflection at mid span for that

load. The modulus of rigidity was then calculated from the following

equation:
G = &h—%%- (for four point loading at %-span)
s
where P = load (1bs)
L = span (20 inch)
A = cross sectional area (12 x 12 inch)
LA shear deflection found as shown before.

The mean values and coefficient of variations of all the mechanical
and physical properties corresponding to the tests mentioned in this
section are summarised in table 3.2 for each model. Also figs.3.h and 3.5
show mean experimental and jdealized ¢ - ¢ curves in compression and

tension parallel to grain for models 1, 2, 3 and L.



Compn. ygrain

Tension /grain

Static Bending

Compn.Lgrain

Shear//grain

Static

Bending
" 106 106 . . 105
ean €, OpL| Ou | EyDensitd mc.| E | Oy E% Densityl mc. || € | Oy density me.|| Ty {Density m.c.|l Ty Density me. G
Values 1b/in?{ /i 2 | 16/in2] 10~ 3/Ibseutt! *se | 1b/in| 1b/in2| 10-3iIbicusy s |b/in2|1bsin2ibicusd o |l 1bsinZibicutt] e || Ibfin2|ibicury s | 1b/in?
Coefficient Cvy| G| Cv| Cv] Cvj Cv| Cv| Cv| Cv| Cv| Cv| Cv| Cv | Cv| Cv]l Cv| Cv!l Cv|l Cv | Cv} Cy Cv
of Variation
1.80 4780} 5800| 3-6 | 30-1| 13-3|| 170{15340] 91 | 30-0| 13+2{ 1.35] 13300; 30-0| 13-2|| 600} 301 | 13-2}| 1570} 29-7 134 1-09
MODEL
1
-024]| -018{ 0261} 093} :03 | -056{ 135{ 152 134} «051{-042¢.015 12 |-020 -066) -028] 043} 037 ‘048 | -043{ 012 08
129 3630 4970 ] 44 | 250/ 13-7 | 0:96(12500] 130 23-9] 13-7] 0-83{12510|24.0| 13-5|| 560 | 23-4| 13-4| 1580 | 243} 13-53 095
‘MODEL .
2
.034]-078}1 -036! 410531012 || -028} 04 |-028]|-010| -02 ||.027| -068|-014 |-0015| -019 | :040[-013 | -057 |-012 | 015 -1
MODEL 1.73 (424015300 | 3.7 |25-6 [ 13-4 | 1.70112700 | 7.4 {25-0 | 130|130 |11960l25 332§ — | — |7 & T | T | T I 114
! :
3 i
-057[+021;-036 |-048[-061 | -:021 - 062 -091 |-13 |.018.017 !-047 021 [-018(-O011 || — — . - — — -05
I
MODEL 1°70 144505240 | 3-7 [26-4 {13-3 |1-53 14050} 9°2 |25-4 |12'8 | 1-37{12460 {25-9 {131 - - - - - - 1.06
4 :
l'025 038 [-019 |-02 [\054 |-023 ||-099 {082 [054 [-037 |-025 (1022 {-033 {025 0019} — — - - — 13
i

Table 3-2. Summary of results of tests on clear specimen of timber of models 1,2,3 & 4

- 22l
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Low results of moduli of elasticity in tension and compression and
also slight non-linearity of o - ¢ curve in tension parallel to grain
(fig.3.5) for model (2) are attributed to the presence of compression wood
in model (2). It should be noted that all the models were Canadian Sitka
Spruce and had more or less cqual densities. It was found that specimens
from timber of model (2) were free from biological detroiration and presence
of compression wood was sighted from slides under the microscope. It
was also thought that timber of model (2) was probabiy naturally of low
density whose actual density had been increased by the presence of
compreséion wood.

10.2 Plywood for web

The following tests were performed on clear specimens of plywood,
obtained for both % inch and 1 inch thick plywood as indicated in section
9.2, to determine the mechanical properties of % inch and 1 inch thick
plywood corresponding to these tesfs.

(1) Compression perpendicular to face grain
(2) Tension perpendicular to face grain
(3) Static bending test with face grain perpendicular to span

Also panel shear test Qas performed on specimens of plywood obtained
for % inch thick plywood only. Panel shear tests were not performed for
1 inch thick plywood as the apparatus available is only suitable for % inch
or less thick plywood and also because B.S.4512 (1969) dogs not recommend
specimens dimensions for plywood thicker than 2 inch.

Tests to determine the moisture content and specific gravity were
performed on specimens obtained from plywood specimens at the end of each

of the previous tests.
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A1l tests were performed according to B.S.4512(1969). Extensometers
similar to those used for timber tension and bending specimens given in
figs.3.2 and 3.3 wefe used to determine load diéplacement curves in the
tension perpendicular to face grain and bending tests for plywood.

In the compression test, it was impossible fo fit an extensometer
of the types available in the laboratory on the compression specimen because
it was wide and short. Instead of an extensometerya 2 inch demountable
mechanical gauge (DEMEC) was fixed on one side of the specimen and an
electric resistance gauge of type PL10 bonded with P2 glue was fixed on
the same side of the compression specimen, both mounted in a direction
parallel to that in which the load was applied, ie perpendicular to
face grain. While with DEMEC gauge displacement results were recorded
at chosen load increments, strain results were recorded from the PL10
electric gauge_at the same increments.

In the panel shear test a 450PR1O rosette bonded with P2 glue was
fixed on each side of the panel shear specimen. The gauges were placed
on the specimens such that the mutually perpendicular gauge lines lie
along the diagonals of the sguare panels. Loads and strains were recorded
at chosen load increments up to failure. DEMEC gauges were used to
measure displacements over-2 inch gauge length along the diagonals.

The DEMEC gauges results were converted into strain and were used to

find correction factors to rosette gauge factors. Also from panel shear
results panel shear stresses (1iz) may be calculated at any load P as
described in B.S. 4512(1969) and panel shear modulus may be calculated from

equation 3%.7.
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Xz
Xz

where Y =
Xz

and 2 & ¢, are principal strains in any mutually perpendicular
directions X and z and may be calculated for a 45° rosette as

given by equation 3.2.
{c + € +d[(c - € )2 + (2£ - = € )]} - 3.2
o 90 ~— o 90 L5 o 90

& U5 & 90 are strain results obtained from rosette readings as shown

I
ol

by fig.3.6

45°

€0

Fig, 3-6.Strains in a 45° rosette

Average results for all the mechanical properties calculated from the

tests described in this section and also coefficients of variation of these

properties are summarised in table 3.3 and fig.3.7.
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It was found that the results for the mechenical properties of % inch
and 1 inch plywoodeﬂen tested in tension perpendicular to face grain,
compression perpendicular to face grain and bending do not vary considerably
and that higher variations in the results of % inch or 1 inch plywood when
considered separately were encountered. For this reason results for % inch
and 1 inch thick plywood were considered together and mean values and
coefficients of variation were accordingly found.

Table 3.4 gives average correction factors that should be applied to
gauge factors of PL10 and PR10 electrical resistance strain gauges as
determined by comparing strain results from these gauges with those
obtained from DEMEC gauges. It is worth mentioning that the aecuracy
obtained from DEMEC gauges is up to 185 inches while that of electrical
resistance gauges is up to 15 . DEMEC gauges were only used because

extensometers to fit the specimens dimensions under investigation were not

available in the laboratory at the time of test.



Static Panel Moisture
Compn _L face-grain Tension L. face grain Bending Shear Density [Content
E Tm a € E Ty €y E @, G ™ Me Ce
1b/in2 | 1b/in%| 1b/in® | x10° [|1b/in| 1b/in® | %107 |[1b/in® | 1b/in®|| 1b/in® | 10/inY 1b/5t7] %
x106 ’ x106 x106 x’lO5
Mean 1.05 | 2480 4640 [ 12.2 || 1.05 | 7600 |7.25 ||.891 8690 1.16 2150 b6.5 11.0
Coefficient
of variation .058 .054 .010 | .067 .048 . 146 .1%2 11.066 . 104 .112 049 .024 .012

Table 3.3 Mean mechanical and physical properties for %4 inch and
1 inch thick plywood

- 62L -
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Gauge Correction Factor | Original Gauge Corrected Gauge
Factor Factor
PL 10 0.883 2.08 1.837
PR 10 0.895 2.11 1.889

Table 3.4 Mean corrected gauge factor for electrical

resistance gauges on plywood
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Fig. 3:7 Stress-strain relationships for plywood in compressionL to face grain and tension
1 to face grain and panel shear
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10.3 Timber to plywood nailed joints

Timber to plywood nailed Joints were constructed to simulate joints
for beam models (3) and (4). The dimensions of timber and plywood are
given in tables 3.1(a &b) ., It is noted that the timber cross-sections
and plywood thicknesses are the same as those used in the beam models.
Wire nails similar to those used in the beam models were used for the
joints. The‘following nails were used
(a) Two SWG 8 wire nails which are of 0.16 inch diameter and of 3} inch

length for each joint representing beam model (4).

(b) Two SWG7 wire nails which are of 0.176 inch diameter and of 4 inch

length for each joint representing beam model (3).

The joints were fabricated in a similar way to that used in fabrication

of beam models Joints. 0.125 inch diameter holes were pre-drilled at

the same nail spacing adopted for the beam models joints, i.e. at 2 inch

spacing. The object of these pre-drilled holes are:

(a) to ensure that the nails were driven at right angles to both the
timber and plywood.

(b) to comply with minimum edge and end distances and also minimum nail

spacing as specified by CP112 (1967).

As shown in figs. 3.8 and 3.9, each nail was driven from one side of
the joint through the timber and plywood components, i.e. each naﬁl was

acting in double shear.
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Fig. 3.8 Joint test arranéement
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A 1 inch dial gauge was fixed on each face of the joint as shown
in fig.3.8. The ébject of the dial gauges was to measure the relative
slip between the plywood and timber as the load was applied.

The joints were tested in compression in a 10 ton Amsler machine.
Load was applied at predetermined load increments and corresponding slips
were recorded from both dial gauges. It was not possible to maintain a
a constant rate of loading as the machine was slowed or kept at the same
Lload until both dial gauges readings were taken. At high loads it was
not possible to read both dial gauges because the slip tended to increase
rapidly. For this reason only one dial gauge was read at high loads.
Load was applied until the joint had failed.

The results from both dial gauges were averaged for each load increment.
The variation was found to be negligible. Average results from joint
specimens representing joints of beam models (3) and (4) were compiled
and analysed separately. Load pér nail in double shear and corresponding
slip results from joint tests were analysed statistically to fit two
equations:
(i) Mack's equation given by equation 2.20, such that the species

factor ksfis determined for each joint model.
(ii) Exponential equation of the form given by equation 3.3 such that

the constants k, and k. are determined for each joint model.

1 2

_k2‘
Q = k,] (1 - e ) - 3'3
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A simple computer program was written to find the mean value for
the species factor based on Mack's equation, noting that the nail
diameter factor k, may be calculated from equation 2.20(a), for both
joint models from test results of these joint models. Also the same
program statistically fitted the results ffom both joint models based
on linear regression and least squarebfitting,rdfrto Hald (1952), . of
logeQ and 1oée6 so as to determine k1 and k2. The.results of these
are summarised in table 3.5 and fig.3%.9. All analysis was based up to

0.1 inch slip only. Also moisture content and density were obtained at

the end of each test.

Exponential Ultimate

MACK Fit Fit results
£ Density
c M M
v v v Q MeCe
Joint model k| in | in k,| k,| in u | 8y 1b/f13| of
s i . ) )
(Mean) ksf Q% Q%| 1b in tlmbég

Model (3) 360 [.035 | 8.2 740[29.9 | 65 | 1100| .85 25.2 [13.15

Model (4) 345 [.028 | 7.4 |701 |3%0.1 | 70 | 1057 .80 | 26.1 [13.0

*

Table 3.5 Joint results

Mv Maximum variation between predicted and actual loads
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Fig.3.9 shows results for joint model (%) only. Results for joint
model (3) were not plotted as these results were found to be similar
to those given by joint model-(4) shown in fig.3.9. It is also noticed
that there is no significant difference in the ultimate load and
corresponding slips between joints models (3) and (4)«While the results
of the test agree well with Mack's fif, their agreement with the exponential
fit is poor ét low and medium loads, refer to fig.3;9 and table 3.5.

Straight lines OA, OB & OC in fig.3.9, give straight line approximations
for Q ~ 5. relationship, for low loads, medium and high loads respectively.
The comnector moduli, i.e. k = /5 of these lines are summarised in

table 3.6.

Connector Modulus
. . k
Load Level Straight line 1b/in
Low OA 70000
Medium OB 13330
High oC 7000
Fig. 3.6 Connector moduli for joint models

(3) and (&)
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Chapter 11 Tests on timber flanges prior to beam models fabrication.

11.1 Scope and objectives

The object of this test is to find the modulil of elasticity for
timber in compression and tension in the actual sizes used in the beam
models and to compare these results with those found in section 10.1
from small clear specimens. Specimens were obtained as shown in section
9.1. The specimens were tested in either tension or compression according

to its position in the models as shown in table 3.7.

Specimens
Test Model Model Model Model
(1) (2) (3 (4)
Tension 13,14 23,24 33,34 Lz, LhL
Compression 11,12 21,22 31,32 L1, 4p

Table 3.7 Specimens for tests on timber flanges prior to beam
models fabrication

Also from the same tests correction factors were found for the
electrical resistance strain gauges when timber is tested in tension or

compression.



11.2 Preparation of flanges

For the preparation of the specimens to carry tension or compression
tests the following.procedure-was followed:

(a) All ends of the specimens were squared. Special attention was made
to compression specimens where the load was applied, as the condition
of the end surface was found to be of vital importance to the strain
results across the depth of the compression specimens.

(b) Three electrical resistance strain gauges of type FL10 were glued
with P2 glue across the depth of one vertical face.of each specimen
at the vertical centre line of each ;pecimen, refer to figs.3.10 & 3.12,

(c) Two DEMEC points were fixed two inches apart along the line of the
central PL10 gauge such that each point is cone inch to one side of
the vertical centre line,

In addition to the above the following procedure was followed in the
preparation of the tension specimens:

(a) Four 1% x 12 x 3 inches timber blocks were carefully cut in length,
to the nearest 3% inch and squared at the ends for each tension
specimen.

(b) Each block was carefully glued to each of the vertical faces at the
ends of each specimen,.refer to:figs.5.10 and 3.11. The glue used
was Cascamite "one shot" synthetic resin glue and was prepared and
applied as shown in section 9.2. It should be noted that the alignment
of the ends of the glued blcoks with the ends of the specimen and
the squareness of their ends is of vital importance as this might
influence the readings of each of the three strain gauges at the

vertical centre line of each specimen. It should also be
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tests on timber flanges prior to models

fabrication



Fig. 3.11 Loading device for tests on timber flanges
prior to models fabrication



Fig. 3.12 Gauges and lateral restraint support for tension
and compression tests on timber flanges prior
to model fabrication



noted that the specimens were only tested up to a maximum load equal
to about 3% th of their ultimate load (1000 1lbs), so that failure of

glue line was avoided.

