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2. CHATRMAN'S INTRODUCTICN

Welcoming the participants, DR. STIEDA said the work of the group had led to
the production of a model code of practice £for structural timber which had
provided a basis for Eurocode 5. He went on to outline the programme of the
present meeting which would propose work towards the revision of the CIB Code
which was published in 1983,

3, COOPERATION WITH OTHER ORGANISATIONS

ISO/TC 165:  MR.LARSEN said draft International Standards had been prepared
for nail plate testing and for stress grading, the latter based on the ECE
document.  Further drafts were being prepared on the grouping of structural
timbers and on test methods for nails.

A design standard based on the CIB code was to be produced but this work was
suspended pending the completion of EBurocode 5, which was expected to be
ready for comment at the end of the year.

A future standard on the testing of wood-based sheet materials would be
developed from the work of RILEM, and a system of European standards was to
be built up for wuse In parallel with national codes; these might be
transformed subsequently to ISC standards,

RILEM: DR. CECCOTTI said RILEM had agreed to two proposals he had made, one
related to seismic effects and one on the long term behaviour of composite
structures which include timber. Following a request that he should contact
potential chairmen, he had put forward the name of MR, RIBERHCOLT for the
group on long term behaviour,

MR. SUNLEY asked whether the collaboration between W184 and RILEM would
continue. PROFESSQR KUIPERS said this was the intention, which would be
achieved as long as a group chairman shared the aim; otherwise there would be
a danger of divergence.

EUROCODE: MR. LARSEN said Eurocode 5 would soon be available in English,
French and German, and later in Italian, Dutch and Portuguese. There would be
a year allowed for comments through national representatives, including those
of EFTA countries, before finalising about 1991,

PROFESSOR XUIPERS said a conference in Luxemburg on the 7 - ¢ March 1988
would describe the background to Eurocode 5 but would have a wider scope
including recent timber projects and means of improving educaticn in the
design of timber structures. The conference was not so much for research
people, but rather to give practising engineers information on future
requirements. The cooperation of timber promotion agencies had been sought in
ensuring the desired attendance.

After a discussion of CEN standards and grading standards the Chairman and
PROFESSOR GLOS suggested W18A should discuss whether they ought to take an
interest in grading in future, as this influenced the derivation of
characteristic values.



CEI-Bois [FEMIB: DR. BRUNINGHOFF said Sous-Commission GLULAM had produced a
production standard which had been incorporated in the Eurocode as Annex 3
and had been accepted by the industry. New material on gquality control in
relation to test standards would be put forward for inclusion in Annex 3.

IYFRO §5.02: PROFESSOR HOFFMEYER gave advance notice of the next meeting on
13-17 June 1988, for which Finland had kindly agreed to act as host country,
He thought the 1990 meeting would probably be in Canada.

CIB-Wi8B: The Chairman said the first meeting of the recently established
working commission on tropical and hardwood timber structures would take
place in Singapore at the end of October 1987. PROFESSOR GLOS asked if there
was a link between W18 and MR. METTEM’s IS0 sub-group on the grading of
tropical hardwoods. MR. METTEM thought his sub-group was mainly concerned
with the Eurcpean use of tropical hardwoods.

A discussion of the functions of WigA and Wi8B concluded that there was no
narrowing of scope for WLBA. The Chairman expressed the hope that there
would be cooperation between the two working commissions, and suggested a
joint meeting could be held at the next meeting to be planned for W18A.

SEATTLE CONFERENCE, 1988: MR. O’HALLORAN gave details of the conference, to
take place on 19 - 22 September 1988, and added that he thought it would be
an appropriate occasion for a joint meeting of Wi8A & B.

BERLIN SYMPOSIUM, 1989: Attention was drawn to¢ paper 20-105-1 giving
information on this symposium to be held in the German Democratic Republic in
September 1989,

CIB-W18A MEETINGS: An invitation from Canada for a 1988 meeting was read
out, For 1989 an invitation from Germany {GDR) had been received, to
coincide with their symposium. Portugal was mentioned as a possible
alternative for the 1989 meeting and the Chairman asked members to consider
the possibilities before making a decision later in the meeting.

4, TRUSSED RAFTER SUB-GROUP

MR. RIBERHOLT said he had become Chairman of the sub-group and had prepared a
statement of proposed objectives. A paper on simple design had been
completed previously and he suggested concentration on frame models and on
reliability effects including defect location. He was in touch with the
industry and would hold a meeting of the sub-group during the Dublin meeting.

5. SUB-GROUP ON DERIVATION OF CHARACTERISTIC VALUES
PROFESSOR GLOS said he hoped that three papers would be available for next

year's meeting: one on solid timber species and grades by himself and
A.R.Fewell, one condensed from a Seattle paper on the North American sampling

programme and one on board materials by the APA. He asked whether the
proposed Annex should deal only with the present population or should also
provide for future changes by means of quality control. A discussion

conciuded that only the first of these tasks should be attempted, at least
for the present.



Following further questions to establish what was wanted by the group,
PROFESSOR GLOS said the discussion had been helpful and he would try to
produce a paper stating exactly how characteristic wvalues should be decided
by simplified methods,

6. MECHANTICAL JOINTS

Paper 20-7-1 'Design of nailed and bolted joints -~ proposals for the revision
of existing formulae in draft Eurocode 5 and the CIB code’ by L.R.J. Whale,
I. Smith and H.J.Larsen was presented by MR. WHALE.

PROFESSOR EHLBECK said work at Karlsruhe had tested drift belts up te  30mm
diameter and the formula given in the paper was not satisfactory for
diameters over about 25mm. The values would have to be reduced, and for the
next meeting he would produce a paper giving recommendations.

Answering a question by PROFESSOR KUIPERS, MR. WHALE said the apparent
discontinuity in Figure 1 arose from different failure mechanisms as there
was a greater tendency to splitting with bolts. MR. LARSEN said the diagram
compared prebored hardwoods with softwoods that had not been prebored, and
thought it would be better to consider the complete range of wood prebored
and the complete range without preboring.

DR. STIEDA asked if a standard could be drafted for embedding tests and
MR. WHALE said a proposal to RILEM had been made at the Israel meeting,
MR. LARSEN said he would draft an IS0 standard based on the Israel paper.

PROFESSCR STERN said allowance should be made for nails of higher yield
strength, and MR. LARSEN said this could be done using a Noerdic method which
he would include. Answering the Chairman, he said the draft standard would
be shown to WiBA at a future meeting.

MR. WHALE said research was continuing to establish modification factors
aliowing for long term behaviour. During a subsequent discussion of testing
methods, PROFESSOR EHLBECK said a substantial difference between tests
in compression and tension had been found for large diameters.

Presenting paper 20-7-2 'Slip in joints under long-term loading’' by
T.Feldborg and M, Johansen, MR. FELDBORG said it wes supplementary to
Florence paper 19-7-5. He added that the conclusions referred only to the
joint types tested; with short teeth, there was a considerable loss of
strength arising from varying humidity.

PROFESSOR KUIPERS drew attention to the fact that the standard short-duration
(85D) strength of the joints after the period of loading showed mostly
slightly higher values than the 8§SD-strength of joints that had not been
preloaded. This was in accordance with the results of his Wl8-paper
presented in Florence. He thought the phenomenon of damage due to load or
stress should be further investigated in connection with the whole aspect of
safety.

Several participants felt that some dindication should be given to designers
regarding the effect of humidity variation, but that it was difficult to do
this because of differing climates, and MR. LARSEN said he would find out
which CIB group deals with environmental factors.

Paper 20-7-3 'Ultimate properties of bolted joints in glued-laminated timber'’
by M. Yasumura, T. Murota and H. Sakai was introduced by DR. YASUMURA.



Referring to Figure 20, DR. SMITH asked how the maximum tension stress
perpendicular to grain was estimated. DR. YASUMURA replied that the value was
obtained from the experimental results for the bulk of the joints. Answering
questions by MR. LARSEN he said formula (6) had been discovered in previous
work and that the results were not wvalid for design practice as they were
derived from tests using steel side plates. MR. LARSEN said the drop between
one bolt and twoe bolts in Figure 13, for example, was misleading because a
different mode of failure arose. DR. VYASUMURA displayed Figure 8 again,
saying that the end distance was too low in the region at the left, but at
the right there was a different failure mode.

DR. SMITH presented his paper 20-7-4 ' Modelling the load-deflection
behaviour of connections with pin-type fasteners under combined moment,
thrust and shear forces’.

MR, RIBERHOLT commented that the equation made use of displacement data for
directions paraliel and perpendicular to the grain and suggested data for
different angles to the grain would be preferable. MR. LARSEN was doubtful
whether knowledge of the entire load-deflection behaviour was needed for
design. The Chairman suggested there were different approaches to the
problem, and MR. POUTANEN said the one adopted was valuable for sensitivity
analysis, adding that contact of the timber members in a joint might have a
large influence. DR, SMITH replied that this could be taken into account,
but the present work was concerned with serviceability rather than ultimate
behaviour, which would be considered when test results were available.

DR. EGERUP thought a detailed knowledge of load-slip behaviour was necessary
as some parts of a structure under ultimate load would be in the intermediate
range, and the Chairman concluded that there was evidently scope for further
discussion,

7. GLUED JOINTS

Ms. MARTENSSON drew attention to the conclusions of paper 20-18-1 ‘'Wood
materials wunder combined mechanical and hygral loading’ by herself and
5. Thelandersson and stressed that mechanc-moisture effects cannot be
neglected in design.

PROFESSOR ~ RANTA-MAUNUS said the work confirmed earlier findings that
relaxation cannot be predicted accurately from creep. DR. SMITH wondered
if changes in the cross-section dimensions had much influence, but
Ms. MARTENSSON and DR. THELANDERSSEN thought the influence was small.
PROFESSCR HOFFMEYER said that clear wood in bending showed opposite effects,
with creep during the drying-out stage tending to be restored upon
re-wetting. He asked whether the reported behaviour was obtained because
hardboard was wused, but Ms. MARTENSSON suggested it arose from using
tension rather than bending specimens.

Two papers on glued joints were presented by DR. THELANDERSSON, the first
being 20-18-2 'Analysis of pgeneralized Volkersen-joints in terms of
non-linear fracture mechanics’ by P.J. GUSTAFSSON, The second paper was
20-18-3 ’'The complete stress-slip curve of wood-adhesives in pure shear" by
H. Wernersson and P.J. Gustafsson.



MR. LARSEN said the strength of overlap joints had been found in the past to
be too small for practical use, and enquired whether improved adhesives now
made them worthwhile. DR. THELANDERSSEN said the theory provided a basis,

znalogous to the Euler theory for columns. It was useful for mechanical
joints and the aircraft industry were interested in the work. MR. RIBERHOLT
said a double lap joint was frequently used, He thought the Volkersen joint

wag very simple but was unsure whether perpendicular stresses could be
disregarded; if tests confirmed this, the theory provided & good tool for
design.

MR. RIBERHOLT added that an analysis existed which took account of
perpendicular stresses, DR. THELANDERSSON suggested an important application
could be finding the optimal joint shape for attaching windmill blades to
their hub as described in an address given to the group by MR. LARSEN and
MR. RIBERHOLT on the previous day.

PROFESSOR GLOS thought the papers were of & type more suitable for IUFRO
53.02 The Chairman agreed that W18 concentrated on code matters while more
basic studies were covered by $5.02, but he felt occasional research papers
were valuable and thanked the authors for their contribution.

8. STRESSES FOR SOLID TIMBER

DR. KORIN dealt with his paper 20-6-1 'A comparative investigation of the
engineering properties of ‘“whitewoods" imported to Israel from various
origins’,

DR. STEIDA said the paper illustrated the need for recommendations on how
design stresses should be derived. Some countries could undertake
large-scale testing of timbers, but others could test only a few samples.
DR. KORIN said the project had arisen because some timber suppliers wanted to
know what design stresses to ascribe to their material, but he now found it
difficult to suggest values. The design engineer would specify a size such
as 50 x 100 but did not know what size would actually be used on site.
PROFESSOR GLOS said the material was sized when green and the densest timber
would have the highest shrinkage, but MR. LARSEN pointed out that shrinkage
could not account for the large undersize often seen in the paper.

Introducing his paper 20-6-2 'Effects of yield class, tree section, forest
and size on strength of home grown Sitka spruce’, MR. PICARDO referred to a
previous paper 17-17-2 which had described the sampling plan.

MR. FEWELL said the depth factor he applied had now been modified from the
value stated in the paper, and his data had been reanalysed taking into
account small sizes down to 35 x 35mm. A more conservative depth factor was
applied in BS 5268,

MR. SUNLEY wondered if enough consideration was given to similar work in the
United Kingdom. MR. PICARDO replied that a different management system and
different yield classes were concerned in his paper. He had spoken to the
Princes Risborough Laboratory staff, who would be comparing their results
with his,



Paper 20-6-3 'Determination of shear strength and strength perpendicular to
grain' by H.J. Larsen was introduced by the author who said it seemed
desirable for test methods to use specimen volumes comparable with those used
in structures, but enormous test forces were sometimes needed.

The test for strength perpendicular to grain was discussed with reference to
the manner of applicatien of load and the specimen size, concluding with a
suggestion by PROFESSOR EHLBECK that more research was needed on these
topics.

Regarding the test for compression perpendicular to grain, MR. METTEM said he
had found no volume effect in compression parallel to grain tests on a wide
range of sizegs in two hardwoods. (IUFRO 85.02, Boras, Sweden, May 1982).
MR, RIBERHOLT asked if the test should dincorporate the failure mechanism
arising in practice, where combined stresses may cause failure at a beam
support., In the detailed discussion that followed, DR. KORIN mentioned
having South African literature on tests of mining timbers and agreed to
produce a paper for the next meeting.

A supplementary page on shear testing was added to the paper. Answering a
question by DR. KORIN, MR. LARSEN said PVAC glue had been used to attach the
steel flanges, PROFESSOR GLOS sugpgested testing laminations 4instead of
giulam, but MR. LARSEN said there was a pronounced volume effect; on the
other hand small specimens could be used if research was done to correlate
their behaviour with that of large ones, and this would help to reduce the
stress concentrations and perpendicular forces mentioned by MR. RIBERHOLT.
Extensive further discussion followed.

9. STRUCTURAL CODES

EURCCODE 5: A description of the draft was given by MR, SUNLEY, MR. LARSEN,
MR. EHLBECK and DR. BRUNINGHOFF.