11.3 Description of test equipment

The same assembly of test equipment was used to test specimens in
tension or compression. Fig.3.10 shows the equipment used in the tests

and the description of which is given as follows:

11.%.1 End fixings

Two boxes were constructed by welding two 2 inch plates at right angles

to two-% inch plates at the sides and %-inch plate at the bottom. The

top side was left open. Also on the front end plate 12 inch square

opening was left, refer to figs. 3.10, 3%.11 and 3.13. The object of
these boxes is to hold the tension specimen from one end and to apply the
load from the other end as follows:

(i) At the centre of the bottom of one box two holes were drilled (2 and
% inches diameters) so that a 4 inch Allen headed bolt may be used
to hold the box on the test frame such that this end was held firmly
to the frame and was capable of rocking on a horizontal plane, refer
to fig.3.13. The object of this rocking action is that, if there
is a discrepancy in the lengths of the loading blocks then the whole
assembly is capable of aligning itself such that the load is applied
perpendicular to the loading blocks.

(ii) At the centre of the back side of the second box a 1 inch diameter

hole was drilled such that the loading device may be screwed into it,

refer to fig.3%.11.



-~ 1l -

a
L |
A . A
t < ‘ (1) c i 3—12-
</
e
b b
e =
53
Top view of the holding box
3
c d c 1%’ E ’]

A\

/ N g
e LmJ e é

Section A-A

\

[

dev
”
-
-

&

] -
Einsb Allen Headed Bolt
to fit in hole f

load on compression specimen
in bottom plate

in hole for Allen headed bolt

a :::-in back plate
b —2—in front plate
3. .
c 8 In side plates
d % in. end piate to apply
5
8
3
3

All dimensions are in inches

Fig. 3:13. Details of the holding box for tension and
compression tests for timber flanges
prior to models fabrication



- 145 «

11.3.2 Lateral restraints during compression tests

% inch rollers were clamped as shown in fig.3.12 on top of %-inch

plates at three equi-distant positions along the length of the specimen.
Also 4 inch rollers were sandwiched between two 2 and % inches plates and
allowed to stand vertically at the sides of the specimens adjacent to the
positions of the top rollers. In thié case the outer % inch plates were
L shaped and'clamped on the test frame. All plates and rollers were
greased on the interfaces. The object of the whole arrangement is to
prevent the specimen from buckling and to allow free movement of the

specimen when it was loaded in compression.

11.3%.% Loading equipment

The loading device was a proving ring with a long screw and nuts
as shown in fig.3.11. The proving ring and dial gauge were calibrated
in a 10 ton Amsler machine in tension and compression up to a maximum
load of 2000 lbs. Tension and compression may be applied using this
arrangement, i.e. by turning the screw in a clockwise direction the
specimen was loaded in tension and anti-clockwise direction produced
compression. It should be noted that a %;inch rlate was provided on the
back of both the holding and loading boxes to transfer compressive forces
to specimens from them, refer to fig.3.13.

1.3.4 Measuring equipment

The strains from PL10 gauges were recorded automatically using a
Peckel electronic logger, where the results can be recorded and printed

as fast as one gauge per second and a print of that recording may be obtained



instantly.

took a short period of time. A 2 inch DEMEC gauge was used to obtain

displacement results corresponding to central PL10 gauge strain results.

11.4

Loading Procedures:

The following loading procedure was followed for both tension and

compression tests

(a)

(o)

Load was first applied from zero up to 500 lbs in 100 lbs increments

and released several times. ZEach time the load was applied strain
was recorded from all gauges until the difference between two
consecutive strain readings of each gauge at any load increment was
about 5%. Each time the load was applied the gauge was allowed to
settle for 2 minutes, then strains were recorded and the load was
released to zero. Also gauges were allowed to settle for 2 minutes
at zero load. The object of such procedure is that repetition of
loading allows the removal of slackness from the apparatus and also
removes the effect of loose fibres at the ends where the load was
applied.

Having established the starting condition from step (a), then initial
strains from PL10 and displacements were recorded at zero load or
any other load as determined by step (a), then the load was taken
up to 1000 1lbs in five increments and corresponding strains and
displacements were recorded. BEach time a strain measurement was
made the gauges were allowed to settle for 2 minutes before taking

the results.

Gauge drift was not recorded at this stage because the experiment
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(¢) Having reached 1000 lbs, then the load was released in the same
increments and. strains and displacements were recorded likewise until
the initial starting load was reached.

(d) Strain results obtained from steps (b) and (c) were compared and
if they differed by more than 5%_for any load increment for any of
the three gauges, then the procedure given by step (b) and (c) was

repeated until the desired accuracy was achieved.

11.5 Test results

The strain and displacement test results obtained for the specimens
given in table 3.7 were analysed and mean values of moduli of elasticity
for each model were obtained in both tension and compression. Also mean
correction factors for PL10 gauges were obtained by comparing strain
results from these gauges with those obtained from DEMEC gauges for timber
in tension and compression. Both results are summarised in table 3.8.

The following conclusions are also made
(a) The test was found to be sensitive to the squareness of the timber

at the ends where the load was applied. This was reflected by

strain variations in fhe readings of the three gauges at any load
level. Up to 15% variations were encountered in preliminary tests.

This variation was reduced to as low as 5% by squaring the specimens

properly.
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Mean moduli of elasticity
1b/in2 106
Compression /# Grain Tension ,/ Grain
Models
) 0,
Actual Small .A . Actual | Small é .
. Variation . Variation
Size Clear Size Clear
Test | Specimen ( )Of' (b) Test | Specimen of ( 5
test a’/ on test (@) on (e
(a) (b) (c) (a) (e) (£)
Model (1) 1.75 1.80 - 2.8 1.61 1.70 - 5.3
Model (2) 1.17 1.29 - 9.0 0.81 0.96 ~ 160
Model (3) 1.68 1.73 - 2.9 1.58 1.70 - 7.0
Model (4) 1.65 1.70 - 3.0 1.43 1.53 - 6.5
Table 3.8 Results from actual size tests -
Gauge Correction factor Original gauge factor |Corrected gauge factor
PL10 - 0.92 2.08 1.91

Table 3.9 Mean corrected gauge factors for PL 10 gauges
on solid timber
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(b) The rig was proved to be satisfactory for tension and compression
tests at low loads. Obviously at high loads the problem of buckling
in Compressioﬁ is more pronounced and a different arrangement is
essential. Also a different method for applying the load'is required
if specimens are to be tested at high load levels.

(¢) VWhile the results obtained for moduli of elasticity in tension parallel
to grain are considerably lower than those found from small clear
specimens, refer to table 3.8, the moduli of elasticity in compression
parallel to grain compare reasonably with phose obtained from small
clear specimens. Higher variations are noticed in values of moduli
of elasticity in both tension and compression results of model(2).
Reasons givén earlier in section 10.1 for low values and variations
in results of model (2) also apply here. It should be noted that the
results given in table 3.8 were based on a short part of the stress-
strain curve since the maximum stress achieved in this test was
about 300 lb/in2 compared with a value of the order of 150001b/in2
obtained from small clear specimens tests in tension parallel to

grain.

Chapter 12 Tests on plywood web I-beams

12.1 Scope and objectives

The beam models described in table 3.10 were tested to verify the
theoretical work derived in part II of this thesis to investigate the
behaviour of rigid and semi-rigid plywood web I-beams. As shown in table

3.10 the tests were divided into three series.
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Series I: A pilot test on one beam model to investigate:

(a) positions and adequacy of lateral restraint supports provided along
the length of‘the beam model such that the effect of lateral instability
on strain measurements was minimised.

(b) performance of electrical resistance strain gauges of type PL10
glued with P2 adhesive on timber and plywood of the pilot model when
tested in bending compared with DEMEC gauges results and also with
the results obtained from direct tension and compression tests on
plywood and timber given in tables 3.4 and 3.9.

(c) loading procedure and loading increments.

Series II: Two beam models were tested in bending up to failure to

investigate the behaviour of rigid plywood web I-beams.

Series ITI: Two beam models were tested in bending up to failure to

investigate the behaviour of semi-rigid plywood web I-beams.

12.2 Fabrication of beams

The layout of the models of table 3.10 and locations of strain gauges,
dial gauges, etc. is given by figs. 3.14(a) and (b).

12.2.17 Glued beams: series I and II

The models for these series of tests were prepared as follows:
(1) Surfaces of flanges to be glued were planed before applying the glue.

(2) Surfaces of plywood to be glued were sanded before applying the glue.



Table 3.10 Details of the Beam Models

Test Series

Beam model

--Details of beam models

no. .
Flange Web Joint Stiffeners
End Intermediate
Unidentified| 4in Finnish |Glued with [12x3}x4} in | 12x12x4} in
. . species | birch ply- |casein of flange of flange
Series I Pilot L4 planks wood glue material material
12x12x96 ins| face grain.
span
8 x 96 in
*Specimens | 4in Finnish | Glued with
Model (1) 11,12113&1% birch ply- |Cascamite " "
wood glue
-face graini
Series II to span
*Specimens Z4in Finnish |Glued with
"121,22,23%24 | birch ply- |Cascamite " "
Model (2) : wood glue
face grain.
to span
*Specimens 1in Finnish |Predrilled
131,32,33%34 | birch ply- |SWG7 wire _
Model (3) wood nails 4 in " "
face grainua jlength at
Series III to span |2in spacing
*Specimens | 4in Finnish |Predrilled
b1,41, 4344 | birch ply- |SWG8 wire
Model (4) wood nails3yin " "
face grainit.|{length at :
to span |2in spacing

*

specimens were cut as shown in section 9.1

-Gl -
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Glue was mixed and prepared according to the manufacturers!
instructions, refer to section 9.2.

A thin layer of glue was then spread on the planed face of the timbef
using a brush and timber was then placed in position on each side of

the sanded plywood web faces. A % x 8 x 95% inch plywood sheet

|

vas then placed on each side of the beam. Then the timber flanges

were clamped to the plywood web,through the plywood sheetson each side of
the beam,at 6 inch distances using G-cramps. The object of the plywood
sheetson the flanges is to distribute the spot pressures from the
clamps on the glued timber to plywood interface. The glued Jjoint

was then allowed to cure as described by the manufacturers!

instruction for 7 hours at a room temperature of 150C with the

clamps on.

After the glue had cured, the clamps and the plywood sheets on the

side of the beam were removed and stiffeners were glued in position.

12.2.2 Nailed beams: series I1I1

The models for this series of tests were prepared as follows

Holes were drilled on all timber flanges and plywood webs at 2 inch
distances such that CP112 (1967) specifications were satisfied. Holes
were drilled using'% iﬁch drill.

Flanges were placed iﬁ position on each side of the plywood web

and nails were hammered alternately through the drilled holes of

both flanges, from one side, then turned over to the other side

and nails were driven through the remainder alternate holes of both
flanges.

Stiffeners were then placed in position and nailed.
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12.3 Description of test eguipment

The assembly of test equipment'used in beam tests of table 3.10 is
shown in figs. 3.14, 3.15 and 3.16. A description of this equipment is
given as follows:

12.3.7 End supports

The models were treated as simply supported beams. This condition
was provided by a single steel roller of 1 inch diameter at both ends of
the beams. A 7 inch thick steel plate between the roller and the beam
prevented the roller from being pressed into the lower face of the beam
and assured that movement along the beam axis could take place. At high
load levels the roller may tend to slip past the plate and shoot. This
was prevented by clamping avsteel plate at the end of the frame where the
roller was supported. It should be noted that this steel plate did not
touch the roller or the steel plate on which the beam was supported on
the roller and hence allowed for horizontal movement at all load levels
except when the roller had slipped. It should be noted that the roller
in the pilot test and all other tests did not slip at high loads.

12.3.2 Lateral restraint

Some recommendations were made by Council of the Forest Industries
of British Columbia (1958) to stabilise plywood web I and box beams laterally
at design loads based on the ratio IYY/Izz. On the other hand no
recommendation had been made for lateral stability of ?lywood web I-beams
at loads higher and up to ultimate loads. In this thesis the arrangement
shown in figs.3.l4(c)- 3.16 for lateral stability supports was used. This
arrangement essentially comprises of % inch roller sandwiched between two

l-inch plates. The plates and roller are then supported vertically against
3 g



Fig. 3.14(c)iGeneral view for beam model (4) test arrangement

o
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Fig. 3.15 Top view for beam model (4) test showing
dial gauges to measure slip, lateral
restraints supports and loading rollers

and plates



..,89'1,..

Fig. 3.16 A detailed front view for beam model (4) test arrangement showing
strain gauges, rosettes, loading arrangement, dial gauges to
measure slip and deflection and lateral recstraints supports
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the beam and a 2 inch plywood bracket which is clamped to the test frame.
These supports are provided at four equidistant positions aloung the

beam on both sides. All rollers should be greased. At the end supports
the beam is slotted between two plywood wedges which are supported on
the test frame. The object of these arrangements along the beam is to
provide lateral stability to the beam and also to allow for horizontal
and vertical movements of the beam. The pilot test proved the adequacy
of this arrangement since strain measurements from similar strain gauges
on front and back sides of the beam agreed within 5% difference, and
movement along the beam was observed.

12.3.3 Loading equipment

Load was applied by a hydraulic jack and measurements were obtained
from a pressure gauge. The hydraulic jack was calibrated for the pressure
gauge in a 10 ton Buckton machine. The load was applied to the beam
through a roller and plate arrangement at two points-% rd of span from
each end, as shown in figs. 3.714(b) - 3.16.

12.3.4  Strain measuring equipment

For models of series II and IIT PLI0 and PR10 electrical resistance
gauges and rosettes were glued on positions shown in figs.3.14(a) and
3.16 with P2 glue. For PL10 and PR10 gauges a Modulog 50 channel data
logger and a Franklin digital strip printer were used to read and print
strain measurements. The Modulog is capable of scanning up to 15 channels
per second. The rate that was used in'these test series was 10 channels

per second.
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Before the test was started each gauge was calibrated to + 5000
microstrains using a standardcalibration box provided by the manufacturer.
Also before the test, gauges drifts at no load condition were found by
setting the automatic scan device to scan the gauges at 2 minute intervals
for 3 hours, which is the approximate period to complete the test. A1l
gauges in all the models were found to be stable over the 3 hours period
to an éccuracy of + 2 microstrains in the no load condition.

In the pilot model 2 inch DEMEC gauges were used to measure strains
at the locations of PL10 gauges 2, 4, 7, 11 & 14. The correction factors
for PL10 gauges obtained by comparing the results of the PL10 gauges with
the results obtained from the DEMEC gauges for gauges 2, 4, 7, 11 and 14
agreed with the correction factors obtained for plywood and timber in
direct compression and tension, refer to tables 2.4 and 3.9.

12.3.5 Deflection measuring equipment for beam and

flange web joint

(a) Beam

Deflections at three points shown in figs. 3.14 - 3.16 were
measured using 2 inch standard dial gauges of 153 inch accuracy.
The gauges were mounted on the test frame using magnetic bases.
Rulers that measure up to 3% inch accuracy were also provided to
measure deflections at high loads after the dial gauges were

dismantled.

(b) Flange web joint

For models of series III standard % inch dial gauges were used
to measure slip between plywood and timber at the three positions

indicated in fig. 3.14(a). The accuracy of these gauges is ’l'(3L+ inches.
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12.4 Loading procedure

The following loading procedure adopted for testing beam models (1),(2),

3)& (4) was established when the pilot model of series I was tested.

12.4.1

(1)

(2)

(3)

(&)

General
All measurements of flange size, positions of strain gauges,
dial gauges, rosettes, etc; were checked before loading was
sfarted.
Gauges were allowed to settle for two minutes before strain
recordings were made for loads equal to, or less than the
calculated design loads. ZFYor higher loads strains were
recorded instantly because strain tended to increase rapidly
with small increases in load.
Final loading was carried in 13 increments, five equal increments
from zero to the calculated design load and eight equal
increments from calculated design load to predicted ultimate
load.

Ultimate load was predicted from theoretical solutions
given in part II of this thesis, and the results of which are
given in part IV of this thesis. It corresponds to the load
when either the plywood or timber in compression or tension has
started to fail.

Three increments prior to ultimate load, the dial gauges to
measure deflection were removed and deflection measurements

were taken by rulers.
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After the beam had failed moisture content specimens were
obtained from timber and plywood. Also specimens to determine
the modulus of rigidity of the timber were obtained from the

flanges.

12.4.2 Glued beams: series II

(1)

(2)

(3)

The beam was loaded up to'% the calculated design load and
reieased several times until any two consecutive readings

of all strain gaugés in the loaded position were within 5%
variation. Obviously strain measurements were recorded each
time the load was applied. The object of this procedure is
to remove any slackness in the appratus.

Having removed any slackness in the apparatus, initial
readings were taken for strain gauges, deflection dial gauges
aﬁd rulers. Load was incremented in predetermined increments
up to design load and released to zero load in the same:
incremeﬁtS.A At each load increment strains and deflections
readings were recorded.

Load was then applied in the predetermined increments up to
failure. At each load increment strains and deflections
readings were recorded. Also the type and‘position of failure

were recorded.
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12.4%.3 Nailed beams: series III

(1) To remove slackness from the apparatus, load was not repeated
in the same manner as for series II because this repetition
of loading might introduce some deformations in the nails which
could be irrecoverable when the load was released and this
might influence the Q - 8 relationship obtained by testing
joints in direct compression without load repetition, refer
to section 10.3.
To remove slackness from the apparatus an initial load
of %-th of the calculated design load was applied and considered
as the starting point. Initial readings were recorded for
strain gauges, deflections and slip dial gauges at that load.
(2) Step (3) in the previous loading procedure for series II was
followed. Also relative slip dial gauges readings were recorded

at each load increment up to failure.

Analysis of test data

Results from similar gauges at the back and front, viz. gauges 3 and
16, or gauges 1 and 2 on the top were averaged to remove any effect of
lateral instability. Also percentage variations were obtained from

the average result of éach pair of gauges.

For average results of strain gauges on either timber or plywood

in compression corresponding residual strains were calculated from
average results of P ~¢ diagrams for small clear specimens of timber
in compression parallel to grain and plywood perpendicular to grain
summarised in figs.3.4 and 3.7 using equations 1.3 and 1.2.

Corresponding stresses were calculated from equation 1.1.



(3)

(&)
(5)
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A small computer program was written to calculate residual strains
for timber and plywood of small clear specimens, average results

of strains across depth of beam models at mid section, corresponding
residual strains of those averagersttains,whiqh~were_based on
interpolation from the small clear specimen residual strain results
and also stresses corresponding to these average strains.

Principél strains were calculated from eqn.3.2 and corresponding
web shear stresses were calculated from equation 3.1. Web shear
modulus of rigidity G was found as shown in section 10.2 and given
in table>3.3.v Web shear stress calculation was based on idealised
- Y, relationship of fig.3.7.

Xz

Deflection plots were obtained at mid span and 1-rd span positions.

3

For test series III load slip plots were also obtained from slip

dial gauges results at the positions shown in fig.3.714(a).
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PART IV

THEORETICAL AND EXPERIMENTAL
RESULTS



Part IV

Theoretical and Experimental
’ Results

Chapter 13 Scope and objectives
In this chapter the following theoretical, experimental and comparative
results are reported.
(a) Theoretical results of shear stiffness factors derived in
chapter 7 for a symmetrical simply supported plywood web
I-beam loaded with uniformly distributed load are reported.
The effects of a, B, C and m (a,.B, C & m are as defined in
chapter 7) on shear stiffness factor are investigated and
reported.
(b) Theoretical results as obtained from solutions described in
part II for simply supported rigid and semi-rigid plywood web
I-beams under uniformly distributed load and two point loading
at %-rd span are reported. iheoretical results for stresses
and strains across depths of beams, deflection, web shear stress,
etc., are reported for beam models 1, é, 3 and 4 at different
points along their span under four point loading énd also for
beam models 1 and 3 under uniformly distributed load.
(c) Experimental results obtained for models 1, 2, 3 and 4 under four
point loading at %-rd span as obtained from tests described in

chapter 12 are reported and compared with theoretical results from

similar models as obtained from solutions described in chapter 6.
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Chapter 14  Theoretical results for shear stiffness factor at mid-span
of a symmetrical simply supported semi-rigid plywood web

I—beém under uniformly distributed load
14,1 General
A gsimple computer program was written to investigate the.effects
of varying o, B, m and C on the shear stiffness factor given by equation
(2.110). The parameters a, B, C and m are as defined in Chapter 7 and
figs.b.1, 4.2, 4.3 and b.k.
It should be noted that the parameter C is defined by equation 2.47(b)

and is dependent omn:

(i) beam geometrical properties «, B, L and Af
(ii) material properties m and E,
(iii) Connector properties s and k. By varying s or k, the parameter

C may take any value between zero and infinity,
e.g. The rigid case is defined by C = Osor as k tends to take
an infinitely large value,or sis smail,
Also the effect of slip, i.e. 'C on shear deflection was compared with
total deflection as derived from bending deflection of a semi-rigid beam
and shear deflection of a rigid beam. The loads that a particular beam
of defined geometry, materiél properties and connector properties, may carry
and limited by total deflection in the two cases when the effect of slip
on shear deflection is considered, and ignored, ére reported.

4.2 Effect of varying o, B8, C and m on shear stiffness factors:

Tables 4.1 and 4.2 and figs. 4.1, 4.2, 4.3 and 4.4 summarise some

of the results that were computed for shear stiffness factors at mid span



Values of shear

stiffness factors-

B 0.5 0.2 0.05
a c 1.0 |0.50 .25 1] 0.10 | 0.00 1.0 | 0.50 | 0.25 | 0.10 | 0.00 1.0 0.50 | 0.25| 0.10 | 0.00
0.500 .376 | .48 | 595 1 .717 | .833 || .253 | .356 | .490 | .654 | .833| .169 | .259 | .394| .506 | .833
0.480 .359 |.450 | .545 | 64O | .725 || .232 | .315 | W12 | 2515 | L6071 .11 196 | .255 1 287 | .33h4
0.450 .338 .13 | L4861 554 | .609 |} .205 | .269 | 334 | .392 | J43hf) .11 43 1 L1671 .175 | 178
0.425 324 1.388 | 448 | .500 | 540 || .188 | .241 290 | .329 | .354 .093 | .116 | .130 | .133 | .130
0.1400 312 1.368 | W17 | 458 | 488 || .175 | .219 | .257 | .285 | .301 .080 1 .097 | 107 | .108 | .104
0.350 297 1.338 | .372 | .398 | .416 || .156 | .188 | .21k | .231 | .239{ .061 | .073 | .080| .081 | .077
0.300 .288 1.319 | 343} .360 | .372 || .145 | .170 | .188 | .200 | .205] .O49 | .059 | .065 .066 | 063
0.250 286 |.308 | .32k | .3%36 | .344 || .42 | .160 | .173 | .181 | .85 .ok2 | .051 | .056 | .057 | .056
0.200 l.286 . 301 313 1 321 327 || .1 .155 | 164 | .170 | .173{ .okO | .O46 | .050| .052 | .052
0.100 {'285 297 | 302 | 306 | .309 |} 141 .153 1,157 | .159 | .161 | .039 | Okl | .ohk6 | .O47 | .Ok7
Table 4.1

Shear stiffness factor for plywood web I-beam for m = 1.0
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Shear stiffness factors
C 0.5 0.0
a 1.0 | 0.75 | 0.50 1.0 | 0.75 | 0.50
0.500 .356 | .32h | .283 .833 | .826 | .800
0.480 315 | .288 | .253 .607 | .603 | .590
0.450 269 | 248 | .218 L34 1 432 | JL26
0.425 20 .222 | .195 354 | .353 | L350
0.400 219 | 202 | .178 <301 . 301 . 299
0.350 188 | 175 | . 153 .2%9 | .239 | .239
0.300 170 | .159 | .139 206 | .205 | .205
0.200 .155 | .150 | .135 174 | 7k U173
0.100 .15% | 149 | .149 161 | 161 | 161
Table 4.2  Shear stiffness factor for plywood

web I-beam for B = 0.2
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C=0-25

Fig. 4-2. Shear stiffness factors
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of plywood web I~beams for different values of o, B, C and m.

From figs. 4.1, 4.2, 4.3 and 4.4t it is evident that shear stiffness
factor (Cg) decreases as a is decreased for constant values of C and B
and hence high shear deflections at low values of a.

Also the effect of.decreasing B, results in decreased values of Cyg
for constant values of a and C. The effect of varying C is evident from
fig.k.1, 4.2 and 4.3. The general pattern is that the shear stiffness
factor increases as C is decreased, ie as the beam connector stiffness
is increased. It is noted that the shear s£iffness factor given in table
4.1 for a beam with infinite connect‘or stiffness {i.e. C = 0), a = 0.5
(i.e. rectangular section) and m equals unity (i.e. same flange and web
materials), is given to be 0.833 for any value of B. This is the same
as the shear stiffness factor that may be derived for a rectangular solid
timber beam. It is also noted that the effect of beam connector stiffness
factor (C) is more significant at high values of o and B, i.e. when the
beam tends to be-rectangular, than at low values of a and B where the
differences between shear stiffness factors at different values of C
tend to be insignificant. At moderate values of a (between .1 and .3) and
also moderate values of B (between .1 and .3) i.e. at values of o and B
that may be encountered in ?ractical designs, the effect of C on shear
stiffness factor is not substantial if its effect on the total deflection
due to bending and shear is considered. An 18% difference in shear
stiffness factors at B = 0.2 for C = 1.0 and C = 0.0 is noted. The
contribution of shear deflection to total deflection for beams used in

practice is in the range of 10% or less. Hence the effect of 18% variation
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in shear stiffness factors mentioned above will produce about 2% variation
in the total deflection. A 2% variation may be neglected.

Tt should also be noted that for certain values of C the shear
stiffness factor may be higher than that for the rigid case, i.e. C = O,
for certain values of a and B, refer to fig.4.3. This agrees with
findings of Booth (1969) where he noted that web shear stresses may be
higher in some semi-rigid beams than in their equivalent rigid ones for
_ a simply supported semi-rigid beam carrying uniformly distributed load.

From fig.4.4 it is noted that the effect of m is insignificant at low
values of C, i.e. stiffer beam, than for high values of C. On the whole
the effect of m on the shear stiffness factor is insignificant for beams
used in practice as their m ratio in most cases vary between 0.75 and
1.1 and hence, as seen in table 4.2 and fig.4.4, an approximation of m
equals to unity will not produce significant errors in the shear stiffness

factor even for semi-rigid beams with low connector rigidity, say C = 0.5.

1%4.3 Effect of slip on shear deflection

The effect of slip on shear deflection may be reflected on the load
limited by total deflection. Total deflection is based on bending
deflection plus shear deflection. Bending deflection at mid-span of a
symmetrical simply supported semi-rigid plywood web I-beam carrying
uniformly distributed load over the whole span may be calculated from

equation 4.1 as derived by Booth (1969) based on linear analysis.
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Shear deflection at mid span of a symmetrical simply supported semi rigid
plywood web I-beam carrying uniformly distributed load may be calculated
from equation 2.110 where CS is the shear stiffness factor and may be
found from eqﬁation 2.111(a). Shear stiffness factor will be considered
for two cases:
(a) for an infinitely stiff connector, i.e. C = O
(b) for the actual value of C corresponding to the connector meodulus

of rigidity used in a beam.
Maximum load limited by total deflection in both cases will then be
calculated from equation 4.2, which may be derived for a simply supported

symmetrical semi-rigid plywood web I-beam based on equation 4.1.

_ El Bl

P = pL = 384 Elv 5L21+3—§5—g-(——l-_1)—;-_—%(1_ 1 5
" n Cosh=——| GbdL“C
2vC s

where v 1is permissible deflection factor given by Cp112 (1967)

to take the value of .003.
Maximum loads limited by total deflection were calculated for the two
cases mentioned earlier for a beam with the following geometrical material
and connector properties at different spans and overall beam depths shown

in table 4.3.