MR. FEWELL clarified & point by saying that for visually graded and machine
graded material, both the strength value and the dividing factor would be
different. The lower variability of the machine graded timber justified use
of a lower dividing factor so that the same design value was reached for both
materials. PROFESSOR GLOS said his working group needed to define the
derivation of characteristic wvalues for both machine and wvisually graded
timber, and at present only the Princes Risborough Laboratory had a clear
understanding of the procedure. He thought some revision of the strength
class boundaries might be needed and this was supported by others.
DR. METERHOFER emphasised the need to allow for future changes, and
PROFESSOR EHLBECK replied that provision was made for this,

CIB CODE: After a discussion of the desirability of including material on
safety in the CIB code, the Chairman said a position paper was needed on the
reliability of timber structures. MR. O'HALLORAN said a paper had been
prepared for the ASCE and could be shown to the next meeting of WL8A.
MR. LARSEN suggested that MR, O'HALLORAN and DR. STIEDA could then arrange a
discussion with other members concerned with the subject.
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Answering a question by MR. METTEM, PROFESSOR EHLBECK said finger joints
occurring in weak areas with low elasticity might have a higher strength
than needed. However, if they appeared in stiff sections they would be more
heavily loaded. He offered a paper on the subject for the next meeting and
this was accepted by the Chairman,

PROFESSOR EHLBECK said there were anomalies in the design of pitched cambered
beams and further research was now being undertaken to resolve them. He
thought the CIB code should give basic design rules for glued-in rods, and an
offer by MR. RIBERHOLT to translate the Danish design paper was accepted.

MR. SYME asked if the CIB code would still be needed when Eurocode 5 became
available, MR. LARSEN said the CIB code gave guidelines for world-wide
unification. The Eurocode was related to European materials and safety
considerations and would not have political force outside the EEC,
PROFESSOR  KUIPERS added that the I50 code would develop in parallel with
the CIB code.

The Chairman concluded the discussion of the CIB code by saying that a need
could be foreseen for continuing work over the next several years.

GDR CODE: Paper 20-102-1 'Development of a GDR limit states design code
for timber structures (report 1987) by W. Rug and M. Badstube was introduced
in the proceedings but could not be presented by the writers in person.

10. TIMBER BEAMS

MR. PCUTANEN presented his paper 20-10-3 ' Composite structure of timber
joists and concrete slab’, saying this type of construction started in Sweden
and later spread to Finland, The connections formed a relatively cheap part
of the construction and could be over-designed with little extra expense,.
The effect of loss of composite behaviour was shown on page 7.

The Chairman asked if provision for this form of composite construction was
appropriate for the CIB code, but the general feeling was that the code
should concentrate exclusively on timber for the present.

Paper 20-10-2 'Space joists in Irish timber’ by W.J. Robinson was presented
by the author,

MR. DPOUTANEN asked if any point load had been applied. MR ROBINSON replied
that the members were regarded as joists to carry uniform design load and
only wuniform test loading was used. DR. SMITH said similar tests had been
done at Brighton Polytechnic and thought liaison would be advantageous. DR.
EGERUP asked why traditional theory could not be applied to find the
deflection caused by bending moments and shear forces, MR. ROBINSON said
that calculations found negligible shear deflection. Answering MR. POUTANEN
he said no tests had been done to find the long-term effect of moisture
variation when plates with short teeth are used.



1

11. STABILITY

Presenting his paper 20-2-1 'Lateral buckling theory for rectangular section
deep Dbeam-columns’, MR. BURGESS said his paper at the previous meeting
(19-10-1) had considered the lateral buckliing of beams, reaching a formula
which was also obtained as a special case in a paper by Dr. Leicester at the

same meeting (19-2-1). The new paper allowed for end forces as well as
moments.,
He then went on to describe 20-10-1, ‘'Draft clause for CIB code for beams

with initial imperfections’. This arose following Dr. Leicester’s suggestion
at the Florence meeting that calculations for lateral instability in beams
should cater for initial imperfectioms just as the column formulae did.

MR. LARSEN suggested the design chart in the draft clause should show further
curves in the region for lower 1/b wvalues. He asked why the formulae in the
first part of paper 20-2-1 differed from Nylander’s results, developed in the
gecend part of the same paper. MR. BURGESS drew attention to page 13,
explaining that Nylander applied a reducing initial twist as the end moment
decreased. Answering a further gquestion by MR. LARSEN he said the middle
term on the left of equation (6) came from the introductory section on
page 2, &nd represented the effect of the end load on the initial twist.

Replying to MR, MARSH he said that setting the initial imperfections too
large for a well-made section such as glulam would result in a penalty in
comparison with the Hooley and Madsen method which had given good service
OvVer many years.,

The Chairman agreed that departure from an Euler type of calculation should
not introduce excessive conservatism, and said the clause could be accepted
for incorporation in the CIB code.

DR. BLASS introduced his paper 20-2-2 ‘’Design of timber columns’, showing
the more conservative buckling curves from ECS5 in comparison with the results
plotted in his diagrams.

DR. THELANDERSSON commented that he would have expected a greater variation
in moisture content but DR. BLASS said this was not found with glulam and
went on to answer questions from DR, EGERUP on the variability of the
properties used in the simulations.

MR. LARSEN said that transformation of the curves for glulam and solid timber
would lead to different values for their transformed ordinates. He asked if
it was possible to have the same design curve for both using different
‘kappa’ values for the two and DR. BLASS thought this could be investigated.
DR. SMITH asked how the results would relate to those of Buchanan, Johns and
Madsen (paper 18-2-1). DR.BLASS and MR. LARSEN said the comparison was
difficult, the latter adding that it would be an advantage if MR. BUCHANAN
could supply normalised curves,

The Chairman asked if the results Dby DR, BLASS could be codified and
MR. LARSEN said he would discuss possible simplification with DR. BLASS.
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Paper 20-15-1 ’'Behaviour factor of timber structures in seismic =zones’ by
A, Ceccotti and A, Vignoli was introduced by DR. CECCOTTI, who said it
continued the work shown in a paper at the previous meeting (¢19-15-1) and
mentioned the punitive wvalues that were ascribed to timber in Eurocode 8
pending the acquisition of test data.

A discussion fellowed on the need to secure more favourable treatment for
timber, and DR. CECCOTTI confirmed that he was in touch with work in Japan
and New Zealand. The Chairman concluded with the hope that the adverse
coefficients in Euroccde 8 would be changed.

1z, VIBRATION

MR. CHUT presented paper 20-8-1 ’Proposed code requirements for wvibrational
serviceability of timber floors’ by Y.H. Chui and I. Smith making reference
to a paper at the previcus meeting (19-8-1).

A long discussion took place, on whether the equations for calculating
fundamental frequency and r.m.s. acceleration should be incorporated in an
Annex of the CIB code and, if so, whether acceptance limits for these should
also be stated,

Some members felt that the acceptance limits which had been recommended in
the light of an IS0 document were not universally acceptable, that some
countries were more tolerant or that different tolerances were applied to
different materials. Others doubted whether the recommendations took
sufficient account of research elsewhere, mentioning in particular the work
of §. Ohlsson in Sweden.

The authors with backing from MR. METTEM and MR. WHALE insisted that the
equations gave & satisfactory calculation of the two effects, that literature
surveys and constant contact with other countries (in particular Sweden)
ensured world-wide research had been taken into account, and that the best
available information on tolerance levels had been used. They felt that the
existing EC5 draft limitation, based upon frequency alone, was insufficient,

It was concluded that for the next meeting another paper would be produced in
the light of the comments made, including a <comparison with Swedish
recommendations,

13. WOOD-BASED PANELS

Paper 20-13-1 ‘’Classification of sheet materials’ by V.C. Kearley and
A.R. Abbott was presented by MR. METTEM.

PROFESSOR GLOS obtained confirmation that the current project would extend to
the derivation of characteristic values, and asked if a paper could be
produced for the next meeting, MR. METTEM believed this would be possible,

MR. RIBERHOLT said a strength classification was almost impossible and the
essential factors were durability and moisture effects. MR. O'HALLORAN and
MR. ELIAS emphasised the value of performance standards. PROFESSOR GLOS
suggested stating what classes a given board fell into for strength,
durability, fastener values etc., but MR, FEWELL thought it better to start
by saying what boards were suitable for different end uses.
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MR. SUNLEY said boards could be separated initially into types suitable or
not suitable for high-moisture applications. DR. KORIN said performance
criteria were given by W60 which dealt with performance in building.

The Chairman concluded that some wuseful suggestions had been made, and that
thought should be given to the nomenclature of different boards.

14, TRUSSED RAFTERS

MR. POUTANEN presented his paper 20-14-1 ’'Some notes about testing nail
plates subjected to moment load’.

After some questions by MR. RIBERHOLT were answered, PROFESSOR EHLBECK asked
if & proposal for modification of the testing methods should go to RILEM.
Following discussions it was agreed that a group comprising Ehlbeck, Aasheim
and Brynildsen from W18A could consider proposals for the meeting after next
when MR. POUTANEN's project would be completed, and their conclusions could
go to RILEM and the ISO.

MR, POUTANEN went on to his paper 20-14-2 ’Moment distribution in trussed
rafters', showing some tentative conclusions which would be confirmed in a
future paper.

MR, RIBERHOLT asked some questions on the strain measurements, concluding
that mechanical gauging verified under known moments and forces provided a
very good tool for the work concerned. MR. POUTANEN said he did not attempt
measurements beyond the linear state but went up to twice the serviceability
loading.

Introducing his paper 20-14.3 'Practical design methods for trussed rafters’,
DR. EGERUP hoped that it would make a contribution to the work of the
re-formed trussed rafter group.

After a comment by PROFESSOR EHLBECK that the paper indicated the goal of
simple design rules was still far away despite years of work, the Chairman
expressed the hope that the trussed rafter group  would provide
recommendations for the next meeting. DR. EGERUP suggested a conservative
model could be provided for future refinement but MR. SUNLEY said there was
little to refine when only three timber sizes were in common use. Repgarding
a suggestion by MR. POUTANEN that there was a potential gain by refinement,
PROFESSOR STERN said it would only be achieved in borderline cases.

DR. EGERUP concluded that simplified methods did work and a successful
industry had been based on them.



14

15. OTHER BUSINESS

FUTURE MEETINGS: It was agreed that the next meeting would be held in
British Columbias after the Seattle conference, on Sat. - Tues., 24 - 27
September 1988.

An invitation to East Berlin for 1989 was accepted, on dates fitting in with
the GDR international symposium on timber engineering, September 1989.

Subjects mentioned for the British  Columbia meeting were reliability,
wood-based panels, trussed rafters, the derivation of characteristic values,
Eurocode 5, test methods, mechanical joints (Ehlbeck paper), glulam general
(Ehlbeck paper on EBurocode background), columns - Blas/Buchanan comparison,
CIB-W18B, code simplification and strength class systems.

The Chairman said care should be taken to avoid overcrowding the agenda, and
only advance papers could be accepted.

JOINT SESSICN, W18A and W18B: The Chairman said Dr. Leicester had written
asking him to consider a joint meeting of the two working commissions.
MR. METTEM proposed this should take the form of a report from W18B and a
joint session, and MR. SYME thought the joint session should last at least a
whole day. MR. SUNLEY suggested all W18B members might be invited to the
W1B8A meeting.

CONCLUSIGN: The Chairman  expressed the thanks of those present to
MR. COLCLOUGH for the highly successful meeting, and to the Irish timber
trade and Messrs. WOODFAB for their hospitality. He also thanked those
present for their contributions in papers and in the discussions, and hoped
to see them in British Columbia in 1988.

MR. OSUNLEY expressed appreciation to DR. STIEDA for his orderly conduct of
the meeting and associated arrangements,
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20-2-1

20-2-2

20-4~1

20-6-1

2G-6~2

20-6~3

20-7-1

20-7-2

20-7-3

20-7-4

20-8-1

20-10-1

20-10-2
20-10-3

20-13-1

Lateral Buckling Theory for Rectangular Section
Deep Beam-Columns -~ H J Burgess

Design of Timber Columns - H J BlafR

Considerations of Reliability - Based Design for Structural
Composite Products - M R 0'Halloran, J A Johnson, E G Eljas
and T P Cunningham

A Comparative Investigation of the Engineering Properties of
"Whitewoods" Imported to Israel from Various Origins
- U Korin

Effects of Yield Class, Tree Section, Forest and Size on
Strength of Home Grown Sitka Spruce - V Picardo

Determination of Shear Strength and Strength Perpendicular
to Grain - H J Larsen

Design of Nailed and Bolted Joints-Proposals for the
Revision of Existing Formulae in Draft Eurocode 5 and the
CIB Code - L R J Whale, I Smith and H J Larsen

Slip in Joints under Long Term Loading - T Feldborg and
M Johansen

Ultimate Properties of Boited Joints in Glued-Laminated
Timber - M Yasumura, T Murota and H Sakai

Modelling the Load-Deformation Behaviour of Connections with
Pin-Type Fasteners under Combined Moment, Thrust and Shear
Forces - I Smith

Proposed Code Reguirements for Vibrational Serviceability of
Timber Floors - Y H Chui and I Smith

Draft Clause for CIB Code for Beams with Initial
Imperfections - H J Burgess

Space Joists in Irish Timber - W J Robinson

Composite Structure of Timber Joists and Concrete Slab
- T Poutanen

Classification Systems for Structural Wood-Based Sheet
Materials - V C Kearley and A R Abbott



20-14-1

20-14-2
20-14-3
20-15-1

20-18~1

20-18-2

20-18-3

20-102-1

Some Notes about Testing Nail Plates Subjected to Moment
Load - T Poutanen

Moment Distribution in Trussed Rafters - T Poutanen
Practical Design Methods for Trussed Rafters - A R Egerup

Behaviour Factor of Timber Structures in Seismic Zones
A Ceccotti and A Vignoli

Wood Materials under Combined Mechanical and Hygral Loading
- A Martensson and S Thelandersson

Analysis of Generalized Volkersen - Joints in Terms of
Non-lLinear Fracture Mechanics - P J Gustafsson

The Complete Stress-Slip Curve of Wood-Adhesives in Pure
Shear - H Wernersson and P J Gustafsson

Development of a GDR Limit States Design Code for Timber
Structures - W Rug and M Badstube
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Technical papers presented to CIB-W18A are identified by a code
CIB-W18A/a-b-c, where:

a

OO~ WM —

denotes the meeting at which the paper was presented. Meetings
are classified in chronological order:

Princes Risborough, England; March 1973
Copenhagen, Denmark; October 1973

Delft, Netherlands; June 1974

Paris, France; February 1975

Karisruhe, Federal Republic of Germany; October 1975
Aalborg, Denmark; June 1976

Stockholm, Sweden; February/March 1977

Brussels, Belgium; October 1977

Perth, Scotland; June 1978

Vancouver, Canada; August 1978

Vienna, Austria; March 1979

Bordeaux, France; October 1979

Otaniemi, Finland; June 1980

Warsaw, Poland; May 1981

Karlsruhe, Federal Republic of Germany; June 1982
LilTehammer, Norway; May/June 1983

Rapperswil, Switzerland; May 1984

Beit Oren, Israel; June 1985

Filorence, Italy; September 1986

Dublin, Ireland; September 1987

denotes the subject:

Limit State Design 7 Timber Joints and Fasteners
Timber Columns 8 Load Sharing

Symbals 9 Duration of Load

Plywood 10 Timber Beams

Stress Grading 11 Environmental Conditions
Stresses for Solid Timber 12 Laminated Members

Particle and Fibre Building Boards
Trussed Rafters

Structural Stability

Fire

Statistics and Data Analysis

Glued Joints

CIB Timber Code

Loading Codes

Structural Design Codes
International Standards Organisation
Joint Committee on Structural Safety
CIB Programme, Policy and Meetings
International Union of Forestry Research Organisations

is simply a number given to the papers in the order in which they
appear:



Example:  CIB-W18/4-102-5 refers to paper 5 on subject 102 presented
at the fourth meeting of W18,

Listed below, by subjects, are all papers that have to date been
presented to W18. When appropriate some papers are Tisted under more
than one subject heading.