(- —1— - b1

- 4.2
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SPAN (Ft)
Shear
over. [tifiness 14 16 18 30 50
ail Factor 1
Beam| for Cg % Cg °fe Cs °le - Cg *% L Cg °le
Dentrg|Rigid || for (Valuesi pigg, i for (Values pigg | for Watesipisg | for Values pig, | for Values pifr,
incheg| Case || Semi | of in llsemi} of in [|Semi} of in fiSemi | of in lSemi]| of in
rigid | C |(oaes||rigid| € |Loags|rigia| € |ioaus|rigid | C tioads|rigid| € |ioads
| ﬁ
12 |0-8324]-2616 |- 502 58583083 |-384 |-3.815 3558|304 |-2-623 15737 [10S |- 406 [+7193|-039 [--117
14 [01652 {.1458 {-351 [-1-931 11534 ].268 |--984 11584212 |--480 i{-1658 [-076 {+-018 [ 1656} -027| 00
16 {01088 [|-1072|.268 [--371||-1093 | -205 |++183 {-1110 | 162 |+ :323 | -1108 [058 |+-186 |-1096|-021 [+-053
18 100892 [-0896 | 220 |+ 164 '0909 | 169 |+'533 {-0914|+133 1+-626 10905 |-048}+-217 [-0897{-017 |+ 039
20 {00796 |-0801|-191 |+-237|-0809]-146 |+-567 [|-0812| 115 |+ -607 [0805 |-042 | +206 |-0799(-015 {+-030
22 00740 [|-0742 | 1173 |+102-0743| 132 |+-440 -0751] 104 !+-512|-0746 |-038{+-175 }}-0743]|-014 |+-024
24 |0.07051.0704| 161 {--089 0710 | 123 |«272 }.0712] -097 {+-353} -07091-035 |+ -1481.0707|-013 | +-019
. !
26 00582 |l.0678| 154 |--314 [-0683] 118 | +-080 |-0685] -093 |+ -2121-0684|-033 |+-083|-0683!.012 [«-016
' i
|
28 |0-06651-0658] -149(-5281.0563| 114 | --114 0666|030 |+ -051{-0666 | 032 | +-052}-C665| 012 | +-001
30 |0-0652{-0644| 147 |--721 1.0649] -112 |-:269 :-0651 -089}+-075{ -0653 {-032 | +-019][-0552{ -012| -00
| .
32 100643 {:0533| 146 | --838-0638| 112 | -'418 {"0640) ‘088 --194 ;-0543|-032 | --013 0843} -011 | -00
34 |o0635/.0625] 146 |-1045]-0829] 112 | --553 |.0632] -088; --302 [| ‘0535|052 | --045(-0635{-011 |--009
36 00629 -0818{ -147 | 4-185] -0623| 113 | - 6650625/ ‘089 --405}-0528:-:032 |- ‘070};-0529!-012 | --015
38 [00625(.0613| 148 1.306/:0617] 114 - -7701-:0620! -090: - -480} -0623| 032 --09¢]-0824} 012 | --022
40 |0-0621]-0608| -150|-1-409 -0613] 15| --859}-0615]-091| --565) -0619!-033 | - 1171-c620| -012 | -026
42 |0-0617}1.0604] -153|-1-505,0609 7] --944 061|092 | - -628} 0515 1-033 - +137:0517 012 --030
44 |00615}.0601] 155/|-1589!-0606! 15| -1-011}-0608! -094|--651[ -0613/034 --155f -0614| - 012, --032
46 |00512|-0599] 158 1657 -06 03] 121 -1077]-0606| -096, --7391-0610:-034 | --1731-0512 - 012|035
: i
; 48 10-0610}-059s| 181 | -1-7181-0801] 124! -11297.0503! 098] - -782:-0608!-035] --19¢]-.0510} 013 --037
i
§ {
L §

Table 4-3. Effect of slip on shear deflection as
load limited by total deflection for B =03825

measured by



2 x 6 inches Douglas fir timber flanges

% inch thick Finnish birch plywood
Material
E = 1.03x 10° 1b/in?
Ef = 1.20 x 106 lb/in2
G, = 1.16 x 10° lb/in2
and m = 0.86
Connector

SWG 8 wire nail of 3} inch length, 0.16 inch diameter and
5030 1b/in connector modulus. Nails are drilled at 2.6 inch
spacing.

Loads from both cases were compared and percentage differences between

them were obtained as shown by equation 4.3.

% 4 . Pg = Pgs
6 difference in loads = -———— x 100 - L.3
Pas
where Py = load limited by total deflection when the

effect of slip on shear deflection is not
considered, i.e. C = 0O
Pas = load limited by total deflection when the
effect of slip on shear deflection is
considered.
Results are reported in table 4.3 and percentage differences are plotted

against different values of overall beam depths for different spans as

shown in fig.4.5. The following observations are evident:
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(a) The effect of slip on shear deflection as measured by percentage
difference in loads limited by total deflection when slip is
consideéred, and ignored for shear deflection calculation, is small
and may be neglected. It varies from a maximum of about -6% for
short span rectangular beams to about +0.63% for relatively short
span (18 ft) and relatively shallow beams (18 inch).

(b) The percéntage difference can be positive which means that the
load calculated on the basis when effect of slip»on shear deflection
is considered on total deflection is higher than that when the
effect of slip on shear deflection was not considered.

This agrees with previous finding in section 14.2 Qhen shear stiffness

factors of some semi-rigid beams were found to be higher than those of

their equivalent rigid ones.

14.4  Shear stiffness factors for beam models 1, 2, 3 and 4

Models 1, 2, 3 and 4 (details of which are described in table 3.710)
have symmetrical geometrical cross-sectional properties but have different
moduli of elasticity for timber in tension and compression and also for
plywood in tension and compression.

For calculation of shear stiffness factor at mid span of beam models
1, 2, 3 and 4 based on equation 2414, the following two approximations
should be made.

(a) Moduli of elasticity for timber and plywood in tension and compression
are the same and that
G E

W W

m = = =
G By
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(b) A linear Q - & relationship is assumed to derive shear stiffness
factors for.models (3) and (4) for all solutions of the models
even those baséd on non linear @ -8 relationship. Needless to
say that for rigid models (1) and (2) the parameter C = O.
Both approximations may be justified as seen from sections 14.2 and 14.3
that the effects of m and C on shear stiffness factors as measured by
their effects on total deflection are not substantial for beams with
moderate values of @ and B. It should be noted that the values of o and
B for models (3) are 0.219 and 0.286 respectively and.those for model (4)
are 0.219 and 0.143 and that all these values lie within the moderate

range of o and B discussed in sections 14.2 and 14.3.
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Chapter 15 Theoretical results for beam models 1, 2, 3 and L.
15.1 General

Some of the theoretical results based on solutions described in part

IT are reported in this chapter. These results are based on the following

solutions of beam models 1, 2, 3 and 4.

(1

(2)

(3)

(4)

Solution of beam models 1 and 2 based on rigid beam analysis

describea in chapter 5.

Solution of beam models 3 and % based on the gengralised governing

differential equation described in chapter 6 where non-linear Q - &

relationship and linear or non-linear ¢ —¢ relationship - depending

on position along span and load level, i.e. external moment -~ were

adopted. The loading cases reported are;

(a) four point loading at %-span for beam models (3) and (&)

(b) Uniformly distributed load over the whole span for beam
quel‘(B) only.

Solution of beam model (3) based on non-linear Q - s relationship

and linear ¢ - ¢ relationship at 211 positions along span and load

levels as described in section 5.6.1. Solution is given for four

point loading at %-span.

Solution of beam model (3) based on linear analysis, i.e. linear

Q -8 and ¢ - ¢ relationships at all positions along span and load

levels as described in section 5.5.1. Solution is given for four

point loading at l-span.

3
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Solutions are given at different points along the span for direct
strains and stresses for all four beam models. Stresses and strain
distributions are aiso given across depths of beams at critical cross
sections at theoretical ultimate load for all the beam models. Due to
symmetry results will only be reported for half of the span. All
solutions were found from computer programs reported in sections 4.6

and 6.8 for rigid and semi-rigid beams respectively.

15.2 Theoretical results based on solutions of the generalised

governing differential equations

15.2.1 Direct stresses and strains along the spans of beam models

1, 2, 3 and 4 under four point loading at ultimate loads

Ultimate load results for direct stresses and strains at different
points along the spans of beam models 1,2, 3 and 4 under four point
loading at-% span are summarised in tables 4.4 and 4.5. Fig.4.6 shows
the distribution of direct stresses along the spans of beam models 1,
2, 3 and 4. The rigid and semi-rigid cases will be considered separately.
(ai Rigid case Beam models (1) and (2)

From fig.4.6 it is evident that the variation of direct stresses
follows the variation of bending moment along the span. Ultimate compressive
stresses and strains in top timber flanges, as determined from small

)

clear specimens (table 3.2) have been reached at extreme fibres (511 and 611
of beam models 1 and 2 (tables 4.4 and 4.5) in the middle third of their
spans and hence compression failure of top timber flange is assumed. The

.distributions of the stresses and strains acrossthe depths of beam models

1 and 2 at this critical zone is given in tables 4.10 and 4.11 and



Direct stresses (lb/inz)

Distance
from one Model (1) Model (2) Model (3) Model (4)

end

(ins) 911 | T3y o1 | o4 111 T34 11 %24i| T T3l G921 ol S11] T3i T21 | op
0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9.15 -1943 | 1905| -1133 | 1177 ||-1708| 1516 | =1390 | 1658|| =1404| 1366 | ~1931| 1971 | -1266| 1165| -1899 | 1995
18.30 -3386 | 3810] -2267 | 2353 ||-3415] 3032 | -2780 | 3316|| ~2812| 2735 | ~3947| L028 || -2556 | 2349| -3926 | k123
27.45 | ~5800 | 5708| ~3396 | 3526 ||-4967| 4223 | -4150 | 4ok7|| ~L430]| 4307 | ~464O| 6486 || ~4093 | 3751 -L6LO | 6523
20.50 -5800 | 6232| -3740 | 3849 ||-4967| L4952 | 4599 | S5k17|| -5113| 4972 | ~46LO| 7559 || ~L4777 | 4370 4640 | 7650
%6.60 ~5800 | 6232 -3740 | 3849 ||-4967| L4952 | <4599 | 5417|| ~4814| 4676 | ~46LO| 6201 || ~L248 | 3911| -46LO | 5910
45,75 -5800 ] 6232| -3740 | 3849 ||-4967| L4952 | 4599 | 5417|| -4637| Lk97 | -46LO| 5301 | -3853 | 3585| -4313 | 4649
Total
ultimate 14250 12554 10847 2465
load (1bs)

Table 4.4 Theoretical direct stresses results at ultimate load for beam models

1, 2, 3 and 4 loaded with 4 point loading at 5 Span

- HgL =



Model (1) Model (2) Mode! (3) Model (4)
: . Depth of . Depth of Depth of ! Depth of
Distance . . i A .
fram Stralssn yield from Stril)n yield from Str?én yield from Str-aén yield from
one end (107)  ltop edge(in)i (107°)  |top edgelin) (107°) top edge(in) a1o™™) tep edge (in)
X (in) €. TE TEn | €
En | 814 h en| €1a] . | n € €4 € h ho | €| €14] € € hi| h
= = = 4
1| Eoa|l ™M 21 Eoq| Eog] M 2 1! €4 E21| Exq Ny 2 1| Eaf €21 &2 1 2
pr— o —— Dol Slrediiraggeiniy .R ey - < R v e T
}
000 00 |00} OO0} OO0 ; 00| 00| 00|00} 0O0]00]|] 00(00 |OO0O| OO} OC0| O0] 00| GO J]O-0O} OO
\
i
9.15 10791121 | 0.0 | 00 %-1324 1579 OO0} 00 || ~-811 | 8O3 [-1839] 1877] OO | 00 {-744| 762 |-1808(1900| 0-0{ 0-0
18- 30 -2159(2241 0.0} 0-0 !-2648 3158 00! 00 |[-1626]1609]-3759|3836 | 0-0| 00 1504} 1535]-3739{-3927| 0-0} 00
27 -45 -3235|3358{ 0-02| 0-0{-3953| 4711 0-09} O-0 ||-256112534/-6698| 6177 { O-01 1-42-2407| 2451{-699616212 | 00 | 1-56
; |
N
30-50 -3562 (3666]0:38 | 0.0 {-4380 5159 | 044 0-0 ||-2955:2925|-8303( 7198 00 | 2-:00{-2B1Q 2856i-8789{7286 | 00 | 217
- ; |
36- 60 -3562136£5:0-38 1 00 )!-4380 5159 0-44] 0.0 || -2783{2751-635415905] OO0 | 126 2-2499 2556/-62501 5629 0-0 ) 1-23
_— S N i
45.75 -306213666{0:38 1 0-0 é-4380 5159 10-44] 0-0 [|-2680i2645 |-4987 | 4797 | 0-0 { 0-46 -2266] 2343| -4108{ 4428| 0:'0 { O-0
Tot s {
ulioithe 14250 l 12554 10847 7465
load (tb) ' Il

Tzable 4-5. Theoretical Direct Strain Results at ultimate load for beam
loaded with 4 point loading at < span

models 1,2, 3 and 4

_68!/ -



8000

1

7000

6000+

U
8

o
I

H
o
Q
C
T

w
o
(o]
(o]
I

@]
C
O
T

34

peam Model (1)
ult. load = 142501bs

] 3 | -

0

Beam Model (2)
uit. load = 12554 |bs

0

Beam Model (3)
ult. load = 10847|bs

0

O34

Beam Model (4)
ult. load = 7465 1bs

1 Il 1 -

-1000

-2000

I

o (Ib/in?)

-3000

-4000+~

~5000

=600V

-7000%

Fig. 4-6. Theoretical direct stresses at ultimate load along the spanhs of

915 183 2745 366 4575
- X (in)

9-15 183 2745 366 45-75
-'—»X(in) v

01

when loaded with four point [oading

515 18-3 27:45 366 4575
— X (in)

915 18'3 2745 36'6 4575
—X (in)

beam models 1,2,2 and 4



- 187 -

and figs. 4.9 and 4.12 and will be discussed in seciion 16.2 when they are
compared with the experimental results.

Depending on the values of the moduli of elasticity of the timber and
plywood in tension and compression and also on the ultimate compressive
stresses and strains of the timber and plywood and noting that the strains
at same levels of the timber and plywood are equal, i.e. no slips, it is
noted that thé values of direct stresses in the timber at a particular
level across depth of beam may be greater or less than those in the plywood

at the same level. This is shown in table 4.4 and fig.4.6 where g > ol

for model (1) when E3:>E2, and Ggly < Tl for model (2) when E3‘<_E2.
Similarly for LAp and Ooqe Table 4.5 also shows the depth of penetration

of yield from the top fibre of the beam for timber and plywood in compression,

i.e. h, and h2, at different points along the span. It is noted that the

1
timber in compression has started to yield while the plywood has not
started. Needless to say that the depth of the yield penetrations for

the timber and plywood are dependent on the idealised compressive g =«
relationship of timber and plywood for models (1) and (2) found from small

clear specimens, refer to figs.3.4 and 3.7.

(b) Semi-rigid case Beam models (3) and (4)

From fig.4.6 it is evident that the variation of direct stresses along
the span does not follow the variation of the bending moment, as in the
. , . 1
rigid case. The direct stresses 110 Ooqs 524,and 534 are maximum at 3
of the span, i.e. at the point of application of the load. Ultimate
tensile stresses and strains in the plywood, as determined from small clear

specimens (table 3.3), have been reached at the extreme bottom fibres of

the plywood (521 and 521) of beam models 3 and 4, refer to tables 4.4
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and 4.5, at a distance equal to-% of the span from the supports and hence
tension failure of bottom plywood is assumed.

From fig.4.7 the distribution of strains and stresses across the
depth of the beam at critical section (%'span> are shown for both beam
models (3) and (4). It is noted that the strains in the plywood at same
levels across the depths of beamvare much greater than those in the timber.
Likewise the tensile direct stresses, in spite of the fact that the modulus
of elasticity of the plywood in tension is less than that of the timber in
tension. In the compression flange the ultimate compressive stress in
plywood at the extreme fibre (521) has been reached but the ultimate

compressive strain (e.,), as determined from small clear specimens (table

21
3%.2), has not been reached and that the material has yielded considerably
(h2 = 2infor beam model 4). It is also noted that the timber in the

compression flange is still elastic and has not started to yield,
i.e. h1 = 0.

The difference in strain between the timber and plywood at the same
levels across the depths of beam and the resulting stress distributions
at different points along the beam (shown in fig.4.6) show the effect of
slip on the behaviour of the semi-rigid beam models when compared with the
rigid beam models.

The effect of slip on the magnitude and distribution of difect stresses

along the span of the semi-rigid beam models may be summarised as follows:
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Bquation (2.56) may be generalised to give equation 4.4 as

follows:
o= f(M,Nj ' - b b

While in the rigid cases N is dependent on M and ¢ - ¢ relationship
only, in the semi-rigid cases N is dependent Qn M, 0 -¢ and Q@ - §
relationships. The curves chosen for @ - g relatianships, whether
linear or non linear, will ébviously affect the magnitude and éistributions
of the direct strains and stresses along the beam spans.

15.2.2 Results for beam models (1) and (3) under uniformly
distributed load

Theoretical results for 5eam. models (1) and (3) under uniformly
distributed load over the whole span are summarised in tables 4.6 and 4.7.

It is noted in this case that compression failure of top flanges of .
beam model (1) and tensile failure of plywood of beam model (3) will occur
at a higher total load over the whole spans than if the beams are loaded

under four point loading at = points. Also it is noted that under similar

1
3 .
total loads when the beams are loaded under u.d.l. and four point loading,
that the web shear stresses are higher in the former case than the latter
case; and vice versa for deflections.

Web shear stresses are critical at a load lower than the ultimate
load when compression failure of top flange of beam model (1) will occur.

The distribufion of stresses and strains across the depths of both
beam models (1) and (3) are given in fig.4.8. Similar to the discussion
given in section 15.2.1(a) for beam model (1), direct stresses at any
fixed level across the timber flanges are greater than those at the same
level across the plywood web. It is noted that plywood web shear failure

of beam model (1) has started before either of the timber flanges or

plywood web in compression has started to yield.



Shear stresses at

Depth of support2
Direct strain yield from (1b/in")
Load Direct stress at mid span at mid span top.fibre Web at Total .
.2 6 (ins) deflection
(1b/in) 1b/in 10 Flange web| N.A. | 00 oo
span
1 2 21 ol 41 2l B ol oy | oy Xz (ins)
0 0 0 0 0 0 0 0.00 0.00 0.0 | 0.0 0 | 0.000
20 -624 612 -36k 378 =347 360 0.00 | 0.00| 37.1| 36.7% 291 0.119
80 -2495 246 | -1456 1511 | =1386 1439 0.00 | 0.00 148.3| 147.0 1136 0.477
150 4678 4587 | -2729 2833 | -2599 2698 | 0.00| 0.00[ 278.1|275.5 2181 0.895
200 -5800 6036 | =3604 3728 | =3433 3551 0.24 | 0.00| 370.8 | 367.4 - 2908 1.189
Table 4.6 results for beam model (1) under u.d.l.

Theoretical

- L6L =



Depth of Shear at support ' _ | Total
yield from | web Slip- at deflec.
Load Direct stres at mid Direct strain at mid top fibre Flange wel at NA. Support at mid
(1b/in) span (1b/in) span 10 (ins) force Ib/in| 1p/in (ing) 5 ?ﬁs)
S11] T34 1| o €11 34 21 | ok h, b, 9 (9 | "xz O © 3 w
0 0 0 0 0 0 0 0 0 0.00 - | 0.00 0] 0 0 L0000  |[.0000) .000
20 563] 563 | -376| 376| -331| 331 | -358 358 0.00 | 0.00 ok . 19k [ 149 [.oo26 ].0026] 0.095
80 2269 | 2269 | -1922 | 1922 | =1335| 1335 |-1831 {1831 | 0.00 | 0.00| 296 {296 |599 0294 |.0294 0.523
140 =4016 | 4016 | -44L0 | 4440 -2362 2362 | -4228 | 4228 | 0.00 | 0.00| 423 423 (o053 0870 .0870p 1.203
160 ~4660 | 4613 | L4640 | 5401 | —2741| 2714 | -5285 | 5144 | 0.00 | 0.66] 471 |46k (208 L1126 1089  1.481
Table 4.7  Theoretical results for beam model (3) under u.d.l. based

on solutions of the generalised d.e.

-26L =
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Similar to the discussion given in section 15.2.1(b) for-ﬁeam
model (3) under four point loading, it is evident that the magnitude of
the direct strains in the plywood are greater than those in the timber
flanges at the séme level across the depth of the beam. . Also the plywoqd
in the compression flange has started to yield while the timber is still
‘ elasticf Also in spite of the fact that E2<1-E3, yet 624-;>634 and this
is attributed to th? fact that €5l :>-€34 due to the effect of slip between

the plywood and the timber.
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15.2.3 Other theoretical results

The results for deflection, web shear, flange web shear (in case of
rigid beam models) and slip (in case of semi-rigid beam modelé) were found
at different points along the beam models spans. In this thesis some of
these results are reported in chapter (16) when these results are compared
with the experimental results found when beam models 1, 2, 3 and 4 were

tested as described in part IIT of this thesis.

15.3 Comparison between theoretical results for beam model (3)

cbtained from solutions based on linear, semi-linear and totally

non-linear governing differential equations

15.3.1 General
In this section theoretical results for beam model (3) under four
point loading are reported at three load levels. These results are
obtained from the following three solutions of the governing differential
equations:
"(é) Linear solution: This solution is based on linear relationship for
a-¢t and Q =8 . Analytical solutions described in section (5.7)
have been used assuming symmetry of section of beam model (3),
i.e. E,I = EB. Since Q =& is assumed to be linear the connector
moduli found from joint tests described in section (10.3) at low,
medium and high load levels are used to give theoretical solutions
for beam model (3) at low, medium and high load levels respectively.
(b) Semi-linear solution: This solution is based on linear g = e
relationship and non-linear Q -5 relationship. In this case the
solution described in section 5.6.1 is used to solve beam model (3

at low, medium and high load levels.
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(c) Totally non-linear solution. This solution is based on non-linear
& ~¢ and Q - 8 relationships. In this case solutions described
for the generalised differential equations in Chapter 6 are used to
solve beam model (3) at low, medium and high load levels.

In table 4.8 the theoretical results are reported for the three load levels

and the three cases mentioned above. These results describe the behaviour

A
3

of the beam model such that the direct stresses at critical section (
span), mid span bending deflection, neutral axis web shear stress at end
support, shear force per unit length at end support and slip at end

support are all reported.

15.3.2 Low load level: chosen load = 1650 lbs.

At this load level results are reported for the linear and semi-linear
solutions only. As the timber and plywood in compression are well within
the elastic limit then solutions are not reported for the totaily non-linear
case. It is noted from table 4.8 that the results given for both the
linear and semi-linear cases are mowm or less equal. Such that the small
variations of linear case (less than 1%) may be ignored and a linear
approximation for Q ~ 8 may be adopted. Needless to say that the results
of the linear case are dependent on the choice of the connector modulus k.

15.3.3 Medium Load Level: chosen load = 5900 lbs

Similar to the case of the low load level,results are only reported
for the linear and semi-linear cases, noting that the timber and plywood
in compression are still within the elastic limit. It is noted from table
74.8 that some differences between the linear and semi~linear solutions

occur. Web direct stress in tension or compression and deflection are most



.

3Bending N.A. web ghear forcé
;Deflectioqshear per unit Slip at end
Direct stresses a Ea#d isiresg length at support
- critical segtion (z ;Mi¢ span @b en i
Load Descr;ptlon Spanﬁclb/fzg ion (3 ; (ins) support Zﬁgport (ins)
izvel govezning ‘ | 1b/in? (1b/in?)
. : ,
d.e. “q | Tz | T2 j”2+ Yy %z | 91 | 93 84 53
N f = E ]

Llnear{Q s ~685 | 685 | ~63L4 {634 111 133 | 104 } 10k |.00297 | .00297
k = 70000 1b/in] ‘

1650 Linear: « - ¢ '

(Low) Non limear:Q-b -688 | 684 | <627 |633 .109 133 | 102 | 102 {.00295 | .00295
Non linear{g:; - - - - - - - - -
Linear {7 | -2496| 2496 | -6l | 36k .657 480 | 300 | 300 |.O4570 | .Ok510
k = 13330 1b/in

5900 Linear: @ - ¢

(medium) | Non linear:Q-s ~24oL | 2477 | ~3013 | 3039 .540 478 f305 § 305 03197 |.03%211
Non linear{g:; - - - - - - - - -
Linear (-«

{Q_8 “4hsp| Lisp | —7502 | 75021 1.479 849 | 428 | 428 |[.12200 | .12200

10375 Linear: @—c¢

(high) Non 1inear:Q-b “L4is6l Li19| 6691 | 6749  1.254 8hly | Lhp | 4hz | ,09690 | 09760
Non 1inear{g:; =47521 4653 | ~L46LO | 7025 1.281 849 | 452 | Lhp | .10220 | .09677

Table 4.8 Theoretical results at three load levels based on linear,semi-%%?ear and

non-linear governing differential equations for beam model

four point loading

under

= 6L
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affected. The results of the semi-linear model are stiffer than the
linear model, e.g. mid span deflection in the semi-linear case is less
than in the linear case by about 3%.

The approximation of the semi-linear model by a linear model is
then possible but it is dependent on the choice of the connector modulus
k to correspond to the desired load level.

15.3.4  High load level: chosen load = 10375 1lbs

At this load level results for the three cases are reported. It
is noted from table 4.8 that the direct stresses of the.timber and plywood
are most affected if the totally non-linear solution is approximated by
either linear or a semi-linear solution. Variations as high as 50%
increase are noted for a1 when a semi-linear solution is assumed. This
may be understood since the plywood has started to yield, i.e. entered
the non-linear zone, and that the analysis of the semi-linear case is
based on linear g -~ ¢ . Semi~-linear solutions give low values.for
deflection, web shear stress, etc. than totally linear solution, i.e.
stiffer beams. Deflection is decreased when the totally noﬁ-linear solution
is approximated by the semi-linear one by about 2.1%. As solutions of the
linear case are dependent on the choice of the connector modulus to
correspond to the load level under consideration and also since it is based
on linear @ - ¢« and as we have seen above that linear approximations of ¢ -«
may result in high variation in the predicted stresses and strains, then
the linear approximation to represent the totally non-linear case may
result in serious errors. Hence at high loads the non-linear case must

be used if accurate beam behaviour is desired.
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Chapter 16  Comparison of theoretical and experimental results
16.1  General

Experimental results from tests series II and IIT described in part
IIT of this thesis are compared with the corresponding theoretical results.
Comparisons are given for each test series separately, i.e. rigid and
semi-rigid beams will be treated separately. The theoretical results are
found from solutions based on the generalised governing differential
equations. The following results are compared and reported.

Test series II and IIX

(a) Distribution of strains and stresses across mid span depth of beam
models (1), (2), (3) and (4) at five load levels and up to the
ultimate load

(b) N.A. Web shear stress at distances from support indicated in
fig.3.74(a). Results are reported at different load levels up to
the ultimate load.

(c) Also mid_span total deflection.
Test series III

Slip between top flange and web at distances from the support
indicated in fig.3.14(a). Results are reported at different load
levels and up to the ultimate load.

16.2 Results for test series II: Beam models (1) and (2)

16.2.1 Beam model (1) -

Theoretical and experimental critical results for beam model (1) are
briefly summarised in table 4.9. From table 4.9 it is predicted that
compression failure of the top flange will occur at an ultimate load of 142501bs.

_As mentioned in section 15.2(a) compression failure of the top flange has



Average m.c.%
Total ultimate Type of failure Position of 14 at ultimatec1lat ultimate small clear
Beam | 1load (lbs) failure along load, Lgad beam specimen
model] ‘ span 1b/in 10~ test test
10+ " Theo. Expt. Theo. Expt. Theo. Expt. Theod Expt. (Theo. | kExpt. T P T P
Compressioni Premature [Middle At end
(1) | 14250 12200 failure of | flange third support -5800| ~5528 |-3562 |-2966 {13.7111.7 { 13.1]| 11.0
top flange | web glue of
failure beam
L.
: g; Compression| CompressionMiddle Middle
(2) | 12554} 13900 failure of | failure of [third third -4970 } ~4963 L4380 |~4150 [1L4.4111.8 | 13.6] 11.0
top flange { top flange| of of
beam beam
Table 4.9  Summary of critical results at theoretical and
experimental ultimate loads for test series II.
Symbols
meCe moisture content
T Timber
P plywood

= 00c ~
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)

been assumed when the extreme fibre stresses and strains (611 and €41
have reached their ultimate values as determined from compression tests

of small clear specimens (table 3.2). Also the position of failure has
been predicted to occur in the middle third of the beam. The beam has
actually prematurely failed at flange web interface near the end support
due to glue failure. The beam failed at a load of 12200 lbs. Glue failure
between the flange and web should not have occurred as the predicted

flange web shear stress (247.5 1b/in2) at that load is less than the
ultimate rolling shear stress (375 lb/ina) on the surface determined from
CP112: (1967) or ultimate shear parallel to the grain stress (1570 1b/in2)
determined from small clear specimens (table 3.2). It is worth mentioning
that the glue ultimate shear strength is assumed to be the lowest of the
ultimate plywood rolling shear stress or ultimate shear parallel to the
grain stress. Also flange web glue failure is uncommon for beams with
similar geometry. It appears that the cause of failure is due to weakness
of the glue near the support. The céuse of that may be due to the fact
that during the fabrication of the beam (section 12.2) pressure on the
joint was applied using clamps on plywood sheets to give approximately
continuous pressure. Using clamps in this manner may result in weak points
because the intensity of pressure at each point along the beam where the
clamps were applied may vary.

A detailed summary of the theoretical and experimental resulfs at
different load levels and up to the ultimate theoretical and experimentgl
loads, are reported for the distribution of direct stresses and strains at
mid span, mid span deflection and néutral axis web shear stress,at

x = 21.35 ins,are summarised in table 4.10.