LIMIT STATE DESIGN

1-1-1 Limit State Design - H J Larsen

1-1-2 The Use of Partial Safety Factors in the New Norwegian
Design Code for Timber Structures - 0 Brynildsen

1-1-3 swedish Code Revision Concerning Timber Structures - B Norén

1-1-4 Working Stresses Report to British Standards Institution

Committee BLCP/17/2

6-1-1 On the Application of the Uncertainty Theoretical Methods
for the Definition of the Fundamental Concepts of Structural
Safety - K Skov and 0 Ditlevsen

11-1-1 Safety Design of Timber Structures - H J Larsen

18-1-1 Notes on the Development of a UK Limit States Design Code
for Timber - A R Fewell and C B Pierce

18-1-2 Eurocode 5, Timber Structures - H J Larsen

19-1-1 Buration of Load Effects and Reliability Based Design

(Single Member} - R 0 Foschi and Z € Yao
TIMBER COLUMNS

2-2~1 The Design of Solid Timber Columns - H J Larsen

3-2-1 The Design of Built-Up Timber Columns - H J Larsen

4-2-1 Tests with Centrally Loaded Timber Columns - H J Larsen and
S S Pedersen

4-2-2 Lateral-Torsional Buckling of Eccentrically Loaded Timber
Columns - B Johansson

5-9-1 Strength of a Wood Column in Combined Compression and
Bending with Respect to Creep ~ B K&llsner and B Norén

5-100-1 Design of Solid Timber Columns (First Draft) - H J Larsen

6-100-1 Comments on Document 5-100-1, Design of Sclid Timber Columns

- HJ Larsen and £ Theilgaard

6-2-1 Lattice Columns - H J Larsen



6-2-2

6-2-3

7-2-1
8-156-1

17-2-1

18-2~1

19-2-1

19-12-2

20-2-1

20-2-2
SYMBOLS
3-3-1
4-3-1

1
PLYWOOD
2-4-1

3-4-1

3-4-2

4-4-4

b-4-1

5-4-2

A Mathematical Basis for Design Aids for Timber Columns
- H J Burgess

Comparison of Larsen and Perry Formulas for Solid Timber
Columns - H J Burgess

Lateral Bracing of Timber Struts - J A Simon

Laterally Loaded Timber Columns: Tests and Theory
- H J Larsen

Model for Timber Strength under Axial Lcad and Moment
- T Poutanen

Column Design Methods for Timber Engineering - A H Buchanan,
K C Johns, B Madsen

Creep Buckling Strength of Timber Beams and Columns
- R H Leicester

Strength Model for Glulam Columns - H J BlaB

Lateral Buckling Theory for Rectangular Section
Deep Beam-Columns - H J Burgess

Design of Timber Columns - H J BlaB

Symbels for Structural Timber Design - J Kuipers and B Norén
Symbols for Timber Structure Design - J Kuipers and B Norén

Symbols for Use in Structural Timber Design

The Presentation of Structural Design Data for Piywood
- . G Booth

Standard Methods of Testing for the Determinaticn of
Mechanical Properties of Plywood - J Kuipers

Bending Strength and Stiffness of Multiple Species Plywood
- C K A Stieda

Standard Methods of Testing for the Determination of
Mechanical Properties of Piywcod - Council of Forest
Industries, B.C.

The Determination of Design Stresses for Plywood in the
Revision of CP 112 - L G Booth

Veneer Plywood for Construction - Quality Specifications
- IS0/TC 139. Plywood, Working Group 6



6-4-1

6-4-2

6-4-3

7-4-1

7-4-2

7-4-3

7-4-4

8-4-1

9-4-1
9-4-2

9-4-3

9-4-4

10-4-1

11-4-1

11-4-2

11-4-3
12-4-1

14-4-1

The Determination of the Mechanical Properties of Plywood
Containing Defects - L G Booth

Comparsion of the Size and Type of Specimen and Type of Test
on Plywood Bending Strength and Stiffness - C R Wilson and
P Eng

Buckling Strength of Plywocd: Results of Tests and
Recommendations for Calculations - J Kuipers and
H Ploos van Amstel

Metheds of Test for the Determinaticn of Mechanical
Properties of Plywood - L G Booth, J Kuipers, B Norén,
C R Wilson

Comments Received on Paper 7-4-1

The Effect of Rate of Testing Speed on the Ultimate Tensile
Stress of Plywood - £ R Wilson and A V Parasin

Comparison of the Effect of Specimen Size on the Flexural
Properties of Plywood Using the Pure Moment Test
- C R Wilson and A V Parasin

Sampling Plywood and the Evaluation of Test Results -
B Norén

Shear and Torsional Rigidity of Plywood - H J Larsen

The Evaluation of Test Data on the Strength Properties of
Plywood - L G Booth

The Sampling of Plywood and the Derivation of Strength
Values (Second Draft) - B Norén

On the Use of the CIB/RILEM Plywood Plate Twisting Test: a
progress report - L G Booth

Buckling Strength of Plywood - J Dekker, J Kuipers
and H Ploos van Amstel

Analysis of Plywood Stressed Skin Panels with Rigid or
Semi-Rigid Connections - I Smith

A Comparison of Plywood Modulus of Rigidity Determined by
the ASTM and RILEM CIB/3-TT Test Methods - C R Wilson and
AV Parasin

Sampling of Plywood for Testing Strength - B Norén
Procedures for Analysis of Plywood Test Data and
Determination of Characteristic Values Suitable for Code
Presentation - € R Wilsaon

An Introduction to Performance Standards for Wood-base Panel
Products - D H Brown



14-4-2

16-4-1

17-4-1

17-4-2
20-4-1

Proposal for Presenting Data on the Properties of Structural
Panels - T Schmidt

Planar Shear Capacity of Plywood in Bending - C K A Stieda
Determination of Panel Shear Strength and Panel Shear
Modulus of Beech-Piywcod in Structural Sizes - J Ehlbeck

and F Colling

Ultimate Strength of Plywood Webs - R H Leicester and L Pham
Considerations of Reliability - Based Design for Structural

Composite Products
- MR 0'Halloran, J A Johnson, E G Elias and T P Cunningham

STRESS GRADING

1-5-1

1-5-2

4-5-1

16-5-1
16-5-2

18-5-1

19-56-2

Quality Specifications for Sawn Timber and Precision Timber
- Norwegian Standard NS 3080

Specification for Timber Grades for Structural Use - British
Standard BS 4978

Draft Proposal for an International Standard for Stress
Grading Coniferous Sawn Softwood - ECE Timber Committee

Grading Errors in Practice - B Thunell

On the Effect of Measurement Errors when Grading Structural
Timber - L Nordberg and B Thunell

Stress-Grading by ECE Standards of Italian-Grown Douglas-Fir
Dimension Lumber from Young Thinnings - L Uzielli

Structural Softwood from Afforestation Regions in Western
Norway - R Lackner

STRESSES FOR SOLID TIMBER

4-6-1

5-6-1

5-6-2
9-6-3

1

6-6-1

7-6-1

Derivation of Grade Stresses for Timber in the UK
- W T Curry

Standard Methods of Test for Determining some Physical and
Mechanical Properties of Timber in Structural Sizes

- W T Curry

The Description of Timber Strength Data - J R Tory
Stresses for ECT and EC2 Stress Grades - J R Tory

Standard Methods of Test for the Determination of some
Physical and Mechanical Properties of Timber in Structural
Sizes (third draft) - W T Curry

Strength and Long-term Behaviour of Lumber and Glued
Laminated Timber under Torsion Loads - K Mchler



9-6-1 Classification of Structural Timber - H J Larsen

9-6-2 Code Rules for Tension Perpendicular t¢ Grain - H J Larsen

9-6-3 Tension at an Angle to the Grain - K Mohler

8-6-4 Consideration of Combined Stresses for Lumber and Glued
Laminated Timber - K Mdhler

11-6-1 Evaluation of Lumber Properties in the United States
- WL Galligan and J H Haskell

11-6-2 Stresses Perpendicular to Grain - K Mdhler

11-6-3 Consideration of Combined Stresses for Lumber and Glued
Laminated Timber (addition to Paper CIB-W18/9~6-4)
- K Mohler

12-6-1 Strength Classifications for Timber Engineering Codes
- R H Leicester and W G Keating

12-6-2 Strength Classes for British Standard BS 5268 - J R Tory

13-6-1 Strength Classes for the CIB Code - J R Tory

13-6-2 Consideration of Size Effects and Longitudinal Shear
Strength for Uncracked Beams - R 0 Foschi and J D Barrett

13-6~3 Consideration of Shear Strength on End-Cracked Beams
- J D Barrett and R 0 Foschi

15-6-1 Characteristic Strength Values for the ECE Standard for
Timber - J G Sunley

16-6-1 Size Factors for Timber Bending and Tension Stresses
- AR Fewell

16-6-2 Strength Classes for International Codes - A R Fewell and
J G Sunley

17-6~-1 The Determination of Grade Stresses from Characteristic

Stresses for BS 5268: Part 2 - A R Fewell

17-6-2 The Determination of Softwood Strength Properties for
Grades, Strength Classes and Laminated Timber for BS 5268:
Part 2 - A R Fewell

18-6-1 Comment on Papers: 18-6-2 and 18-6-3 - R H Leicester

18-6-2 Configuration Factors for the Bending Strength of Timber -
R H Leicester

18-6-3 Notes on Sampling Factors for Characteristic Values -
R H Leicester

18-6-4 Size Effects in Timber Explained by a Modified Weakest Link
Theory - B Madsen and A H Buchanan



18-6-5

18-6-6

19-6-1
19-6-2

19-6-3

19-6-4
19-6-5
19-6-6

20-6-1

20-6-2

20-6-3

Placement and Selection of Growth Defects in Test Specimens
- H Riberholt

Partial Safety-Coefficients for the Lcad-Carrying Capacity
of Timber Structures - B Norén and J-0 Nylander

Effect of Age and/or Load on Timber Strength - J Kuipers

Confidence in Estimates of Characteristic Values
- R H Leicester

Fracture Toughness of Wood - Mode I - K Wright and
M Fonselius

Fracture Toughness of Pine - Mode II - K Wright
Drying Stresses in Round Timber - A Ranta-Maunus

A Dynamic Method for Determining Elastic Properties
of Wood - R Gdrlacher

A Comparative Investigation of the Engineering Properties of
"Whitewoods" Imported te Israel from Various Origins
- U Korin

Effects of Yield Class, Tree Section, Forest and Size on
Strength of Home Grown Sitka Spruce - V Picardo

Determination of Shear Strength and Strength Perpendicular
to Grain - H J Larsen

TIMBER JOINTS AND FASTENERS

1-7-1

4-7-1

4-7-2

5-7-1

5-7-2

5-7-3

6-7-1

Mechanical Fasteners and Fastenings in Timber Structures
- E G Stern

Propcsal for a Basic Test Method for the Evaluation of
Structural Timber Joints with Mechanical Fasteners and
Connectors - RILEM 37T Committee

Test Methods for Wood Fasteners - K Mdhler

Influence of Loading Procedure on Strength and
Slip-Behaviour in Testing Timber Joints - K Mghler

Recommendations for Testing Methods for Joints with
Mechanical Fasteners and Connectors in Load-Bearing Timber
Structures - RILEM 3 TT Committee

CIB-Recommendations for the Evaluation of Results of Tests
on Joints with Mechanical Fasteners and Connectors used in
Load-Bearing Timber Structures - J Kuipers

Recommendations for Testing Methods for Joints with
Mechanical Fasteners and Connectors in Load-Bearing Timber
Structures {seventh draft) - RILEM 3 TT Committee



6-7-2

6-7-3

6~7-4

7-7-1

7-7-2

7-7-3

1

7-100-1

§-7-1
9-7-2
11-7-1

12-7-1

12-7-2
12-7-3
13-7-1

13-7-2

13-7-3

13-7-4

13-7-5

13-7-6
13-7-7
13-7-8

Proposal for Testing Integral Nail Plates as Timber Joints
- K Mohler

Rutes for Evaluation of Values of Strength and Deformation
from Test Results - Mechanical Timber Joints - M Johansen,
J Kuipers, B Norén

Comments to Rules for Testing Timber Joints and Derivation
of Characteristic Values for Rigidity and Strength - B Norén

Testing of Integral Nail Plates as Timber Joints - K Mohler
Long Duration Tests on Timber Joints - J Kuipers

Tests with Mechanically Jointed Beams with a Varying Spacing
of Fasteners - K Mdhler

CIB-Timber Code Chapter 5.3 Mechanical Fasteners;
CIB-Timber Standard 06 and 07 - H J Larsen

Design of Truss Plate Joints - F J Keenan
Staples - K Mohler

A Draft Proposal for International Standard: IS0 Document
ISG/TC 165N 38E

Load-Carrying Capacity and Deformation Characteristics of
Nailed Joints - J Ehlbeck

Design of Bolted Joints - H J Larsen

Design of Joints with Nail Plates - B Norén

Polish Standard BN-80/7159-04: Parts 00-01-02-03-04-05.
"Structures from Wood and Wood-based Materials. Methods of
Test and Strength Criteria for Joints with Mechanical
Fasteners"

Investigation of the Effect of Number of Nails in a Joint on
its Load Carrying Ability - W Nozynski

International Acceptance of Manufacture, Marking and Contro?
of Finger-jointed Structural Timber - B Norén

Design of Joints with Nail Plates - Calculation of S$1ip
- B Norén

Design of Joints with Nail Plates - The Heel Joint
- B Kdllsner

Nail Deflection Data for Design - H J Burgess
Test on Bolted Joints - P Vermeyden