STRAIN (166) at mid span

STRESS (1b/in®)
15" from levels 1,2,3&4

Theoretical web shear
, mid span stres
%Ezgl 1?Z’§fgils 2;32;2232,3 é:é”?iﬁiéw2,3 Theoretical | Av. Expt. deflegtion(hng 1b/in§
s) a1 | o i = » S RE 071 | O3 | Theo. | Expt. Theo. | Expt.
0 0 0 0 0 0 0 0 0 0 0 0 0 ol 0
679 171 | 178 | 165 | 1720 166 | 160 || ~296 | 292 | -299 | 272 | .060 | .052| 108 | 108
3393 .857 | 889 =824 856 ~-866 830 || -1484 | 1456 | <1559 | 1411 .299 .278 539 551
6786 L1713 (1779 | -1648 | 1714 | -1764 1686 || -2966 | 2913 | -3176 | 2866 .597 .568 | 1078 | 1067
814l 2056 [2134 | ~1977 | 2055 | -2118 | 2023 | -3559 | 34ok | -3812 | 3439 [ .717 | .679| 129 | 1271
10858 _o7h2 2846 | -2637 | 2741 | -2834 | 2698 || -4747 | L660 | -5035 | 4587 . .96 .9%2 | 1725 | 1684
12200 _3084 [3202 | -2966 | 3084 | -3218 | 3043 || -5339 | 5243 | -5528 | 5172 ' 1.070 %1.21 1941 1 1827
14250 ~3562 [3666 | ~3410 | 2520 - - |l -5800 | 5984 - - 1.346 - - -
Table 4.10 Theoretical and experimental results for beam model (1) under four point loading

= Z0¢ ~



Table 4.11

. =6 . Stress (lb/inz)
: Strain(107)  at mid span 15" from levels 1,2,3&4
Load Mid span Web shear
level Theoretical Av deflection stresi
(1b5)' At Tevels [0.15 from 1, ﬁ;; ?igz‘q , | Theo. Expt.  (ins) (1b/in")
1,2,3 &4 2,3 & 4L 3k L
IR T N TR T %4 | 911 | %34 || Theo. |Expt.| Theo.| Expt.
0 ol o 0 § 0 0 0 0 0 0 0 0 0 0 0
679 239 | 28k = -229 | 274 | -205| 199 | =296 | 263 264 | 191 [.o79 .070 | 108 85
3054 ;1074 1280  ~1030 | 1236 ~976 929 | ~1329 [ 1186 ~1258 | 902 .356 .323 | 490 Lo&
5768 ~2028 2418 - ~1947 | 23351 -1879 | 1814 [ -2509 | 2241 =2h2h | 1741 .673 .630 | 926 745
7465 Lo62k [3129 1 -2516 | 3021 | -2540 | 2362 | -32L6 |2900 -3161 | 2267 .871 .810 | 1198 957
9161 ~3221 [3841  -3089 | 3709 | -3036 | 2907 | -3984 | 3560 ~3839 | 2791 |[1.069 1.020] 1471 1168
10858 3817 552 3660 | 4395 | -37071 | 3488 | -h722 |L219 ~4h5 | 2348 |11.270 1.221] 1743 1391
12554 ~4380 5159 |~4150 L4980 | 4530 | 4166 | ~4970 | 4781 4816 | 3952 |[1.454 | 1.442) 2015 1635
; 13900 - - - - -5564 | 4716 - - -4963 | 4527 - 1.681] - 1720
Theoretical and experimental results for beam model (2) under four point loading
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Distribution of Strains and Stresses at mid span

Theoretical and experimental results for direct stresses and strains
at mid span are plotted in fig.4.9 for five load levels including the
ultimate experimental load. The following points are evident:

(a) Linear distribution of strain across depth of beam, assumed in
theory (part II), is confirmed by experimental results at all load
levels.

(b) At low load levels the strains and the stresses determined from theory
agree re;sonably well with the experimental results.

(c) At high load levels, say ultimate experimental lozd, a variation of
the theoretical with respect to the experimental strain results as
high as i_ZO% is noted for strains measured on plywood in tension
or compression sides: likewise with the stresses. Strains found
from the experiment are lower in the tension side and higher in the
compression side than the corresponding theoretical results. While
experimental results indicate that the timber in compression has'
just started to yield, the theoretical results indicate that the
timber is elastic. This may be understood if it is noted that the
theoretical results are based on an idealised ¢ = ¢ distribution where
the idealised yield strain is greater than the proportional limit
strain (fig.2.1(b) ) on which the analysis of the experimental results
ié based (refer to section 2.2, eqns.l1.1 - 1.3).

(d) It is noted that the experimental result of the strain gauges on
the plywood just below the timber flange (positions 6, 19, 12 and
25, refer to fig. 3.74a) are low and that they are off the straight
line distribution across the depth of the beam. This may be attributed

to the fact that when the flanges were glued to the web and clamps
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were applied some glue was squeezed on the plywood under the flanges.
Before the strain gauges were fixed in position, the squeezed glue was
scraped using a razor. The glue might have stiffened the plywood under
the gauge and caused these variations in the results. |

(e) Analysis of sfrain results from experiment to find the stresses in
a way similar to that suggested in section 12.5 resulted in the strgss
distributions shown in fig.4.9. It is noted that the total compressive
force (C) in theAbeam is higher than the counter total tensile force (T)
at ultimate expt. load by about 8%. This discrepancy may be understood
if the variation in ¢ - ¢ diagrams for timber and plywood are noted.
Coefficient of variation as high as .13 are encountered e.g. modulus of

elasticity of timber in tension for model (1), refer to table 3.2.

Mid span deflection

Experimental and theoretical results for mid span deflection reported
in table 4.10 are plotted in fig.4.10. The experimental results are higher
than the theoretical results by és much as 11.5% at the experimental
ultimate load. All other experimental results at loads prior to ultimate
load are lower than the corresponding theoretical ones, which indicates that
the actual beam tested is stiffer than the theoretical model. This may
be explained if it is noted that in the theoretical model the effect of
the web stiffeners and the lateral stability supports were not considered.
Lateral stability supports were designed in such a way that their effect
on the behaviour of the beam is minimised but not completely eliminateds
and this is indicated by the slight differences found between front and

back strain gauges readings. The increase in the experimental deflection
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at ultimate load may be explained by the fact that the experimental strain
and stress results discussed before showed that the beam has started to
yield while the theodretical results indicated that the beam is still elastic.

Neutral axis web shear stress

Theoretical and experimental results for web shear stress given in
table 4.10 are plotted in fig.4.711. The theoretical results and
experimental results agree reasonably well. It should be noted that the
experimental results are based on linear e~ Y2 relationship and
that the theoretical results are based on linear analysis. Ultimate
predicted web shear stress at eXperiméntal ultimate load agree with the
experimental within 6% and are both less than ultimate web shear stress
determined from small clear specimens (2150 lb/inz), refer to table 3.3.

16.2.2  Beam model (2)

Theoretical and experimental critical results for beam model (2)
are briefly summarised in table 4.9. From table 4.9 it is evident that
the predicted theoretical failure of the top compression flange at an
ultimate load of 12554 1bs has occurred at an ultimated load of 139001bs
i.e. 10% higher, when beam model (2) was tested. Ultimate theoretical
and experimental compression stresses and strains (511 and 511) agree
within 6%. BExperimental results are lower than the theoretical ones.
Failure of the beam when the beam was tested occurred within the predicted
region.

A detailed summary of the theoretical and experimental results at
different loads levels and up to the ultimate theoretical and experimental
loads are reported, for the distribution of the direct stresses and strains
at mid span, mid span deflection and neutral axis web shear stress at x = 21.35 in

are summarised in table 4.11.
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Distribution of strains and stresses at mid span

Theoretical and experimental results for direct stresses and strains
at mid span are plotted in fig.4.12 for five load levels incluaing the
ultimate experimental load. The following points are evident.

(a) Linear distribution of strain across depth of beam assumed in theory

(part II) is confirmed by experimental results at all load levels.
(b) Strain and stress results from experiments in the compression side

of the beam agree reasonably well with the predicted theoretical

results, e.g. at ultimate theoretical load lies withmb.5% of the

11
predicted theoretical results.

(c) Differences between theoretical and experimental strain results as
high as 25% are experiencedlin the tension side of the beam, e.g.
c34 at ultimate theoretical load. Theoretical strain results are
higher than experimental ones. This may be attributed to the fact
that linear ¢ -~ ¢ was assumed for timber of model (2) in tension
while a non-linear relationship has been reported, refer to fig. 2.5.

Both experimental and theoretical ultimate strain and stress
results indicate that the top compressive timber flange has yielded
considerably while the plywood is still elastic.

(@) Point (d) discussed in section 16.2.1 for beam model (1) also applies
for beam model (2).

(e) Similar to beam model (1), section 16.2.1e, it is noted that the total
compressive force (C) in beam model (2) is higher than its counter
tensile force (T) by about 17%, determined from the experimental
stress distribution at ultimate load. This high variation may be

partly due to variations in the ¢ - ¢ diagrams for timber and plywcod,

tables 3.2 and 3.3, and partly due to the linear idealisation of tensile

¢ - ¢ relationship for timber; non~linear behaviour has been reported

in fig. 3.5.
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Mid span deflection

Theoretical and experimental results for mid span deflection reported
in table 4.11 are~plotted in fig.4.13. All experimental resulfs, at
reported loads, are lower than the corresponding theoretical ones. A
1% variation is reported between experimental and theoretical at ultimate
load. All experimental and theoretical results agree reasonably well.
Similar discuésion to that of section 16.2.1 to explain stiffer beam
experimental results of beam model (1), also apply for beam model (2).

Neutral axis web shear stress:

Theoretical and experimental results for web shear stress given in
table 4.11 are plotted in fig.4.14. Considerable variations between
theoretical and experimental results are noted. Experimental results at
reported loads are lower than the theoretical results. Variation of
theoretical results with respect to experimental result as high as 20%
is noted at ultimate experimental load. Both ultimate theoretical and
'experimental_results are lower than ultimate web shear stress determined
from small clear specimens (2150 lb/inz), refer to table 3.%. Theoretical
web shear stresses are based on linear analysis and experimental results
are based on linear L Y., relationship.

Xz
16.3 Results for test series III: Beam models (3) and (4)

16.3.1  General
Theoretical and experimental results for beam models (3) and (4) are
summarised in tables 4.13, 4.14, 4.15 and 4.16 at different load levels.

These results includethe following:



ultimate loads for tests series III.

{ Y . t t
Tltimat P051;10n S & e 2 Average m.c.
mate ) ,0 ultimate ultimate
Beam load Type of failure failure load load small clear
model (1bs) along ) 6 Beam specimen
o span 1b/in 10 test test
Theo. | Expt. Thed. Expt. Theo|Expt.| Theo.|Expt.| Theo. Expt. T P T P
Tensile failure|Tensile failure 1 1
(3) 10847| 10800 | of bottom of bottom At At =| 7559 | - 7199 | - [13.9 | 1.5 | 13.1 | 11.0
plywood web plywood web spag spag
(L) 7465|7800 " " " no| 7650 | - 7286 | - N3.5 | 1.3 | 13.05] 11.0
Table 4.12 Summary of critical results at theoretical and experimental

- ¢ -
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(a) Distribution of stresses across the depths of beam models (3) and
(4) at mid span. It is worth mentioning here that strains were not
measured at critical section of the beam models (%-span) because
of the presence of the web stiffeners at these points and also the
load applied there may produce stress concentrations that may
influence the readings.
(b) Mid span deflections.
(c) Neutral axis web shear stresses at distances indicated in tables
Lo14 and 4.16.
(d) Slip between top timber flange and plywood web at distances indicated
in tables 4.14 and 4.16.
From table 4.12 both beam models' predicted ultimate loads agreed with the
experimental ones and also tensile failure of extreme bottom plywobd
fib?e at %-span, i.e. under the load, has been predicted theoretically
and confirmed experimentally at the ultimate loads reported in table
14.12. In both beam models theoretical ultimate %o and 5y 85 determined
from small clear specimens (table 3.3), has been reached. Discussion of -
that has been given in section 15.2.1(b).

16.3%.2 Distribution of stresses at mid span

Theoretical and experimental results for direct stresses and strains
of table 4.13 and 4.15 for beam models (3) and (4) are plotted in figs. 4.15
and 4.19 for five load levels including the ultimate loads. The following

points are evident:
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(ib) ' N N el .

.
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705 [1626-244012465 |11667 |-77 3 | 832 1605 |-2100{2200;:2783 1184 | 1198|2768 2562|2590 -2901\-1337 141527 321220512310 i

7074 17041589 | 609 |1724-2535;2562 +1608|-68

wn

9432 §-2203-551|568 |2310|-3971)3992/2144 |-700 | 717 |«2161|-3822|3843-2269]-887 | 989 |2202|-3380{ 3374 {-3704!1212|+1219|3673(-4013]4035!-3929-1534| 4681 | 374 3 |-3550/ 3540

!
10375 |-2T42-540{ 530 {2532[-4025 452751-2370 =712 | 702 [230(-4453{4355]-25011-8 93 {1007 [2422|-32C4 3780410111231 1193 | 4013]- 4640 4573;-435155511712 |41251{-40933970

3
4

479724971 -723 | 688 |-2462- 480414614 |-2632|-903 | 1011 {2554 4450[4300]|4319}-1252] 1170 14165 |- 4640 4844{-447511561 |1718 | 434246104515

10800 112240i-5371 505 [2645 458
(ult) I

<J

* Extrapolated from experimenta! results

% Theoretical results are based on solutions
of the generalized d.e.

Levels 1,2,3 & 4 are defined as in fig. 29

Table 413. Theoretical and experimental strain and stress results at mid-span of beamn
model (3) under four point loading
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(a)

(b)

(c)

Linear distributions of strain across depth of beam, assumed in
theory (part II of this thesis), is confirmed by experimental results
at all load levels. |

At high and low load levels the strains and stresses determined
theoretically and experimentally agree reasonably well with each
other. e.g. at ultimate loads of beth beam models the highest
variation encountered between theoretical and experimental results

is 15% for ¢ , for beam model (4). Stresses follow the same pattern.

11
It is worth mentioning that at low load levels, about %393 1lbs, the
theoretical strains and the stresses across depths of plywood and
timber of both models agree within 7% variation with the experimental
results.

In beam model (3) the ultimate theoretical result, refer to
fig.4.15, indicate that yield has started in the plywood in compression

while the ultimate experimental results indicate that the plywood is

still elastic. In both cases the timber in compression is still

belastic, and also the timber and plywood in compression of beam model (4).

It is noted that the total compressive force (C) in either of beam
models (3) or (4) agree within 5% with their respective counter

total tensile forces determined from the experimental stress distributions.
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16.3%.3 Mid span deflecticn

Experimental and tueoretical results for mid span deflections of beam
models (3) and (4) feported in tables 4.14% and 4.16 are plotted in figs.
4,16 and 4.20. For each beam, the gxperimental results at reported load
levels, are lower than the corresponding theoretical ones. Highest
variation encountered is at ultimate load of beam model (4) when the
variation is about 11%.

Also in fig.4.16 the theoretical solutions for mid span deflection
based on the analytical solution of section 5.7 fof béam model (3) are
plotted for three load levels; low, medium and high corresponding to
the connector moduli chosen for these load levels in section 10.3.

16.3.4 Neutral axis web shear stress

Experimental and theoretical results for web shear stresses at neutral
axis given in tables 4.14 and 4.16 are plotted in figs.4.17 and 4.21
for beam models (3) and (4). Theoretical and experimental results agree
reasonably well. Variations within 7.5% are encountered in both beam
models. For each beam, the experimental results, at reported load levels,
are lower than the corresponding theoretical ones at any distance from end
support. It is noted that for beam model (4) the experimental results at
a distance equal to 3%.05 inches from the end support are very low aﬁd even
lower than those at a distance equal to 15.25 ins. These results might have
been influenced by the presence of the end stiffener since these results
were obtained from a rosette on plywood adjacent to the end stiffener.

These results were not plotted.



Total mi%zig?n deflection zsziﬁgfgészizss
1b/in Top flange slip (ins)
Load
%i;:% *Theoretical | Experimental| *Theo. | Expt. “Theoretical Experimental
At x=9.11 At x=24.L | At x=9.1 |At x=2L.4
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1651 <135 133 133 98 .0029 .0021 .0018 . 0014
3537 .325 . 323 286 250 .0110 . 0076 .0091 .0055
L716 ROV 449 382 335 .0193 .0130 .0165 .0110
7074 .819 .72 574 522 .Ohh6 .0300 .0382 .0258
oL32 1.245 1.142 769 718 .0795 . 0546 L0717 .0495
10375 1442 1.330 850 791 .0977 . 0692 - 0935 . 0630
10800 ! 1.552 1. 442 893 832 | .1086 . 0781 . 1030 .0700

* Theoretical results based on generalised d.e. solution

Table 4.1k

Deflection, web shear and slip results of beam model (3)
under four point loading

- 6L2 —
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16.3.5 Top flange web slip

Experimental and theoretical results for top flange web slip given
in tables 4.14 and 4.16 are plotted in figs.4.18 and 4.22 for beam models
(3) and (4). Theoretical and experimental results agree reasonably well.
Variations within 12% have been encountered in results from both models
at distances of 9.1 and 24.4 inches for beam models (3) and 15.25 and
39.65 inches for beam model (4) from the end support. Low experimental
results have been encountered in results near the end support of beam
model (4), at x = 3.05 ins. Thisis attributed to £he effect of the end

stiffener which was ignored in the theoretical solutions. For each beam,
the experimental results, at reported load levels, are lower than the
corresponding theoretical ones at any distance from the end support.

Also in fig.4.18 the theoretical solutions of flange web slips at
x = 9,1 inches based on the analytical sclution of section 5.7 for beam
model (3) are plotted for three load levels; low, medium and high
corresponding to the chosen connector moduli for these load levels given
in section 10.3..

16.3.6 Corollary

It should be noted that in all the theoretical and experimental results,
reported above for deflection, web shear stress and slip of beam models (3)
and (4), all the experimental results are lower than their corresponding
theoretical results. This indicates that the actual beams tested are
stiffer than the theoretical models. This may be explained in the same

way as discussed in section 16.2.1.
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Table 4-15. Theoretical and experimental strain
under four point loading

and stress results at mid- span of beam model (4)
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under four point loading |



Total mid

Load de?giﬁtion Web shear stress (1b/in°) Top flange slip (ins)
%ig:% *Théi?S) Sor]  Theoretical Experimental *Theoretical Experimental
x=3.05 | x=21.35| x=3.05[ x=21.65 | At x=3.05 | x=15.25] x=39.65 | x=3.05 | x=15.25 |x=39.65
0.0 0 0 0 0 0 0 0 0 0 0 0 0
1697 .199 .179 266 263 172 211 . 0054 .0053 .0004 | .0032 .0043 .0007
3393 R 452 528 523 358 452 .0208 .0200 .0019 { .0160 .01&9 .0017
5090 .864 .831 784 779 599 715 .0503 L0481 .0054 | ,0350 L0420 .0050
6786 1.357 | 1.262 | 1052 1045 843 1011 .0957 .0919 .0113 | .07C0 .0790 .0100
7465 | 1.581 1.482 | 1169 | 1163 gk | 1123 .1201 .1158 .0149 | .0805 .1010 | L0134
7800 - 1.550 - - 1008 | 1218 - - - .0920 21150 | L0154

* Theoretical results are based on generalised d.e. solution

Table 4.16 Deflection web shear and slip results of beam model (4) under four

point loading



Load (Ib)

8482'5

~— Theoretical based on generalized governing d.e. solution
~ — —~ Experimental results

—

At Xz 39-65in

At X = 3:05in

At X=15:25in

A
\

AL 2215250

—— - !l — —-—v—‘/é/' P
e - il _—
- - -— - - // X =305
- t X=23051In
6785 " e >
-
H
5089-5 1
S}
ro
Variation of theoretical result from experimental at ult. lead o
1
3303 (1) For X = 3-05in, variation = 48°/
(2) For X=15 25in, variation = 7.1%
(3) For X= 39:65in, variationz 12%
1696:5
0 1 i | { ! { | | ol J
400 500 600 700 800 SO0 1000 1MO0 1260 1300

Fig. 4-22. Theoretical and experimental siip results for beam model (4) under four point 1o

zding



8482.5- .
Theoretical based on generalised -
governing d.e. solution - A
-~ o Experimental results
67861
o~
0
™~ 50895 -
o ” =
)
m / / * . -
(] // Vartation of theoretical results from
~J 3393 2 experimental result at ult. lcad =109,
Z .
~
v/
p
1696-5~ )/
Vs
1 1 1 t 1 ! 1 |
0.2 04 o6 08 1-0 1.2 1-4 16

Total deflection (in)

Fig. 4-20. Theoretical and experimental mid span

deflection of beam model (4) under four
point loading

B482-5
// p
Theoretical S
- —o— Experimental A
6786 '
7
-~ Ve
a e
s //
T
¢ 503951 o 7/
O e
-J e
V4
e
_ 7 variation of theoretical rezult frem
33931 > experimental result at ult. lcad =7-5°
yy,
> yy
Y/,
169645 - . Z
Vs
o7
P
] ] 1 ] : 1
200 400 600 800 1000 " 1200

T, (Ib/in?)

Fig. 4-21. Theoretical and experimental web shear stress

results at X = 21:35 in for beam model (4)
under four point loading



- 228 -

PART V

SUMMARY, CONCLUSIONS AND FUTURE WORK



Part V

Summary, Conclusioms and Future Work

Chapter 17 Summary

17.1 Scope

The ultimate load behaviour of rigid and semi-rigid plywood web
I-beams has been investigated theoretically and experimentally.

The theoretical investigation presents the cases of rigid and semi-
rigid plywood web I-beams seprately.
17.2 Theofetical

17.2.1 Rigid plywood web I-beams

The theoretical solutions presented to describe the behaviour of a
rigid plywood web I-beam are based on the engineer simple bending théory
and also on the assumption that complete interaction between the flanges and
web occur, i.e. no strain difference. Solutions have been given to find
the stress distributions across the depth of a rigid plywood-web I-beam at
different points-along its span. To find the stress distributions, the
stress-strain relationship (g - ¢ ) for timber and plywood in tnesion and
compression are defined. A linear g - ¢ relationship has been adopted
for timber and plywood in tension. Also two ¢ -c¢ relationships have
been considered for timber and plywood in compression: a linear one and
an idealised non-linear one. A numerical procedure based on linear Newton-
Raphson method has been employed to find the stress distributions across
the depth of the beam at any point along its span when the generalised
idealised non-linear ¢ —¢ relationships are adopted for timber and
plywood in compression. Bending deflections have also been found using
two methods depending on the cases when a linear or a non-linear o - ¢
relationship has been adopted for timber and plywood in compression.
While fof'analysis based on linear ¢ - ¢ relationships analytical solutions

are given for bending deflection, a numerical procedure based on finite



differences has been employed to find bending deflection at any point
along the span of the beam when the analysis is based on idealised non-
linear ¢ -¢ relationships. Webs have been assumed to be thick enocugh
to prevent them from buckling and analytical sclutions have been given
for web shear stress at the neutral axis based on linear g -«
relationship for timber and plywood in compression. Also analytical
solutions, baéed on linear ¢ ~ ¢ relationships for timber and plywood
in compression, have been given for flange web shear stresses at the
interfaces of the top flange and bottom flanges. Based on the concepts
mentioned above, a computer program has been written to find the bending
stress distributions at different points along the beam span, bending and
shear deflections, web shear stresses at the neutral axis and flange web
shear stresses at the interfaces of the top and bottom flanges.

17.2.2 Semi-rigid plvwood web I-beams

The theoretical solutions presented to describe the behavicur of
semi-rigid plywood web I-beams, are based onthe engineer's simple bending
theory and also on the assumption that incomplete interaction between
flanges and web will occur. Hence strain differencesbetween flanges and
web will take place and it is assumed that these oceur at the centre of
gravity of the joints. Hence the joints Q - & relationships are defined.
A linear and a non-linear Q - & relationships are considered separately.
The non-linear relationship is based on Mack's equation (1966). As in the
case of the rigid beam analysis, g - ¢ relationships for timber and

plywood in tension and compression are defined to find the stress distributions



across the depth of the beam at any point along its span. Whereas a
linear ¢ - ¢ relationship is defined for timber and plywood in tension,
linear and also ideélised non-linear ¢ - ¢ relationships are defined
for timber and plywood in compression for each of the linear and non-
linear @ -~ 8 relationships. Hence four cases are considered:
(a) Iinear Q -5 : (i) Linear ¢ -¢ timber and plywood
(ii) Non-linear @ - ¢ timber and plywood
in compression; linear in tension
(b) Non-linear Q -~&: (i) Linear ¢ - ¢ timber and plywood
(ii) Non-linear @ -—¢ timber and plywood
in compressiong linear in tension.
Generalised governing differential equations have been derived in
terms of flange direct forces (N) and joint slip (8) of the top and bottom
flanges. Analytical solutions of these differential equations are found
when the analysis is based on linear Q - &8 and g -~ ¢ relationships.
In 211 the other cases numerical procedures are adopted to solve the
governing differential equations. " The adopted numerical procedure is
based on the predictor corrector method due to Hamming (1959, 1962).
In the numerical procedure, values of the unknownsare guessed at one end
of the beam (first boundary point) and integration then proceeds from one
node to the next along the beam span using predictor corrector method until
the other end (second boundary point) is reached, where the results of
unknownsobtainea from integration are compared with the desired given
values at that boundary point. If the calculated values of the unknowns
from integration at the second boundary point are different from the desired
given values, then convergence towards the desired given values is obtained

by finding new guesses for the unknown values at the first boundary point.



- 232 -

These new guesses are obtained by applying a combination of two methods.

- These methods are based on a direct search method and a directional

search method based on the Newton Raphson method to solve simultaneous
algebraic equatidns. After finding the correct stress distribufions
across the depthsof the beam at various points along the.span and hence
curvatures, then bending deflection, flange web shear force per unit
length, etc., are also found. Similar procedures are employed to find
bending deflection as those mentioned above for the rigid beam.

Analytical solutions are given for web shear stress and shear
deflections of a simply supported semi-rigid plywood I-beam. The solutions
are based on linear Q- &8 and ¢ -¢ relationships. The effect of slip
on shear deflection has been investigated for a simply supported beam
loaded with uniformly distributed load over the whole span.

Based on the abovesa generalised computer program has been written
to solve the generalised governing differential equations in terms of
flange direct forces (N) and'flange-web slips (8) of top and bottom flanges.
Also solutions for total deflections, flange web shear force per unit
length and web shear stress may be found using the computer program.

17.3 Experimental

The experimental work includes the testing of four simply supported

plywood~-web I-beams under four point load at %-points of the span. Two

of the beams were rigid and the other two were semi-rigid. The beams
were tested up to failure and strain measurements were made across the
depths of the beams at mid spans. Also deflectionsat mid span and at-%

points, and shear strains at various points along the beam were made.
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In the case of the semi-rigid beams also slip measurements at various
points along the top flange were made. Prior to testing the beams, tests
on small clear specimens of timber and plywood and also on timber to
plywood joints were made to determine material properties of timber and
plyﬁood used in the beam and also the timber to plywood joint Q -8
relationships. Strain measurements using electrical resistance gauges
and mechanical gauges were made on some of the tension and compression
small clear specimens to determine o - ¢ relationships of timber and
plywood and alsc to find the true gauge factors of electrical resistance
gauges. Tension and compression tests were made on timbef flanges prior
to beam fabrication to compare their results with the results obtained from

tests on small clear specimens.
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Chapter 18 Conclusions and applications to design
18.1 Conclusions

Several conclusions arise from the theoretical, experimental and
comparative studies made on plywood web I-beams and described in parts
II, IIT and IV of this thesis.

It has been shown that corrections factors should be applied to
electrical reéistance gauges factors when they are used to measure strains .
in timber and plywood. Strains measured by electrical resistance gauges
of the type used in this thesis are up to 12% lower than those measured
by mechanical gauges. This agrees with Solvey (1952) and Youngquist (1957)
who found up to 10% decrease in strain when electrical resistance gauges
are used to measure strains in timber and plywood.

o - ¢ resuits obtained from compression and tension tests on small
clear specimens of timber and plywood have been satisfactorily represented
by a linear idealisgtion for tension and & non-linear elastoplastic
idealisation for compression. It has been found that it is possible to
predict satisfactorily the behaviour of both a rigid and a semi-rigid
plywood web I-beam by adopting these idealisations for the g -«
relationships of timber and plywoodbin tension and compression when these
beams are analysed theoretically.

Q -8 results obtained from compression tests on timber to plywood
joints have been satisfactorily represented by Mack's equation (1966).

It has been found that it is possible to predict the behaviour of a semi-
rigid plywood web I-beam by adopting Mack's equation to describe the
Q - & relationship of a timber to plywood joint of a semi-rigid plywood

web I-beam when this beam is analysed theoretically.



It has been shown that the results obtained for the moduli of
elasticity of the timber flanges in actual sizes, when tested at low
loads in tension and compression parallel to the grain prior to beams
fabrication, are slightly lower than those obtained from small clear
specimens.