Comments to paper CIB-W18/12-7-3 "Design of Joints with Nail
Ptates" - B Norén



13-7-9
13-10G-4

14-7-1

14-7-2

14-7-3

14-7-4
14-7-5

14-7-6

14-7-7
15=7-1

16-7-1
16-7-2
16-7-3

16~7-4

17-7-1

17-7-2

18-7-1

18-7-2

18-7-3

18-7-4

Strength of Finger Joints - H J Larsen

CIB Structural Timber Design Code. Proposal for Section
6.1.5 Nail Plates - N I Bovim

Design of Joints with Nail Plates (second edition)
- B Norén

Method of Testing Nails in Wood (second draft,
August 1980) - B Norén

Load-STip Relationship of Nailed Joints
- J Ehlbheck and H J Larsen

Wood Failure in Joints with Nail Plates - B Norén

The Effect of Support Eccentricity on the Design of W- and
WW-Trussed with Nail Plate Connectors - B K&llsner

Derivation of the Allowable Load in Case of Nail Plate
Joints Perpendicular to Grain - K Mghler

Comments on CIB-W18/14-7-1 - T AC M van der Put

Final Recommendation TT-1A: Testing Methods for Joints with
Mechanical Fasteners in Load-Bearing Timber Structures,
Annex A Punched Metal Plate Fasteners - Joint Committee
RILEM/CIB-3TT

Load Carrying Capacity of Dowels - E Gehri

Bolted Timber Joints: a Literature Survey - N Harding

Bolted Timber Joints: Practical Aspects of Construction and
Design: a Survey - N Harding

Bolted Timber Joints: Draft Experimental Work Plan -
Buitding Research Association of New Zealand

Mechanical Properties of Nails and their Influence on
Mechanical Properties of Nailed Timber Joints Subjected to
Lateral Loads - I Smith, L R J Whale, C Anderson and L Held

Notes on the Effective Number of Dowels and Nails in Timber
Joints - G Steck

Model Specification for Driven Fasteners for Assembly of
Pallets and Related Structures - E G Stern and W B Wallin

The Influence of the Orientation of Mechanical Joints on
their Mechanical Properties - I Smith and L R J Whale

Influence of Number of Rows of Fasteners or Connectors upon
the Ultimate Capacity of Axially Loaded Timber Joints
- 1 Smith and G Steck

A Detailed Testing Method for Nailplate Joints - J Kangas
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18-7-5 Principles for Design Values of Nailplates in Finland
- J Kangas

18-7-6 The Strength of Nailplates - N I Bovim and E Aasheim

19-7-1 Behaviour of Nailed and Bolted Joints under Short-Term

Lateral Load - Conslusions from Some Recent Research
- L R é Whale, I Smith B 0 Hilson

19-7-2 Glued Bolts in Glulam - H Riberholt

79-7-3 Effectiveness of Multiple Fastener Joints According to
National Codes and Eurocode 5 (Draft) - G Steck

19-7-4 the Prediction of the Long-Term Load Carrying Capacity of
Joints in Wood Structures - Y M Ivanov and Y Y Slavic

19-7-5 STip in Joints under Long-Term Loading - T Feldborg and
M Johansen

19-7-6 The Derivation of Design Clauses for Nailed and Bolted
Joints in Eurocode 5 - L R J Whale and I Smith

19-7-7 Design of dJoints with Nail Plates - Principles - B Norén

19-7-8 Shear Tests for Nail Plates - B Norén

19-7-9 Advances in Technology of Joints for Laminated Timber
- Analyses of the Structural Behaviour - M Piazza and
G Turrini

19-15-1 Connections Deformability in Timber Structures:

a Theoretical Evaluation of its Influence on Seismic Effects
- A Ceccotti and A Vignoli

20-7~1 Design of Nailed and Bolited Joints-Proposals for the
Revision of Existing Formulae in Draft Eurocode 5 and the
CIB Code - L R J Whale, I Smith and H J Larsen

20-7-2 STip in joints under Long Term Loading - T Feldborg and
M Johansen
20-7-3 Ultimate Properties of Bolted Joints in Glued-Laminated

Timber - M Yasumura, T Murota and H Sakai

20~7-4 Modelling the lLoad-Deformation Behaviour of Connections with
Pin-Type Fasteners under combined Moment, Thrust and Shear
Forces - I Smith

L OAD SHARING

3-8-1 Load Sharing - An Investigation on the State of Research and
Development of Design Criteria - E Levin

4-8-1 A Review of Load-Sharing in Theory and Practice - E Levin

4-8-2 Load Sharing - B Norén



19-8-1

20-8-1

DURATION OF
3-9-1

4-9-1

5-9-1

6-9-1

6-9-2
6-9-3

7-6-1

7-9-1

17-9-1

18-9-1
19-9-1

19-9-2

19-9-3

19-9-4
19-9-5

19-9-6

19-1-1

11
Predicting the Natural Frequencies of Light-Weight Wooden
Floors - I Smith and Y H Chui

Proposed Code Requirements for Vibrational Serviceability of
Timber Floors - Y H Chui and I Smith

L.OAD

Definitions of Long Term Loading for the Code of Practice
- B Norén

Long Term Loading of Trussed Rafters with Different
Connection Systems -~ T Feldborg and M Johansen

Strength of a Wood Column in Combined Compression and
Bending with Respect to Creep - B Kidllsner and B Norén

Long Term Loading for the Code of Practice (Part 2)
- B Norén

Long Term Loading - K Mghler

Deflection of Trussed Rafters under Alternating Loading
during a Year - T Feldobrg and M Johansen

Strength and Long Term Behaviour of Lumnber and
Glued-Laminated Timber under Torsion Loads - K Mohler

Code Rules Concerning Strength and Loading Time
- # J Larsen and E Theilgaard

On the Long-Term Carrying Capacity of Wood Structures
- ¥ M Ivanov and Y Y Slavic

Prediction of Creep Deformations of Joints - J Kuipers

Another Look at Three Duration of Load Models - R 0 Foschi
and Z C Yao

Duration of Load Effects for Spruce Timber with Special
Reference to Moisture Influence - A Status Report
- P Hoffmeyer

A Model of Deformation and Damage Processes Based on the
Reaction Kinetics of Bond Exchange - T A C M van der Put

Non-Linear Creep Superposition - U Korin

Determination of Creep Data for the Component Parts of
Stressed-Skin Panels - R Kliger

Creep an Lifetime of Timber Loaded in Tension and
Compression - P Glos

Duration of Load Effects and Reliability Based Design
{(Single Member) - R O Foschi and Z C Yao



19-6-1
19-7-4

19-7-5

20-7-2

TIMBER
4-10-1
4-10-2

5-10-1
9-10-1

9-10-2
11-10-1
13-6-2

13-6-3

18-10-1

18-10-2

19-10-1

19-2-1

20~-2-1

20-10-1

20-10-2
20-10-3
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Effect of Age and/or Load on Timber Strength - J Kuipers

The Prediction of the Long-Term Load Carrying Capacity of
Joints in Wood Structures - Y M Ivanov and Y Y Slavic

S1ip in Joints under Long-Term Loading - T Feldborg and
M Johansen

STip in Joints under Long-Term Loading - F Feldborg and
M Jochansen

The Design of Simple Beams - H J Burgess

Calculation of Timber Beams Subjected to Bending and Normal
Force -~ H J Larsen

The Design of Timber Beams - H J Larsen

The Distribution of Shear Stresses in Timber Beams
- F J Keenan

Beams Notched at the Ends - K Mohler
Tapered Timber Beams - H Riberholt

Consideration of Size Effects in Longitudinal Shear Strength
for Uncracked Beams - R 0 Foschi and J D Barrett

Consideration of Shear Strength on End-Cracked Beams
- J D Barrett and R 0 Foschi

submission to the CIB-W18 Committee on the Design of Ply Web
Beams by Consideration of the Type of Stress in the Flanges
- J A Baird

Longitudinal Shear Design of Glued Laminated Beams
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Lateral buckling theory for
rectangular section deep beam-columms

When end loads parallel to the beam axis are added to the equal end moments
considered in a previous paper (Burgess,1986), the effect of torsional
puckling under the end load (calied 'twist buckling' by Lelcester) is to be
considered in addition to the lateral-torsional buckling arising fram the
canbination of thrust and end moments.

The differential eguations given by larsen and Theilgaard (1979), with small
changes to the signs and symbols to agree with the previous paper, are as
follows:—

A,l‘\J"' .
ETTS + Plv+v,)+ M = o (1)
e (-
u
EL 3 —YM ¢|"'¢D+‘ P{W,+ U, = O (2)
o Y ( ( )

(C,— P%}% + M A;Q%@ = © (3)

in which C = GJ is the torsional stiffness.

Lelicester (1986) presents the same equations but with (C“P.gg) replaced by
GJ, pointing out that the effects of warping and twist buckling may be
included by using an effective torsicnal stiffness which for a tall
rectangular section will correspond to the term{c~PLe). However, the
following work will show that if this term is shown explicitly and a further
term is added to allow for the effect of the initial twist @ on the twist
buckling under the end load, then a simpler design formula may be obtained
for the particular case of the tall rectangular section.

When oonsidering this type of section without an end load, the deflection in
the stiff direction is small campared with the lateral deflection. Equations
(1) to ({3) with P=0 are applicable but no use is made of equation (1) for
bending in the stiff direction., With vertical dJdeflection approximated as
zero in this custamary mamner of deriving design eguations for deep sections
under end moments only, the different cross-sections of the beam rotate about
the point 0 in Figure 1, which refers to the case without initial
imperfections. With lateral deflections assumed to be small, the radius of
rotation R i1s given by

-..-'--L{'
R= ¢

where W and are the deflection and rotation of any cross-section when
buckling takes place under the action of the critical end maments M.
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Torsional buckling under end load only

Similar behaviour can be assumed for a preliminary examination of torsicnal
buckling in isolation, under the action of end locad only. If the deflection
in the stiff direction is negligible, the behaviour of the buckling member
will be similar to that of a portion of one fin of the coruciform merber
illustrated in Figure 2. Its position in the fin will depend on the value of
R, the distance of the centre line of the chosen portion fram the stationary
line represented by the axis of the cruciform section.

Timoshenko and Gere (1961} consider the case with no initial imperfection,
obtaining the expression

= A%
b =

for the critical value of the compressive stress for the cruciform colum,
where C = GJ and I, is the polar second moment of area of the entire
cross—-section about the central axis. When only the shaded portion in
Figure 2 1s considered, the same expression is obtained but it has to Dbe
remampered that I, is the polar second moment of the cross-section of this
portion only, about the axis at a distance R fram its centroid.

Without fixing a value for R at the present stage, the cbiject will be to find
the solution for the shaded portion when there is an initial imperfection
appearing as a twist ¢¢;Sin%?f along the length £ of the member, its ends
remaining untwisted. This initial twist is shown in Figure 3 for the central
cross—section where 3:% .

The case with an initial twist of this kind was considered by Goodier (1941)
who states that the axial moment he found for the cruciform section would

change fram
fnde £ Gn(40+4f)
A 7&’ A 3 Y
leading to an equation which with the warping term cmitted becomes

C(I-%%%— C%%—%’ = O

Integrating and applying the end conditions gives

.
_ N
Fz

where Fg —_:51-% is the critical torsional buckling stress for the shaded
portion in Figure 2, with no initial imperfection, when constrained to buckle
in the manner described. The total angle of twist at any cross-section is

] B T
#= b+ b -——‘:g;w%
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COMBINED EFFECT OF MOMENTS AND END FORCES

The differential equations for the beam in Figure 4 with equal end moments

and a longitudinal force P will be;

%%' —xM(B+E) + Plu+uw,) = o

f P d—'l PC‘—‘Z‘}; tu«b
C(I“‘@);ﬂ% “C*p;—l-% 'i*Ml‘:gL;l:b/f

giving the solution

I
!

M- Py F } o™
L, = jl"w?}-i pLS Pa) PLLU MLTV%rgéo M“l‘?ﬁ
SRR
e # M“_ .

The total central deflection of the centre-line is

W= U, = (l“ >u_ _ MM"“QS

)(‘ ¢)“

The solution for ¢‘ is

i _%LLQ-tw{-E; )}9’50 o
A TR > Ay

The total central twist is given by

-Zu, +< >¢,

(‘*'P‘L)O“ 7 ll:%&

(7)

(8)

(10)
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BEAM-COLUMN WITH RELATED TWIST AND CURVATURE

The previous paper (Burgess, 1986) developed a simplification of the formulas
for lateral buckiing caused by equal end monents, by relating the initial
imperfections w, and ¢, 1n the same way that u and ¢ are related in the
buckling of a beam without initial mmperfections. The same relationship will
now be applied to the expressions derived above, but this implies a c¢ertain
value for I which as stated earlier is the second moment of area about the
centre of rotation 0 in Figure 3. The value of R in the diagram will be

Rzuv_ «’i/’i

-~ this being the relationship between w and g in the ideal beam after
buckling, with a negative sign removed.

About 0, L= 1 +Ty + AR?

— bﬂf ‘&,bj ﬂl_C_gg
=97 T e YA TET

A 2 T
Fll R )

This value will be adopted when plotting the results of the following work,
arnd at a later stage an approximation will be applied to dbtain expressions
which are simplified still further.

Expressions foruw and ¢ with related values of W, and @,

Putting ¢c Ty‘: C{{Iut n (8) gives
(1

£)+ T
>‘£@ >_...M3' L, (12)

and putting uc-:.—%/—g%;ﬁc in (10) gives

é,__
¢; % ¢o (13)
‘#Tja,>(.ﬂ Pﬁ)ﬁ%z

Deflection

Smmilarly the additional central deflection W, when u, and ¢o are related is

found from (7) to be
L R (1-5‘3

G Pe,f@ P?‘) M-

—

| =




Coambined stress

The maximum carbined stress is obtained in the manner described in the
previous paper, but expanded to allow for the addition of end loads. The sum
of the stresses due to vertical and horizontal bending with torsion neglected
is

Joo= 2 By Eb d%m, (14)
wax T L, A 2. %?-
From eguation (5)
d—xu'! _
ET ;"L“:g,, = YM@ - Puw

The cambined stress coould be found using equations (8) and (10) for
independent values of W, and &, , but here the special relationship described
above will be assumed, and the central values of W and ¢ are inserted from
equations (12) and (13) to give

W, _ ?(M('u--w~ bt >¢ - F( +“—"\u-o
=3 ("PDO >'" Y

Inserting this in (14) gives

a =-—-*+ +%X%¢”O +M°> & 6%(- * u)
- ('“ )G Pg)

bdo

El 5=

The term is identical to the term ¥, used for colums, but of course
relates to buckling in the lateral direction, and ¥ x¢, was given the symbol
VL' in the previous paper. Inserting these and limiting the combination of

stresses in the manner applied for colums,




SIMPLIFICATION BY APPROXIMATING I,

aAn expression for 2 was shown in equation (11). TFor tall sections the
following approximations may be made when u, and ¢, are related:

Lo %% (16)
and Y = i-—(b-l = |
giving R = %:%’ = ﬁ“f}.i L.e. P;ﬁ =
Then (12} becomes
" = g" = (17)
R S

(13) becomes

¢ = i M {18)
‘._ PQ, . -ﬁq"
and making the approxumtion@o%; = qu_ in (15) yields
[ITH
Gl o O f,
Cw , Oc . Fav ‘v E N
f"\m f’c, t.-..g-“- .
d&u.. e
Fram either {15) or (19)
m fo f o= &
Lor e
U ’
when g, = O , } = F“—‘(t+~—1"—m> (21)

in agreement with expressions found for a colum without lateral load and for
a beam with end moments only.

Deflecticn

The same approximation applied to the additional central deflection U,

gives
£ M
w, = T e L,
i ‘-‘_P_ vl e
7

Meg




Plotted relationships

By overlaying computer-plotted curves it is confirmed that equation (19) is a
good approximation to equation  (15) for tall sections. The values
incorporated in the calculations were shown in the previous paper except for
U‘y" which is obtained as

ot
O. _ T,
For — %GT
=
+ | ¥
|--o4;3$,—L ™

The graphs shown in the previous paper for a beam without end load were drawn
by fixing the value &= 0.0001L/b, and this determined the related value of
U, + When extending the study to beamcolums it becomes evident that W,
must be fixed as a constant times the%Yh ratio 1if the graphs are to reduce to
appropriate values for colums without lateral load when U, = 0.

A set of curves drawn with this basis will be shown as Figure 8 to compare
with Nylander's design method in a later section of this paper. If the
solutions of (20) and (21) are expressed as & f, and b f it can be seen fram
the shape of the curves that

e+ g = | (22)

is always a conservative approximation, and is a_very close approximation for
high values of% . It must be remembered that 55";- relates to bending in the
vertical plane, while &% is the value for & colum buckling in the weak
direction. This expression was adopted for BS 5268: Part 3, applying
equation (39) of Larsen and Theilgaard (1979) but with a reduced effective
length to make allowance for partial lateral restraint (Burgess, 1982).

It is found later that with u,= constant x 4/b, the related value of ¢, is
independent on/B . In equation (21) for values on the vertical axis, v/ does
not vanish when &/b= 0, so when &, - o

M n e 2 .87 f =
; ey 087 for 8

For smaller% ratios the terminating value is higher than 0.87.

If equation (21) is used to plot permissible %ﬁ values against &/b for deep
beams, then %’-‘will not be unity when £/b=0, This is a consequence of the
value of W, applied for oolums, ooupled with the relationship between

U, and ¢ . It can be overcome artificially by plotting

!

= On M\ Ly
\-fm('*";':@; "L
Cer
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y which gives good correspondence with the graphs in the prevmus report for
/b = 8 (Burgess,1982), and with graphs plotted for # = 0.05%, as suggested
by the Larsen and Theilgaard paper (1979).

ADDITIONAL TERM FOR VERTICAL BUCKLING

Going back to the opening paragraphs of this paper, it will be realised that
the calculations have so far been limited to the case of beam—colums of such
a depth that the vertical deflection is small coampared with the lateral
deflection and no use has been made of the differential equation for vertical
deflection.

To add to (15) a term allowing for the effect of end thrust on the vertical
deflection, an approximation by Iarsen and Theilgaard (1979) will be adopted,
giving the following equation instead of (15):

R 1 P I R

©otman (- &8 -

where Um)x is the Euler stress for bending in the stiff direction.
RANGE OF VALIDITY OF THE APPROXIMATION F= Fy.

With the initial imperfections related as indicated by equation (11), the
value of  will be

3
P AC:fGL%’"ib‘Q_O'm%) _
QR Sy Y

el _ mEhD
and o= "= T2F

i

leading to

-—
-

% 3(1-0c-e3 b)

7 “(‘%)K% ‘} (S“ (24)

% is plotted against L% in Figure 5, for wvalues £‘:-equal to 8, 6, 4, and 2.

b
For the deeper beam-colurns with%franéi to8, R = % is seen to e a

reascnable approximation for design purposes for % ratios more than about

50. 1In these cases, equation (19} may be applied.

For %44 or —%450 equatl.on (15) may be used but equation (23) is preferred

for smaller 9& values.



NYLANDER'S METHOD

Nylander (1949) gives a design method for monosymmetrical I sections with
eccentric end load, which should provide also for beam-colums with egual end
moments  and central end forces {lLeicester, 1986). The following outline 1is
simplified by restricting it to tall rectangular sections, and is developed
in a manner making the results camparable with those above.

Behaviour with no initial imperfections

The eccentrically loaded colum is first examined as a 'perfect' menber
having no initial imperfections, and in Figure 6 the end load fi is the
critical load that causes buckling.

The relevant differential equations are

EI% + Pu+ yled =c (25)
o By —rede o -

leading to

P L F’)_j.,f’f S:T.P
s z{t--x(%,,j'}(H &) = (- (5] 27
The radius of rotation about the point 'O' in Figure © is obtained as

{(28)

and this relationship is established between the initial imperfections in the
next stage of the work. The relationship is variable, and 'a' becomes
infinite when the load is applied centrally so that § =F .
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When e = 00, that is when the colum is subjected to two equal moments fe
equation (28) becomes

a,::-f‘%gi— = —[;-E"w (29)
e 3

where My is the critical value of the moment. Taking this as

gives a = %o = ¢ |Cx (30)

¢, TIEL

for a beam with equal end moments and no end load. This relationship between
initial imperfections is the same as in the first part of this paper but
applies only along the vertical axis where P = 0.

Behaviour with initial imperfections

The equations to be solved for any value of eccentricity
allowance for imperfections are

e', and making

E‘.Ii%% + Plu ) + Pe (@ + & = O (31)
_eNdd _ . p de _p, dlrrued
o ( W dy ~ OB dy Pe i =0 (32)

Apart fram sign differences these equations with Pe replaced by M correspond
closely to equations (5) and (6) above. However, there is a fundamental
difference because Nylander's B = contains I, the polar second moment
of area about the shear centre (coirdciding with the centre of area in the
rectangular section considered here) whereas the work above has R =A% where
I, is the polar second mament about the centre of rotation 0 in Figure 1.

Combined stress expression

The eguations are sclved to give the central values

and




Fram (31):

—ET I—q;‘ =,

dra,

-11-

Pedd + P =

Ped, + Pu-.

Then following the development above leads to

or |

/

"

i
P

v}, and YL are related, so that

———

1

{

80 'Vl

i

Pe . P L[k Pe P éu.
1+A+i~fh[b¥ eI =
Oy 4 L

On %, Fut TR R
"Fm 'Fc_ !.......E’_-
Pr
s b _.h& &S
¥
p k-
wy =z e

Plotting of curves for Nylander method (Figure 7)

For use in equation (27), with C = GJ and G = E/16,

Nylander's

hence

P =

AC _ Eﬂvb’(tﬂoﬂjﬁ\

Ip 7 4+ ¥)

——rmr— it i

3(t~o-43%)

|

(33)

(36)

(38)

(39)
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Values on the vertical axis in Figure 7 are found from equation (34} with
0.=0 and with% having the special value considered in equation (29),
while initial imperfections are related as shown by equation (30), i.e. fram

{

| = %—:(1 + i:L%m> (40)
[

which is the same as equation (21) above

For values on the horizontal axis, (34) with €, =0
reduces to
G (,, Fn
| = j{’ (i + vé. (41)
[ { ~ Tfh

as equation (20) above.

The value w = 0.0052'/1’ = (.01732 % is adopted for Figure 7.
For intermediate values of -g‘“, ;‘q-”‘is incremented wntil the stress ratio
[ wL

summation in equaticn {34) reaches unity., Froam the set value of G

% _ Pe _ tbhde _  coe
tw  Zfw = bEf. - U
e Oy fu
®° R flie
Ok
T RTR® (42)

This is the incremented value of eccentricity required to produce the set

value of gﬁ .

fin

Then for use in working out %’"—- fram (27)
<

e nnd "L(%Y
(‘I:D- b"'ﬁ«? T 0. -5’%'. )

Fran (35) the value of vgf on the vertical axis is found as

v = n\g%%e; = nx%%/% using (30) (44)
_ 1 b EL
= o-owsl—};\g—é“g—e—ﬁ Cy
= 0:01732 -& (45)

Y% (:76.. o-(;,« %ﬂ' - (?«')L}

~independent of P/b for values on the vertical axis only.
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TFor ‘VL’ at non-zero values of -9:‘:
,P,L P ‘ ﬁ;
v = wy g-‘%— from (36)

f%(%—t) (46)

tending to zero when the horizontal axis is approached.

The curves plotted fram equation (34) are shown in Figure 7 for values of
£/b ranging from 50 to 200 in steps of 10.

Curves for simplified equation (19)

For camparison, Figure 8 shows curves plotted using equation (19) above,

. . _B . 0 G,
which 1is the same as (34) except that | Pp 1S replaced by | . = where

g,. is the Euler stress for lateral bending as a column and O, is the
critical bending stress that causes buckling of a 'perfect' beam under equal

end moments only.

For Figure 8, the value of n = 0.0052/,?: is again adopted and the curves have
the same values along the vertical and horizontal axes as those of Figure 7,
but the intermediate values differ greatly. With¥h =80 and % = 0.12,
the computed permissible value of g—: in Figure 8 is 0.1068 while that from

Figure 7 is 0.2411, more than twice as great.

In Nylander's method, the value of the initial twist @, in 11: = %‘X¢° '

see equation (33), changes fram

f
_a'b . _0.1500  _ ian =
4 = 3;5]: = 5 oRAIiE 0.01905 radian = 1,091 degrees

at the vertical axis forf/b = 80

to ¢ - -2:03508

G 884dm 0.004455 radian = 0.2553 degrees

when %‘:r— 0.12, and of course tends to zero as the horizontal axis is

approached for any given %/ b value. In Figure 8 the value of ¢ remains
constant with \q,‘w 0.1500 throughout the range of R/b .
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DIFFERENCE BETWEEN THE TWO METHODS

A fundamental difference between the two methods was mentioned earlier. 1In
AC
1
centre which coincides with the centre of area for the rectangular section.

Nylander's f% = : IP is the polar second moment of area about the shear

1, used in W= f%:- of the first part of this paper means the polar second
e

mament about the point 0 in Figure 1.

A second important difference is that the earlier work adopted a fixed
relationship between U, and ¢o for a given ﬂ/ b value as shown by equation
(44). Nylander's method applies a varying relationship, ranging from that in
equation (44) when %—= 0, and tending to %"—o = 0 as the horizontal axis is

[

approached.

The diminishing initial twist ¢, of Nylander's wethod is difficult to accept
as it implies that the shape of a piece of timber will change depending on
the eccentricity of the end load that is going to be applied to it. The
method is actually difficult to apply in practice, and equation (19) is
preferred for design because of its easier use, logical appearance and more

reasonable results.
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DESIGN OF TIMBER COLUMNS

H.J. BlaB

Lehrstuhl fiir Ingenieurholzbau und Baukonstruktionen
Universitdt (TH) Karlsruhe

1 INTRODUCTION

The design of timber columns in the draft Eurocode 5 (1986) and in the
CIB Structural timber design code {1983) is based on the elastic
theory with a linear failure criterion of the cross section: collapse
of the column occurs when in the critical cross section an elastic
1imit stress is reached.

Some research results during the last years |1, 2| show that this is a
conservative failure criterion, Taking into account the plastic defor-
mations of the timber when subjected to compression parallel to grain,
the ultimate loads of timber compression members are considerably
higher than under assumption of the elastic theory.

It is the objective of this paper to provide approximate functions for

the characteristic strength of centrically and eccentrically loaded
timber cotumns.

2 STRENGTH MODEL

A computer model for calculating the ultimate loads of glued Taminated
columns was presented in [3| and is used to determine characteristic
values of the load-carrying capacity of timber compression members.
Monte-Cario-simulations are used for calculating the ultimate load by
a second order plastic analysis.



The principal run of the stress-strain-diagram (fig. 1) applies to
both giued Taminated and solid timber columns., In case of glulam
columns the stress-strain-relationship of the cross section of each
Tamination with a length of 150 mm may be verified by using the
following decisive structural attributes: density, knot area ratio,
moisture content, portion of compression wood and finger-joint. Such
detailed relations are unknown for timber sections in structural
sizes. A great number of test results concerning the material proper-
ties of timber are, however, avaitable. GLOS |4{ presented for Euro-
pean softwood under normal climate (2G/65) conditions statistic
distribution functions of the elastic and the strength properties and
their mutual correlations. The results of this study are based on
values summarized in table 1 and 2. For the so-called asymptotic
compressive strength fe,a and the ultimate compressive strain at
failure €c the following approximate values are assumed:

f = 0,85 - f [N/mm? | (1)

™
i
~>
<3
o
—

c,u ' c,u/Eo,c % | (2)

The influence of the moisture content w on the stress-strain behaviour
is taken into account by modifying the characteristic values of the
stress-strain-relationship corresponding to table 3.

Based on these material data it is possible to simulate the stress-
strain-relationship of solid timber members and to use this relations-

hip in a realistic mechanical model.

The stochastic model of the glutam column includes the statistic
distribution functions of the prevailing structural properties i.e.
the density, the knot area ratio, the moisture content, the portion of



compression wood and the finger joints. These structural properties
determine the stress-strain curve of lamination sections. Further-
more, the geometric imperfections, such as curvature of the member
axis and deviations of the cross-secticnal dimensions from the nominal
values, are included in the stochastic model. Simulating the structu-
ral properties in each lamination at an equal distance of 150 mm leads
to elements with changing properties in longitudinal and transverse
direction. The corresponding ultimate loads are a sample of the resi-
stance of the element.

The basic variables of the stochastic model of the solid timber column
are the elastic and the strength properties under normal climate
(20/65) conditions as well as the moisture content. The probabilistic
density of the moisture content of timber columns was determined in
situ in a measuring series |5|. Furthermore, the statistic distribu-
tion functions of the geometric imperfections are used in the stocha-
stic mode! of the solid timber columns. The resulting material proper-
ties within the timber column are, in analogy to |1], assumed to be
constant. The ultimate loads of a great number of members simulated in
this way provide the resistance of European softwood timber columns.
Fig. 2 shows the flow diagram of the simulation calculations for
glutam and solid timber columns.

3 BUCKLING CURVES FOR CENTRICALLY LOADED COLUMNS

The evaluation of the calculation of the ultimate load is shown in
Fig. 3 to 5. The 3-parameter Weibull distribution, fitted to the
samples, s used to calculate the characteristic values of the failure
stress, £, i,e. the buckling strength. The sample size amounts to
400 for hiéh slenderness ratios and up to 1000 for low slenderness
ratios. The simulation calculation for the glulam columns was realized
with members of seven laminations.