Strain measurements across the depths of the beam models at mid_span
show that theAstrain distribution across the depth of the beam is linear
and hence validated the basic assumption that plane sections before bending
remain plane after bending.

From the theoretical study on plywood I-beams the effect of joint
slip between the timber flanges and the plywood web is evident and is
reflected in the bending stresses and strains and deflection, etc.
distributions along the beam span. In the case of rigid beams the bending
stress distribution along the beam span follows the bending moment distribution,
whereas in the case of the semi-rigid beams the effect of joint slip,

i.e. strain difference between flanges and web, plays an important role
and may force the distribution of bending stresses along the span to
départ from the distribution of bending moment,and is dependent on the
choice of the joint Q -8 relationship.

It has been confirmed theoretically and experimentally that the
magnitudes of the bending strains and stresses at the same levels of
plywood and timber are dependent on the materials g = ¢ relationships
and the relative magnitude of ultimate and yield strains and stresses of
timber and plywood, also on the degree of stiffness of the timber to
plywood Joint, i.e. Q@ - & relationship,.and also on the load level for

a beam with fixed geometry. This has been confirmed theoretically and
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experimentally from results obtained for beam models (1), (2), (3) & (4).

- In the case of the rigid beams it is found that the strains are the same

in.timber and plywobd at any level across the beam depth and also at

all load levels and that the timber in compression has started to yield

before the plywood in compression aﬁd that compression failure of the

top timber flanges has been predicted and confirmed for beam model (2).

In the cases of the semi~-rigid beams it is found that the magnitude of

the strains and hence the stresses at any particular level across the

depth of the beam varies with the load level and strehgth of the joint.

It is found that as the load is increésed the strains in plywood tend

to be higher than at the same level in the timber flange and this may

be understood from the shapes of the timber and plywcod g -¢ relationships

in compression. In the semi-rigid beams it is found that the plywood in

compression has started to yield before the timber in compression and that

a tension failure of the bottom plywood at'% span has been theoretically

predicted and experimentally confirmed for both beam models (3) and (4).
While it has been shown that the effect of slip is to increase the

bending deflection, it is established theoretically that the effect of

slip may increase or decrease the shear deflection. Also it has been

established theoretically that the effect of slip on shear deflection

is small if this effect is compared with the total deflection, i.e. bending

plus shear deflection, for beams with moderate flanges sizes, web thicknesses

and overall depths.



While it has been shown theoretically that a totally linear analysis
. based on linear @ - & and ¢ -¢ vrelationships is possible for semi-
rigid beams at low and moderate load levels, it has been established that
a totally non-linear analysis based on non-linear Q - & and d‘—c
relationships is essential for semi~rigid beams at high loads near their
ultimate. .

Close agreement between theoretical and experimental results for
strain and stress distributions, deflection, slip and shear stresses
indicate that the basic assumptions on which the theoretical analysis
is based and the method by which expefimental strain results are converted
into stresses are valid. Also it indicates the adequacy of the
experimental rig.

18.2 Applications to the analysis and design of semi-rigid plywood

web I-beams

In this thesis theoretical and experimental studies of semi-rigid
plywood web I-beams at ultimate load proved that deflections are excessive
and that they are much greater than the permissible given by CP 112 (1967).
For beams of similar spans to those considered in this thesis (91.5 in),
the permissible deflection is about 0.27 in. Deflections as high as
1.6 in have been recorded at ultimate load for beam model (4). In most
cases the maximum permissible deflection may limit the design load of
a semi-rigid plywood web I-beam and may be considered as the limit state
of that beam. Other limit states, e.g. bending stresses and web shear
stresses, are checked for.

In cases where permissibie deflection is the limit state of the beam

design, then a linear analysis based on linear Q =85 and g - ¢ 'relationship
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for timber and plywood in tension and compression may produce solutions
accurate enough for design purposes, since the beam may be considered at
low or moderate load level. For a more refined analysis, a non-linear
Q =8 with linear ¢ =¢ relationships should be considered. .

In other cases where high deflections may be tolerated, or beams
precambered, then the analysis may be based on the ultimate load concept
when the analysis should be based on non-linear @ =8 and g - ¢

relationships for timber and plywood in compression and also a linear

g - ¢ for timber and plywood in tension.



Chapter 19 Suggestions for future work
The following.suggestions, have not been considered in this thesis
and their investigation in the future will complete the picture of
ultimate load behaviour of rigid and semi-rigid plywood web I-~beams.
(1) Distribution of shear stresses across the depth of plywood
in a plywood web I-beam at ultimate load.
(2) Buékling of plywood webs in plywood I-beams and the
lateral stability of the whole section at ultimate load.
(3) Shear deflection of semi-rigid plywood web I-beams at
ultimate load based on non-linear ¢ = ¢ relationships
for timber and plywood in compression and also on non-linear

Q -5 relationship for a timber to plywood nailed joint.
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APPENDIX



Symbols
NSET

Iw
ISP
IS0L

IS0L

IS0L

ICASE

ICASE

ICASE

Subroutines

- IGUESS

- 24h -

Flow Charts for

Computer Programs'

Number of data sets

Number of loads to be considered

Number of spans to be considered

Type of ¢ =« relationship to be considered
analysis is based on linear ¢ - ¢

analysis is based on non linear ¢ - ¢

Type of Q = 8 relationship to be considered
analysis is based on linear @ - &

analyéis is based on Mack's equation for Q-8
relationship

Desired accuaracies to which solutions are iterated
A parameter to obtain an initial guess for first
derivatives such that the Newton Raphson method

may be applied.

Is a subroutine based on analytical solutions of

generalised governing differential equations to find

‘ iﬁitial guesses of slips at first boundary point, e.g.using

equations 2.65 and 2.66 for a symmetrical simply supported

beam under four point loading at l-span and noting that

3

5 = QEi ,upper bound slips at low loads may be guessed

by choosing k slightly stiffer than the actual and vice

versa for lower bound slips
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BENDID Is a subroutine based on finite difference method given in
secfion 4.3.3 to find bending deflection

SHEARD Is a subroutine based on equations2.108 and 2.114 to find
shear deflection of a simply supported beam at mid span
of a plywood web I-beam under uniformly distributed load
and four point loading

DFEQS Is a subroutine based on predictor corrector method
described in section 6.2 to integrate from one node to
the next along the beam span. It is worth mentioning that
DFEQS is called at each node to predict the solution at
the next node and then correcting that soclution as outlined
in section 6.2.2

MOMENT Is a subroutine to calculate the bending moment and shear
force at each node along the beam span for two loading
cases,mainly: a four point loading and also a uniformly

distributed load over the whole span

Other subroutines are described in flow charts given later in this appendix.
The same notation adopted earlier in the thesis is also adopted in

the flow charts described later in this appendix.



- 2h6 -

FLOW CHART I

Rigid Beam Program

NSET=NSET « 1

NB.

ce= (8A(10)' - BAlIo-1})
(Min(To) « Mjp({lo-11)

Read tnput data E4.€3.E3.
Gz, %y, Toudy .¢p.d3, £
M. H,Porp, L IW,ISP,
ILOAD, 1w, ISP,....

Caiculate section properties
© eg ApAg.etc.

1 NSPsNSP + 1 SPAN = L{NSP)

Tl mwool :
> NW = Nw « 1 NwW =0 Define nodes
—— along span
CALL "MOMENT" to find Mayat all nodes
(To - 0] along the span and for that loading " Ww*"
[To=Tost Ju—qM: Mex (10) |—m—] Assume Tinear - E:
- Find 8, €19,€2¢,01 , 02,
etc...

Assume non linear
0 - € timper, linear
plywood; find €y,
€11, €21,011,021. etc...

Assume linear 0- € 1
timber, non linear
. plywood; tind Eyy, N A4 )
Ea1. 01y, By, etc-..
[ 11 Joz1,8:681) J

It Jo>1, 0 = ccx(M-MjfJo-1})

Assume non linear
| timber ana plywaod; find
- €4 £21. Tit_and Ty

A

Calculate total MjiJ0) | —

14

STORE: Stress and Strain curvature
distributions at that node. Also
calkutate corresponding web shear
and flange web shear stresses.

Find total
deflection "

Write stress and strain distributians,
deflection W% Ixyand g at ail
nodes along span

Far calculated curvatures and given boundary conditions Call “SHEARD" to find
CALL “BENDtD"to find bending deflection at all nodes shear deflections




lCALL “SHEARD™ to t

shear deflection

=]

Write stresses and strains
distrens. deflection, web
shear stress, slips and
9y and q3at all nodes

B

CALL "BENDID"to
ind bending deflection
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Read Input Data; E4,E2,€3,G2, 120,

€yy E2¢ . ¢.d3 .d3 by, by Porp, L,
g, Species tactor, W, 5T, IW, ISP,
150L, ICASE, JLOAD, Numter of increments
IM, Bourdary foints and conditions

FLOW CHART IL

Semi-rigid Beam Program

alculate section
propertics &9 AjAs,

NSz Nspe 1 |-+ SPAN: L(Nsp)

NeERtag

Calculate r
at all nodes by cailing
"MOMENT®

/1

Find poaitions of rodes
along Span-

Nw 0

1le. 831 0-

Cali "IGUESs- to tind D1]up,Dalup,

¥

Set guesses at first bounddry
51 =5l|up.53 : B3 ‘up
Ny :Ny 20

CALLSOLN" to fina
upper bound solution

Find total deftection T
Find Txz [ et co-ordinates at
. 9N . dN tirst boundary;X:=0
sete = laye
STCRE : Strains, Stresses
curvatures, ?_N_‘. .dN:’ L
dx dx
Is - Set co-ordinates at
CALL "SOLN"to fina A A
Y/ 2nd Bp| . first dary points
solb
satistfied Lower bound solution x:0
?
[
N .
Is
a good -
Lo\ A8y = (8ylup - Bl ]I 51 : by ho IM; =0
A8y = (Balyp ~Bal im "IM3:0

Set guesses at first boundary

noint~ﬁ1:5‘|l_0 53: 3lL0
Ny =Ny =0

[53:865. 85 Jfims s 15 1

Is
Y (amgimeayt

-o—L:M,:deHG] =08,-8]

Set guesses at first boundary l

point. Oy: 07, 83: 8%

1
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Subroutine “"SOLN"

Transfere 51. 53,N1, N3, X as

solution vectors for all nodes.
Also, N, NPT, db; dN; ete

dx dx
. s, ISOL, ICASE, H,
and Mayx at each node.

E,

Y

Jo=Io+1

CALL "DFEQS *
at the same time

for all nodes

and "EXTERN"

STORE B1(Io), d2(x0)

Ny (I0), N3(Io0) and their
derivatives Also X(Io)

RETURN

'Subroutine "EXTERN"

Transtere 81, 83, Ny, N5 and
On. C1a....ete. €, 7,

IsSOL, ¢, s, ICASE,
and Mex at each node

—<—(60 T¢

1

(ISOL), 1,2 }—=—

2

dx
g-£

at each node.

d63 based on finear
dx

and corresponding to Mgax

node.

CALL "MTITER" to f{ind ddy and
. d
‘2—’(3 based on non linear g g

and corresponding to Mex at each

CALL ~‘ARITH" to find
- dNt ang 9N3 for values

of By, 63 at ezch node.

Y

< RETURN ,

dx 33




Subroutine "MTITER”

Transfere: iV‘Iex, I“I"l, Na R 81),. Ezy‘

Section properties, 09y, 012, €14
Ty2.hq,hy , 8, ctc, E.7,
to and from Extern.

Y

uz = -(Ny» N32) J

Assume M5 as a
oto0f total Mgy

/

To:=To+1

¥

[MEZ(IO) = Mo ]

Also corresponding stresses

For My = Assume alinear U-€
for plywecod. Find 6,€E4, €24, etc.

-t
- T e

cez (Maz(Io)-NMzz(To-1)

(M, (To) it (To-1)

A

6 =eA(l-1)] ¥

Assume: Non linear 0 €
for plywood. Find Eqy, €21, Ty,
h2. etc. for @

1

{ ea(1) = e |

f

I Calculate MM2(I) ]

TOL zfMM2 (1) -2/ 11,

11 =10A(02)=eA(D)x(1.7]) | N
HI>1; @A(T- D =0AI) realldy-MM2W) [T

Y

512, ete., for 6

Assaine lnear C-2 for tap
flzange; calculate My, E”,

Assurine lineczr O=¢;
bottom flange. Find
634,533, M3, etc. for ©

a

Y

Al

AcTime Menbinear 002,

NI top timter flange Coa g, et

)

i

. H::(rn,l + |'3 } . ”2"‘1

Mip(Io)= Mys Mnye M4

e e e e < e i e romenied

'031} [ :I-"i_f_(!)a‘l‘('i-"f“)

iAo K (’.:-}'E(x’-z‘v_.;\-?-“i}r,(l’\) ))




Subroutine "ARITH"

Transfere 04, D , s, 9Ny dNg3
. e o 3. 4.8 dx ! Tdx '
Species factor, I CASE to and

from “EXTERN"

{

r——<—( GO TO (ICASE), 2 )

1 2
. dN1 dN3 . danN ‘(1?13‘
Find -3, gx 1 based : Find '_ldx 3% based on
on linear a-0 non linear Q-0 "Mack’s eqn.”
(orturn )
: RETURN -

—— o



!
28]
\,1
i
0y
=
or
=

ransfors from main program:-/
esses at first boundary for

=
gu
01,03, Njand Ny, M, NPT

3

81=01lo"AB,
03=031yAb3

A

[ caLL "nwrne |

&

YI(D) = YY1
Y2(I)=YY2

Subroutine "NWTMI*

Trangicre 45;.-53,/
Ny, N3, X, NPT,
YY1,yvy2

*m
L)
.
[caLL "DFEEGS "]
1

Y1(Io) = Ny
Y2(Io)=M>o

YY1=Y1{NPT)
YY2 2 Y2(MPT)

¥
{ RETURN )

2nd B.pt\_ vy

Satisfied

SET : 0= O)Ig e

[CALL "HWTNY" |

Y1) ="rvi
v2u(I)=vyyv2

LN
2nd B.pt.
Satisfied\Y >

7

LN

1
ay= (-Y1(ID)+Y11(1)) /m*ﬁﬂo)
Gnyz (Y21(I)-Y2(1)) 102 84 )

SET: 04 = 04l
63=5310k(1*n).
Ny=M3=0, X=0

by

{ caLL "NWTNTY|

DD =anm a22- a2 xazy
A51 = (uzzzs Gyo

A % 2y,)[0D
ABs3 - {-ap1# aio* anpx oy ) [CD

B fiet,
N Saticficd
N : /

A

N,

b-‘,?'l

ayas (V201D - 17000 [ 1+ 0)
Qon = (Y22(T -2 (I (ix &2))
: -Y1(I)