Fig. 3 presents the characteristic values of the buckling strength
depending on the slenderness ratio for giulam columns made from lami-
nations of quality grade II according to the german standard DIN 4074.
The single points represent the 5-percentiles resulting from the
Monte-Carlo-simulations, the solid Tine describes a fitting approxi-
mate function. The approximating curve depends on the characteristic
compressive strength fc,o,k and on the ratio Ec,k /fc,o,k' Equation
{3) is the function of the approximate curve:

9¢ (fc,o,k’ Eo,k) = K fc,o,k (3)
with

1 for A £0,5
'}(, =

1 _
for A > 0,5

K +a] K2 4+ %2
k = 0,5 {1 +0,13 (X -0,5) + x2)
o= AN

E

- o,k

7\f"‘ —.F———'——--m-n

c,0,k

Fig. 3a belongs to glulam columns with an equilibrium moisture content
for normal climate conditions, whereas Fig. 3b was calculated on the
basis of a moisture content distribution, which was determined in
buildings with a mean value of 14,8 % and a standard deviation of

1,2 %.

Due to a low moisture content the buckling strength of columns with
low slenderness increases more than that of high slender columns. This
may be explained by the distinct influence of the moisture content on
the compressive strength, whereas the moisture content is of less
influence on the modulus of elasticity.



Fig. 4 gives the characteristic buckling strengths for glulam columns
from Taminations of quality grade I (DIN 4074). Differences between
the grades I and II are only based on different knot area ratios, as
long as the laminations are graded only visually. COLLING and DINORT
|71 found, however, that there are only small differences between the
knot area ratios of the two quality classes. This explains the fact,
that there is nearly no difference between the buckling strength of
columns grade I and II (see Fig. 3b and 4b). A significant increase of
the buckling strength is possibie when an additional machine grading
is applied, e.g. for density grading. Fig. 4a was calculated for
glulam columns of grade I with an additional assumption of a minimum
oven-dry density of 420 kg/m’. This leads to an increase of the
characteristic values of about 15 % for all slenderness ratios.

The buckling strengths of solid timber columns, quality grade II, as
shown in Fig, 5, are considerably Tower than the corresponding data
for glulam columns. This can be explained by the considerable higher
variation of the material properties of solid timber compared to those
of glulam as well as the higher moisture content of solid timber
columns in situ (mean = 17,6 %, standard deviation = 3,0 %), the
greater inital curvature of the member axis and the more unfavourable
ratio of existing to nominal cross section area.

4 MOMENT-NORMAL FORCE-INTERACTION

The results of ultimate load calcuTations for eccentrically loaded
columns are described as moment-normal force-interaction diagrams for
glulam columns grade II (DIN 4074). The curves shown in Fig. 6 were
computed for coiumns with different end eccentricities and slenderness
ratios between A = 10 and A = 200. The values on the abscissa repre-
sent the end moments of the columns, i.e. the first order moments. The
values on the normal force axis for M/Mu = 0 correspond to the buck-
ling stresses for centrically loaded columns.



5 DESIGN PROPOSAL

For the design of timber and glulam columns the following design
method is proposed:

Approximated curves for centrically loaded columns are shown in Figs.
3 to 5, whereas approximations for the moment-normal force-interaction
are given as dashed lines in Fig. 7 for the slenderness ratios ) = 10,
60 and 120.

For columns the stresses should satisfy the following condition:

[¢] e}
(—C20:d_ym . Tmd o, (4)
we fc,c,d fm,d

o d is the bending stress caused by the first order bending moments.

] for A & 0,5
*os 1
for A > 0,5
k + k2-12
2 for A £ 0,5
m o =
1 for A > 0,5

with k and A as defined in equation (3).

Using equation (4) the design of columns on the basis of a second
order plastic analysis is reduced to a simple function depending only



on the compressive strength f and the modulus of elasticity EO

C,0,K ok
of the timber used. The approximate equation (4) contains the influ-
ence of all structural and geometric imperfections, such as the ini-

tial curvature of the member axis.

Creep effects are not yet taken into account, but the influence of
long duration loads is being investigated with a sophisticated
computer program,

6 SUMMARY

For the design of timber compression members a new method is sub-
mitted, based on a non linear moment - normal force - interaction of
the cross section. The method is derived from the results of extensive
simulation calculations and applies to European spruce glulam and to
European softwood timber columns., The material behaviour is taken into
account better than in former methods. Whith this method a more econo-
mic design of columns is possible. The influence of moisture content
and grading is shown for centrically loaded columns,
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Table 1: Elastic and strength properties in Mpa and parameters of the

3-parameter Weibull distribution of European softwood in

normal climate according to GLOS |4

compressive bending modutus of
strength strength elasticity

Mean {Mpa | 32 37 11500
Coefficient of 0.18 0,27 0,22
Variation
5-percentile [Mpa | 21 24 7000
Parameters of the
3-parameter
Weibull distribution
location | Mpa | 14 15 3500
Scale {Mpa | 20 26 9000
shape 2,6 2,5 3,1

Table 2: Relationship between compressive strength, bending strength

and modulus of elasticity according to GLOS |4

compressive bending modulus of
strength strength elasticity
compressive strength 1 0,8 0,75
bending strength 0,8 1 0,75
modulus of elasticity 0,75 G,75 1
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Table 3: Modification of timber properties in % related to change of

moisture content of Aw

= 1 %, based on

w =12 % and

applicable in the range of w from 5 to 25 %, according

to GLOS (4]

timber compressive bending modulus of
quality strength strength elasticity
Tow { 5 percentile) -1 0 -1
mean (50 percentile) -4 -2 -2
high (95 percentile) - 6 - 3,5 - 3,5
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TECHNOLOGY TRANSFER ABSTRACT

CONSIDERATIONS OF RELIABILILITY-BASED DESIGN
FOR STRUCTURAL COMPOSITE PRODUCTS

The concepts of reliability—based design are reviewed as they might
be applied to structural composite products such as panels or
lumber substitutes. The paper reviews the current method of
qualifying products and the subsequent impact on gathering reliable
mechanical characteristics information. Example data sets are dis-
cussed, along with the analysis of the sets by distribution fitting
techniques. The data sets are then used to compute the reliability
as measured by beta for the simple case of dead plus live load.

The results indicate that for panels, a significant margin of

safety exists for both strength and serviceability reliability.



ABSTRACT

CONSIDERATIONS OF RELIABILITY-BASED DESIGN
FOR STRUCTURAL COMPOSITE PRODUCTS

Structural composite products, such as panels and lumber
subgtitutes, are being certified under performance-based standards.
These standards provide use classifications for a vast array of

product types under a uniform system of trademarking.

The performance standards are briefly reviewed along with the
ongoing in-grade testing program. This review forms the basis for

accessing the character of the products so certified.

Two data sets, extracted from the APA in-grade testing program are
presented. Each set is fit with various probability density
functions and the results discussed. Finally, the data sets are
evaluated for the reliability index, using transformation tech-
niques. This analysis is run for strength and the serviceability
limit state of deflection for both dead and live load situations.
The first assessment indicates good levels of safety exist for

structural panel products.



CONSIDERATIONS OF RELIABILITY BASED DESIGN
FOR STRUCTURAL COMPOSITE PRODUCTS

By M. R. 0'Halloran (1)
J. A. Johnson (2)
E. G. Elias (3)
T. P. Cunningham (3)

INTRODUCTION

Concepts of structural design have undergone radical philosophical
changes in recent years. As a result of major research efforts
devoted to the applications of reliability analysis concepts to
structural design, new reliability~based design (RBD) codes are
emerging. Reliability-based design is the method by which the
reliability of a structure or permanent component is controlled
through appropriate recognition of the means, variabilities, and
uncertainties of leoads and material resistance (9, 11, 12, 14, 15,
i6, 20, 21, 22, 25, 26, 28, 29, 30, 31, 45, 46, 47, 48, 50). The
loads are specified by regulatory agencies while the material

resistance information is supplied by material advocate groups.

Procedures using RBD for steel and concrete building structures
have been developed in the United States, Canada and Europe (1, 11,
12, 14, 15). A summary review of these developments can be found
in the paper by Goodman (29) and more details can be obtained from

the references provided.

(1) Manager, Research & Development Department, American Plywood
Associatlion, Tacoma, Washingtoun.

(2) Associate Professor, College of Forest Resources, University of
Washington, Seattle, Washington.

(3) Senmior Scientist, Research & Development Department, American
Plywood Association, Tacoma, Washington.



The use of RBD methodology for timber is beginning to appear in
Europe and Canada (11, 15). Of special interest in Europe is Euro
Code 5, a set of common unified rules for timber structures (15)
which uses RBD concepts. The draft code has been undertaken by
members of the Commission of the European Communities and is expec-
ted to have significant influence in Western Europe. In Canada, a
new Canadian standard has been devoted to the engineering design in

wood (limit states design) (11).

In the U.S., the 1982 American National Standards Institute (ANSI)

document "Minimum Design Loads for Buildings and Other Structures”

(22) provides RBD methodology to establish the loads. This activi-
ty is primarily the result of work by the National Bureau of

Standards with support from the comncrete and steel interests.

The level of RBD technical activity for timber design in the U.S.
is quite low. A task group of the ASCE (American Society of Civil
Engineers) Committee on Wood is working on a preliminary design

aid, but there is no major research effort underway at the present.

Portioms of this paper were presented at a workshop on Reliability-

Based Wood Design, held at Purdue University, April 21-23, 1986.

Current design methods and engineering data for structural wood
panels are given in the Plywood Design Specification (4) and in
other APA technical literature specified to end-use requirements.
Currently engineering properties are derived from small clear wood
specimen data based om limiting species characteristics in each
species grouping. This technical foundation, while adequate in the
1960s, is badly outdated in the 1980s due to addition of species

(over 70 in use) and rapid changes in production technology.



Innovative glued composite products are being introduced in
increasing frequency which enhance the potential for full utiliza-

tion of the wood resource,

The objective of this paper is to provide an overview of one
approach being considered by American Plywood Association (APA)
staff to develop a rationale for characterizing mechanical proper—
ties of structural—-use panels and structural composite lumber.
Ideally, the program will be compatible with emerging reliability

based design (RBD) procedures.

Before reviewing the characterizing procedures and discussing
example data sets, the framework established for trademarking and
sampling of production will be discussed. This background
information is necessary if we are to assess the potential useful-
ness of the new system as a design aid for engineers and archi-
tects. Accordingly, our discussion will consider the task ahead by

examining the following:
-~ Products

A brief review of product classification.
-~ Standards

Review the major changes for evaluation and certification of

product performance.
~= Sampling & Testing

Overview of the APA "in~grade™”™ testing program.



-~—- Resistance

For two sample data sets, examine methods of characterizing

strength and stiffness data.

~~ Reliability

A snapshot of the relative reliability of the sample data as
measured by computing a beta using the Rackwitz-Fiessler

algorithm.

-~ Design Factor

A brief commentary on the need for procedures to establish

design influencing factors.

BACKGROUND

The primary market for structural panels aad structural composite
lumber is light-frame construction {(low-rise and residential struc-
tures). These products tend to be long~lived, durable goods which
are manufactured and distributed in standard sizes and grades. In
the case of panels, these "standard" grades are manufactured in
over 170 facilities, yielding over 25 billion square feet

(3/8" based) in 1986. Thirty-four percent of this is produced in
the Western U.S., 48 percent in the South, 10 percent in the Imnland
Empire, and 8 percent in the northern tier of states (7). The
resulting product is a broad mix of species and production technol-

ogy which is marketed under a unified system.

Structural composite lumber is an industry which is in the
developing stages. It is expected that a performance based system

will also be implemented yielding a structure similar to that which



exists for panels, e.g., an array of species and production
technology being certified under a system which unifies the

trademarking process.

To better understand the existing system, a discussion of the

product types and their standards will follow.

The Products

Structural panel products include plywood, oriented strand board,

waferboard, COMPLY*, and structural particleboard. Structural com-
posite lumber includes laminated veneer lumber (LVL), and parallel
strand lumber (PSL). ©Each product is discussed briefly, reviewing

the raw material resource and basic product structure.

COMPLY Panels and Lumber. Since 1976 several manufacturers have

produced COMPLY, which features face veneers bonded to a structural
wood core. The panel product looks much like plywood because the
veneer used for the face and back is identical to that used in
standard plywood production. While plywood utilizes veneer in its
interior laminations, COMPLY utilizes structural composite boards
made from strands, flakes or wafers. Cross alignment of the parti-
cle core considerably enhances overall panel dimensional stability

and improves cross—panel strength and stiffness.

The panel manufacturing procedures used are either a one- or
two—step process. In a two-step manufacturing process the core is
made separately and transferred to a conventional plywood plant for
processing to the finished composite product. In a one-step pro-

cess where the wood particles composing the core are laid directly

*Comply is & registered mark of the American Plywood Association



on the veneer sheets, the top sheets are then placed and the entire

panel pressed in a single-step operation.

Composite studs and joists have been prepared utilizing structural
particleboard cores and veneers to produce lumber substitutes (19,
35, 41). Again, the basic components are derived from structural
panel plants, and have the advantages of consistent strength and
stiffness in uniimited lengths. Size limitations {(cross section)

appear to be consistent with ordinary commodity lumber.

At one time five composite panel plants were in production. As of
the first quarter 1986 only one plant is operating. One further
announcement has been made for comnstruction of a plamt to produce

COMPLY lumberx.

Laminated Veneer Lumber. Since the late 1950s a variety of

researchers have reported on various "super streungth” beams man-
ufactured from rotary peeled veneer. The products have come to be
known as parallel laminated veneer {(PLV) or laminated veneer lumber
(LvL) (10, 33, 34, 36, 37). Generally, the products are manufac-
tured from continuously laminating rotary peeled veneer into panels
or billets in which all the veneer sheets are oriented in the same
direction. The economics of these structural products is ex-
emplified by the significant manufacturing facilities operated by

the Trus Joist Corporation of Boise, Idaho (36).

Primary advantages of LVL are the dispersement of defects by
utilizing veneer, and the attainment of very high stresses consis~

tent with the highest grades of solid sawn lumberz.



As of the first quarter of 1986, two companies were in production
and two additional companies have announced plans to construct a

plant.

Oriented Strand Board. Oriented strand board is a panel product

composed of three to five layers of strands or rectangular shaped
flakes. The flakes are typically three to five times longer than
they are wide. Strands are produced (by a variety of flaking
machines) from round wood, which are logs transferred directly from

the forest (18, 24, 27, 49).

The product gets its name from the fact that the strands are
oriented; that is, strands within a layer are aligned in the same
general direction. FEach layer is oriented perpendicular to the
next, much as the veneers in plywood are perpendicular to one
another in alternating layers. Strand alignment on the faces is
typically parallel to the long or 8-foot direction, with cross-—

alignment of one or more layers in the interior of the product.

Orientation is perceived to provide considerable product
flexibility in that it may be designed with stiffness and strength

characteristics in particular panel directions.

Oriented strand board is typically manufactured with liquid
phenolic resin and wax applied just prior to pressing. The use of
liquid phenolic resin typically results in slightly darker
appearance to the board. The strand or rectangular wafer geometry
provides a somewhat different surface appearance than other flake-

board products.

As of the first quarter 1986, there are eight oriented strand board

plants in production with several others announced.



Particleboard. Particleboards typically differ from other struc-

tural products such as waferboard or oriented strand board im that
the raw material source is typically the residue of other solid
wood processing operations. Consequently, the particles from which
the board is manufactured tend to be very small and have short par-
ticles. Certain of these products can be used structurally in
light frame construction. Such products typically will gain their
additional strength and stiffness from either higher resin content
and/or additional product thickness along with increased density
{2, 13). Because of the resulting cost differential the percentage
0of product manufactured under these constraints is very smail. One
plant was currently producing such az product in the first quarter

of 1986 (42).

Parallel Strand Lumber. Another more recent proposal has been to

produce structural lumber substitutes using parallel strand lumber
(PSL). Such schemes would develop cross sections in a continuous
process using strands developed either from veneer or other
processes utilizing round wood as the basic raw material source.
Again, the perceived advantages are unlimited sizes and lengths,

conslstent properties and very high mechanical properties.

As of the first quarter of 1986, one plant is in production.

Plywood. The first production runs of softwood plywood took place
in the U.S. West Coast in the early 1900s. Production capacity
continued to build on the West Coast until the early 1960s when
southern pine plywood was introduced. Currently nearly half the
construction plywood industry (capacity basis) exists in the
southeastern United States with the remaining plants in the Inland

Empire and West Coast of the United States (7, 18).



Plywood is produced from veneers which are laid up in alternate
layers, each layer being perpendicular to the other. By altering
veneer thickness, ply orientation and species, plywood has demon-
strated considerable versatility in being useful for a wide variety
of industrial and residential construction market areas.

Continuing research over the past twenty years has enabled plywood
to enter many diversified markets, primarily due to a sound data
base. Currently, approximately 56 percent of plywood's markets are
tied directly to new residential comstruction or construction
activities associated with repair and remodeling (7). The
remaining material finds its way into a variety of end uses such as
products made for sale; materials handling; plant repair and main-
tenance; and the transportation market. Additional uses include
concrete forming, farm buildings and a wide variety of miscel-
laneous applications. As of the first quarter 1986 approximately
170 individual plywood mills were producing. Their total im-plant

capacity exceeds 22 billion square feet on a 3/8" basis.

Waferboard., Waferboard is a structural panel first produced in

Canada in 1966, Since then it has spread to several Canadian and
U.S. manufacturing locations. Plant locations, as for 05B, are
taking advantage of low raw material costs in central and eastern

Canada, and central and upper midwestern U.S§.

Waferboard is generally manufactured from low density hardwoods
{most predominantly aspen), although other manufacturers are
considering the utilization of spruce, southern pine and western

softwoods.

The product is composed of & rather large squarish (2" x 2" to

3-1/2" x 3-1/2") wafers. These wafers are flaked from roundwood
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and are generally bonded together with a powdered phenolic resin

(24, 42),

Waferboards are typically produced in three randon layers. The
largest flakes possessing the best mechanical properties, are laid
on the faces of the panel, and the fines and other smaller flakes
being utilized as core material. More recently, most manufacturers
have begun orientation of the panel faces using more rectangular

wafers -- thus approaching the OSB concept.

As of first quarter 1986, twelve waferboard (and oriented wafer-
board) plants existed in the Continental United States. There are

eleven similar plants in the Canadian provinces.

The Standards

Product Standards. Historical standards, against which wood based

panel products have been manufactured, have been product standards
such as PS 1-83 for Comstruction and Industrial Plywood, or ANSI
208.1 (2) for Mat-Formed Wood Particleboard. National consensus oOr
product standards are most frequently promulgated through organiza-
tions such as the American National Standards Institute (ANSI), or

the U.8. Department of Commerce.

Review of the product or commodity standards reveal that they are
essentially wanufacturing prescriptions for minimum product.,
Requirements are centered around the specific manufacturing
process, and typically do not address the question of product
application nor how well the product is suited for any particular

application.
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Performance Standards. A performance standard, such as that

promulgated by the American Plywood Association for APA Rat.d
Sheathing and APA Rated Sturd-I-Floor (4), reverses the standards
process by defining the end use of the product and does not pre-
scribe how the product will be made. The objective of a perfor-
mance standard is to assure for a particular end use that the prod-
uct will satisfy the requirements of the application for which it
is intended. To do this the performance standard must define per-
formance criteria and test methods. Performance standards are

limited in application to the intended end use.

In the case of the two standards currently promulgated by APA, that
for single layer floors (APA Rated Sturd—-I~Floor) and that for
sheathing (APA Rated Sheathing), the intended end use is light-
frame wood construction as practiced in the United States. Panels
so rated are intended for combination subfloor-underlayment and
sheathing intended for roofs, walls and subfloors. The products
are span rated for their particular end use. The standards cover
supports spaced 16 to 48 inches o.c. (400 to 1220mm)} for floor and
roofs. Provisions are also made for wall bracing when the studs
(vertical framing elements) are spaced 16 or 24 inches o.c. (400 or

600mm) .

The system results in a simple span index, which rates the panel
for a single floor use, or a sheathing application where the index
indicates its possible use at a maximum rafter or floor joist

spacing.

The performance concept is being applied to structural composite
lumber (LVL and PSL) but in this case for mechanical performance.

A document under development by the APA will rate the product by
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testing and follow up verification, as with panels. Other stan-
dards activity includes & subcommittee of ASTM DO7 and an AITC

Standard (3).

Requirements. Panel performance is evaluated through testing

under a qualification procedure for three basic areas of investiga-
tion: structural adequacy, dimensional stability, and bond

performance.

Testing for structural adequacy includes:

1. Verification of the ability to sustain concentrated loads,

both static and following impact at the rated span.

2. Uniform loads testing demonstrates the ability of the prod-

uct to sustain wind or snow loads at the rated span.

3. Fastener holding ability is tested to assure that the panel
has the ability to hold covering materials in place and to
develop lateral load capacity in mechanically fastened con-

nections to lumber or other framing.

4. Wall sheathing panels must demonstrate shear resistance for

wall bracing at the rated stud spacing.

Physical properties include measure of the expansion of the panels
when exposed to moisture conditions. A performance test was devel-
oped which measures linear expansion when wetting on one side for a
period of 14 days. This test approximates severe exposure condi-
tions as might occur during construction and serves as a relative
measure of linear expansion conditions that might be expected in

service.
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Finally, the bond durability of the panel must be demonstrated for
site~built construction, since panels will be called upon Lo resist
wetting and drying and still be able to perform following exposure
in these conditions (43). Research indicates that large-scale
specimens exposed to hot water soaking and oven-drying and then
subjected to the same structural performance criteria is adequate
evidence of the ability of the product to remain intact during
exposure to weathering. These tests are equivalent to several

years permanent exposure to the weather.

Qualification. Certification of performance is a straight-

forward procedure under a performance-based system. To begin, a
sampling of the candidate product is tested according to the indi-
vidual performance criteria previously discussed. After completing

the performance requirements a span rating can then be assigned.

Concurrent with performance~oriented tests, a "product evaluation"
is also performed. Product evaluation provides for measuring prop-
erties unique to the product and suitable for quality assurance
measurements. Such data includes bending strength and stiffness,
thickness, density, and other maaufacturing data which may prove

useful in monitoring quality under a third~party basis.

A mill specification (4, 44) is drawn up following this intensive

product evaluation. This individualized mill production specifica-
tion is unique to the mill ang product qualified under the perfor-
mance standard. It pertains only to the mill and product qualified

and is not a constraint on other mills or similar products.

The mill specification serves as the quality assurance document for

future evaluation. The APA quality program provides for sampling
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from each mill's production each day with testing and reporting at
one of seven regional facilities. 1In addition, a quarterly sam-
pling program requires ten panels (4 x 8 ft or 1.2 x 2.4m) per mill
per quarter to be shipped to the APA Research Center in Tacoma.
These panels are tested for conformance to the mill specification

and will form the data base discussed later in the paper.

Acceptance. The Council of American Building Officials

(CABO) is a joint venture of the Building Officials and Code
Administrators International, Inc. (BOCA), the Intermational
Conference of Building Officials (ICBO) and the Southern Building
Code Congress Intermational (S8BCCI). CABO has recognized the APA
Performance Standards under their National Evaluation Report
NER-108 (17). This research report constitutes approval by the
sponsoring model code agencies and subsequent regional acceptances

have since been secured by the APA technical staff.
PRODUCT CHARACTERIZATION

In anticipation of the need for new technical data, APA has been in
the process of a significant product characterization study. This
"in-grade" study is conducted under the provisions of the perfor-—
mance standard, and will lead to development of significant techni-
cal data on the characteristics of products produced by members of
APA under the performance based standards. The program covers sam~
pling, mechanical properties, physical properties, and data base
management. While the example data used in this paper is for
structural panels, the same basic concept and techniques are being

used for LVL and PSL products trademarked by the APA.
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Panel Sampling

Sampling of product occurs at two stages. First, during the prod-
uct qualification stage previously discussed, a significant sample
of product is taken under carefully supervised conditions. That
is, the panel product is sampled at minimum manufacturing condi-
tions such that minimum acceptable performance is evaluated. This
initial bias provides a measure of the minimum product against the
performance criteria, and is an iadication of wminimum lot perfor-
mance. Products which satisfy the established performance criteria
under these conditions are certified for production at manufactur-

ing specifications at or above the levels sampled. Thus, the data

leading to the developmeant of the individual product manufacturing
specifications becomes the baseline for future evaluation of the

product.

The second level of data collection is a quarterly production
sampling program. Under the provisions of the performance
standard, a minimum of 10 panels per plant per quarter are tested
by APA agaimst the product's individual manufacturing
specification. This evaluation provides an ongoing measure of
product performance and continuing confirmation that the products

are conforming to the provisions of the performance standard.

The panel sampling plan provides two significant opportunities.
First, the initial biased sample provides an opportunity to evalu~
ate minimum lot performance. The qualification sample is a snap-
shot of minimum product performance as produced by individual mills
and products distributed over the country. Secondly, the quarterly

sampling program provides an ongoing evaluation of products "as
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produced" and can then be used to establish any trends in product

performance.

Méchanical Properties

Panels sampled under the Performance—-Rated Panel program are
full-sized panels (4 ft x 8 ft or 1.2m x 2.4m). Properties
collected under both the qualification or initial bias sample

scheme and ongoing quarterly sampling include the following:

- Fulli-sized bending strength and stiffness.

~ Tensile strength.

- Shear strength through the thickness.

- Shear strength in the plane of the product.

~ Compression strength and stiffness.

- Bearing strength through the thickness.

- Modulus of rigidity.

Each of these basic mechanical properties are collected with stress
along and across the major of the product when appropriate. Prod-

ucts are tested in the dry, as-received condition.

Data Base Management

To accommodate such a comprehensive sampling plan, encompassing a

large number of products, constructions and geographic manufactur-
ing regions of the country, a computer data base management system
is utilized. Data base management schemes are most often firmware

and software based systems which provide for easy assemblage of
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complicated data schemes providing for quick ad hoc reporting as

well as routine data manipulation and updating.

The computer~based data system is utilized for ongoing evaluation
of quarterly sampling programs via control chart and statistical
anaylsis schemes, as well as providing overall statistical analysis

of mechanical and physical property data.

RESISTANCE CHARACTERIZATION

To illustrate the difficulties associated with characterizing the
material properties of panels, two example data sets referenced as
A and B, will be used. These example data sets are extracted from
the APA data base and represent two classes of production, each
class with the same span rating. The data are short—-term panel
bending capacities for strength (maximum moment) and stiffness
(EI). The subsets were constructed from each class by placing them
in ascending order and selecting data at equal iuntervals. The
values shown have been normalized to illustrate the shape of the
distribution and to minimize accidental misinterpretation. The
data sets are intended for illustration of actual performance but
should not be interpreted as representing the entire production

population.

Distribution Fitting

The parent distribution for material resistance is usually an
unknown entity. The approach generally followed in establishing
distributional form is to "fit" recognized statistical distribu~
tions to data sampled from the parent population of interest. This

is accomplished by using the sample data in estimating parameters
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for each selected distribution. The distributional form which pro-
vides the "best fit" is chosen to represent the distribution of the
parent population. Basis for '"best fit" may vary for unigque pur-
poses., For example, the "best fit" estimator may be quantitative,
qualitative (visual comparison of observed versus theoretical
probability demsity functions (pdf}), or a blend of both. 1In addi-
tion, the entire range of sample data may be studied or a subset
(e.g., lower range of strength capacity) of the range may be con-
sidered as most important., In development of RBD procedures, an
objective is to determine a 'reliability index" which relates the
overlap of the high end of one distribution (e.g., load) over the
low end of another distribution (e.g., load capacity). 1In RBD,
specific ranges of distributions are of paramount importance. On
the other hand, if the purpose in distribution fitting is for
simulation applications, the entire range of data is important.
Visual comparison of the observed and theoretical pdfs provides a
useful measure of fit which allows study over an entire range oY

specific subsets of ramnges.

Example cumulative distributions for stiffness and maximum moment

capacity are shown in Figures 1 and 2, respectively.

Data sets A and B may be considered to represent a class of
production within a span index classification. Recall that the
span index is the basis for trademarking and is established by
test. The sets A and B reflect the differences that we might
experience between product types, between mills for the same prod-
uct type, or between geographic production regions. These sets

reflect a problem common to characterizing data which represents
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commodity production, e.g., where there is little economic

incentive to create many categories of use.

Four probability density functions were used to characterize the

measured values. The four pdf's used were:

1. ©Normal (two parameters)
2. Lognormal (two parameters)
3. Weibull (three parameters)

4. Johnson Sb (four parameters)

The mathematical forms have not been reproduced here but may be
found in the statistical references listed (32). The parameters
were determined via computer software which used a maximum likeli-

hood technique to determine the respective pdf parameters (23).

The resulting best fit densities for stiffness are shown in Figure
3 for classes A and B, Similar fits are shown for strength in
Figure 4. The statistical analysis revealed that of the four, the
lognormal distribution best fit the data as measured by the log-
likelihood value. Table 1 notes the log-likelihood values for each
class property combination. Note that in some cases the three
parameter Weibull may provide a slightly better fit as determined
by this measure. Note also in Table 1 that the difference between

some of the distributions is not great.

Figure 5 illustrates the relationship between the pdf's estimates
and the actual data. We note for this case as much as 4.8 percent
error in estimating what might be taken as the design point (5th

percentile level),
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Reliability

The objective of characterizing test results in terms of
probability distributions is to assess the reliability of the prod-
ucts in actual use. The reliability index, P, is a statistical
parameter which serves as a measure of the uncertainty in the vari-
ables that are involved in the design of a structure or component
of a structure (20, 21, 22, 25). The following discussion indi-
cates how reliability can be estimated for typical panel strength
and deflection limit states. The reliability index is determined
using a first order second moment procedure. A linear failure sur-
face 1s assumed with live and dead loads only and the reliability
is calibrated to current practice. The calculations are based on
short term strength and stiffrmess data which does not iaclude the

affects of damage accumulation which in fact takes place over time.

Ultimate Strength Reliability. The conventional design equation

for panels can be expressed as:

Byp > Lp * D v v v v v v e e e e e e e e e e e e e 1T
where:
R, = Nominal bending capacity {(moment)
L, = Nominal maximum live load {(moment)
Dy = Nominal maximum dead load (moment)
The equation, {1], is sustained from strength of materials

arguments and serves as the basis for a general equation defining

the failure surface, g{(R, L, D):
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where:

R, L, D are random variables representing moment capacity

for resistance, live and dead loads.

Clearly, if the panel capacity is exceeded by the sum of the
applied moments (g becomes negative) the system will be considered
unsafe. The reliability of the panel underload is related to the

probability that the failure surface will be negative.

The failure surface can be rearranged as follows:

g = (R_ - Wp L ~WgD) Ry « & o « o o o o o o o .. 3]
Ry Ln Dp
where:
Wl = Ln/Rn

Wq = Dp/Ry

Furthermore, using the current design formulae, Ry, = L, + Dy, the
failure surface can then be expressed in terms of currently used

nominal values, resulting in:
Wi = (Lo/Dy)/(1 + L,/Dy)
and

Wa ~ 1/(1 + Lg/Dp) v v v 0 v v v e e e e e e e e e .714]

If R, L, and D are attributed normally, then it can be shown that g

is normally distributed with meanvﬁig:

- W; L - Wgqg D B -2

g = R _ L D
Ry Lp Dp
and standaxd deviation,cfg:
1/2
CVe)2 + (W] L CVy)2 + (Wg b Ccvg)?] . . [6]

g = [(R_
Rp L, Dg



22

where:
X/Xy = Mean of random variable, R, L, or D
CVy = Coefficient of variation for the random variables,

R, L, oxr D
The probability that g is negative (g X 0) can be found from a
standard normal probability table using 2 = —ﬁ

where:

B=MglGCy v e T

The quantity,/g, is referred to as the reliability index. In
general, the variables R, L, and D are not normally distributed bdbut
a modification of the caleulation procedure can be made to retain
the second moment approach. The modification involves replacing
X/X, and CVy by corresponding values characterizing normal
distributiomns in the appropriate extreme regions of the original
distributions. This resulting reliability index, defined by
Hasofen and Lind (48) results in the shortest distance between the

origin and the faillure surface in this now normalized system.

Using the traditional (deterministic¢) design values published by
APA (5), a calculation was made for the reliability index, beta,
associated with the short-term moment capacity distributions of A &
B class panels. The procedures for this calculation have been dis-
cussed elsewhere (20, 21, 22), but the specific program used was
developed by Dr. Joseph Murphy at the Forest Products Laboratory,
Madison, WI (40). The reliability index is shown as a function of
a live to dead load ratio (Lo/Dmn) inm Figure 6 for both A4 and B
classes. A lognormal distribution was used for both classes in
this example. Since traditional design is based on a Lo/Dn ratio

in the region of &, an estimate of the reliability index for A and
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B classes is 3.45 and 3.56, respectively. Clearly, the use of

these panels is associated with high levels of reliability.

Serviceability Reliability. Most discussions on the reliability

index have considered strength as the primary limit state (9, 21,
29, 30, 45, 46, 47)}. TFor many wooden structures, the controlling
design parameter is deflection rather than strength. A recent
effort by Galambos and Ellingwood (26) provides some insight into
this subject, as well as a methodology for computing the reliabili-

ty index.

Galambos and Ellingwood (26) provide ratios of mean/nominal load
with corresponding coefficients of variation (CV). They suggest
that loading criteria for ultimate limit states, based upon 50-year
mean recurrence intervals, are too severe for most serviceability
needs. An eight-year reference is used with consideration given to
a one-year reference when the serviceability limit state is
recoverable. Ratios of mean/nominal snow loads of 0.45 and 0.20
are presented for eight—and one~year reference periods, respective-
ly., The corresponding CV for the eight~year reference period is

0.35 with a CV of 0.75 for the one-year reference period.

Assuming a log-normal distribution of sunow loads, these statistics
allowed simulation of snow loads in concert with simulation of load
capacities. Load capacities were generated using design criteria
consistent with the span rating of the example data sets and by
assuming a log—normal distribution of panel stiffness. This

simulation study provides a preliminary performance index for each
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of example Sets A and B. For the eight~year reference period the
serviceability reliability indices range from about 3.0 to 3.2 and
increase to an average of about 3.3 for the one-year referenece

period,

Since the deterministic methodology considers average deflection
performance, this again appears to result in high levels of

reliability for deformation.

Commentary on Reliability

" " at estimating reliability of

Given that an initial first "cut
panel strength (moment capacity) indicates a very reliable situa-—
tion, are there any problems associated with this calculation? If
so, what are they and what are the consequences? One problem has
to do with the data sets themselves. The data set of moment
capacities of A may be a collection from many manufacturers using
different species, adhesives, production techniques, showing change
in operating characteristics over time. Thus, the data set is not
a homogeneous collection of values. Many underlying frequency dis-
tributions are possible; consequently, it seems that no one
theoretical distribution will characterize the distribution (see
Figure 4). Moreover, there is a large coefficient of variation due
to the wide range of property values being produced by the wmany
different manufacturers. Since the data set is large, the
characterization is undoubtedly adequate to assure safety for the
particular span rating analyzed. It will be noted that both panel
types are rated for the same end-use. Does it make sense to com-—
bine the A and B class data? The whole question of combining for

products destined for identical end-uses needs to be studied simnce

it could impact the practical needs of marketing and distribution.
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Another concern is associated with the criteria for selecting the
most appropriate form of probability density function to charac-
terize the data set. Basically, the shape of the lower tail of the
distribution influences the value of the safety index. The tails
of the four distributions used in this study are quite different
(Figure 5). 1If very large data sets are available, it may be pos-
sible to use a relatively large subset consisting of values in the
lower tail to make more accurate determinations of the safety

index.

We have found thnat the distribution type significantly impacts the
calculated reliability index, beta. We suspect that if selection
of the pdf is made on the basis of a statistic which measures the
"global" goodness of fit, that greater errors could be encountered
as the tail of the resistance distribution determines beta for

strength limit states,

Finally, it should be mentioned that although the moment capacity
distribution of Class A is greater than Class B (Fig. 1), which of
course leads to a higher reliability index, there is a dynamic com-~
ponent to this industrial segment whereby manufacturers are chang-
ing their operatiomns by equipment, species or new technology.
Consequently, the distributions are changing and thus so 1s the
reliability index for this set of panels. However, since the safe-
ty index appears to be large there is the possibility of setting a
fixed level of the safety index and allowing manufacturers to pro-

duce panel products that will satisfy this level of saferty.
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FACTORS INFLUENCING ENGINEERING DESIGN PROPERTIES

A product characterization study will provide insight to
performance of products as produced and trested under laboratory
conditions. Clearly, there is a myriad of factors which influence
the performance of mechanical properties and, consegquently, struc-
tural design. A few of the most important structural properties
will be addressed here in the hopes of stimulating thought toward

solutions.

In~-Service Performance

A variety of techniques have been used to address the in—service
load performance of wood structural systems. These include creep
studies, creep rupture studies, and evaluation of product after
long-term in-service use. Given the time-consuming factors of
creep and creep-rupture studies, 1t appears that some potential
alternative means to identify the peformance of these products 1is
needed., In comjunction with that, a North American duration of
load committee of interested industry principals has been
established in cooperation with the Forest Products Laboratory in
Madison, Wisconsin and Forintek's western lab. These deliberations
may provide a structured approach to providing short—term conservar
tive answers and development of data which will give us longer term

information.

Environmental Effects

A variety of environmental factors must be assessed and their
influence determined,. Such areas include moisture effects,

temperature, corrosive chemlcal environments and the like. A
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priorities list needs to be developed and assessed so these factors

may be included in any design format,

Fasteners

Standardized metheds of fastener evaluation for both lateral
load-slip modulus and ultimate lateral loads need to be
established. With the significant variation in fastener size and
stock stiffuess, better methods of grading and identification are

needed for engineering design.

Effect of Treatments

Little data exists on the effect of pressure treatments for preser-
vatives and fire retardants on mechanical properties of structural-
use panel products. Basic impacts of these procedures is needed as

volumes of treated material grows.

Commentary on Factors

This brief discussion indicates that there are many strength and
stiffness reducing factors which must be considered by the design
engineer. A preliminary review of the existing literature and dis-
cussions for determining factored resistance have shown that these
procedures and techniques are not well established, Consequently,
establishing factors which could have great influence on the
resulting design and the economics of the use of the product should
be carefully contemplated by the architects of an RBD format.
Sample sizes, study designs, requirements for establishing these
factors and the reliability of those factors needs to be addressed

by the propomnents of this design format.
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SUMMARY

Our discussion has reviewed the commercial "facts of life'" that a
significantly different set of geperic product types is being man-
ufactured and marketed under a uniform span rating system for use
in light-frame construction. The system represents a vast produc~
tion volume, inclusion of over 70 some species and many product
types enhancing the complexities of implementation of a reliability

based design format.

In reviewing the performance based standards under which these
products are rated, it was indicated that a significant in-grade
sampling and testing procedure is underway. This data will provide
the ability to characterize minimum product as well product as pro-
duced over time. This is providing a significant data base from
which the resistance of products rated under this system can be

characterized.

Two example data sets were extracted from the APA in-grade testing
program representing two hypothetical production classes A and B.
For each production class we noted differences in the distribution
shapes, tails and their locations. When evaluated for the
reliability index, we obtained different results for the production

classes and their respective assumed distributions.

Additionally, it was pointed out that to successfully characterize
products for engineering design factored resistance data needs to
be developed to indicate strength reducing and/or stiffness veduc-
ing criteria. It was pointed out that while the physical studies
to determine these factors can be undertaken, that no good solu-

tions to determining these factors and their reliability in the
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overall RBD based code format curreutly exist. It seems that the
influence of each of these individual factors on the reliability of
the entire design system needs to be evaluated by a rational

process.

CONCLUSIONS/RECOMMENDATIONS

From examination of material characteristics and reliability
analysis for structural panel products, we have determined that
preliminary data indicates a high overall reliability. However, in
examining the requirements for implementing an entire system for
the structural composite products the need for additional research

in the following areas seems to be warranted.

1. Numerical solutions. The validity of using numerical

solutions to characterize the lower tail distributions for
implementation of an RBD procedure seems appropriate when

large data sets are available.

2. Combined or composite distributions. The impact of

combining or otherwise providing overall evaluations of
reliability for very large production based systems such as

structural composite panels needs to be assessed.

3. Reliability index. The computed beta seems to be very

sensitive to distribution types. Interpretation of the
variability of beta, given different sampling schemes,
seems very important, especially in light of new products

entering a market with no service history.
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Resistance factors. It appears that assessment and

development of evaluation schemes from the mathematical

viewpoint needs to be developed.

30
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Table 1. Log-likelihood indicator (maximum logarithm of the
likelihood functioun) of distribution goodness-of-fit.

Class
Distribution A B
Stiffness Strength Stiffness Strength
Normal ~398.2 ~519.5 -387.1 ~497.2
Lognormal -388.9 -494.9 ~379.5 -~481.6
Weibull -394.6 ~501.6 ~378.9 ~483 .4
Sb -394.0 ~498.0 ~394.0 ~481.7

* Maximum of log-likelihood indicator
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A Comparative Investigation of the Engineering Properties

of "Whitewoods" Imported to Israel From Various Origins

Dr. U. Korin

Summary

The physical and natural characteristics, and the engineering properties
of '"whitewoods" imported to Israel from seven origins, were investigated.
The data will be used as an initial layer of a "Timber data bank"
established at the "Timber Center" of '"The Building Research Station" of

the Technion, Israel Institute of Technology.

The paper presents the experimental data and compares between the timber
from the different origins, according to quality level and uniformity

considerations.

The structural efficiency of the use of the different timber as bending or

compression members is examined.

1. Scope

Whitewood timber in structural sizes is imported to Israel from different
origins. The timber is used for various purposes such as construction of
roofs covered with tiles or other lighweight coverings, agricultural
buildings, formwork and shoring in civil engineering works and many other
purposes. The timber is usually supplied according to the commercial

gradings of the exporting countries, or even without any reliable grading.

During the structural use of the timber there is usually a significant
waste of the material caused mainly by the fact that the whitewood is
related to as cne general group without any consideration to the origin of
the timber, its commercial grading and actual quality. This treatment of
the whitewood is a cause for uncertainties regarding the real safety

cooeficients of timber structures.



The timber center of the B.R.S. performed a comparative investigation of
the engineering properties of whitewoods from wvarious origins. This
investigation was carried out with very limited funds and thus comprised
only a limited number of individual samples from each origin. It is
planned to used the accumulated data as a basic data bank to which future

data will be added from further investigations.

It is planned to submit to the potential wuser data about the
characteristic properties of the timber from the different origins inorder
to achieve a safe and economical use of the imported timber, and a tool

for consideration of the relative advantage of any one of the whitewoods,

2. Origins of the investigated timber

This stage of the investigation comprised whitewood from seven origins

according to the following liist:

group 1 - Canada, SPF timber, No. 2 commercial grading

group 2 - Sweden, whitewood {spruce, hemliock, fir) No. 5, commercial
grading

group 3 - Yugoslavia whiteweed (spruce, hemlock, fir)

group 4 - Canada - SPF timber, No. 2 structural grading

group 5 - Finland - whitweood (spruce, hemlock, fir) No. 5, commercial
grding

group 6 - South Africa - Radiata pine

group 7 - Romania - whitewood (spruce, hemlock, fir)

The material selected for the investigation was rectangular 5 cm x 10 cm
planks. It is common in the local practice to relate to the lumber nominal
cross section of 50 mm x 100 mm as a basis for structural design and

engineering utilization.

From each one of the groups five different planks were randomly selected
from stocks at timber vyards. The test samples required for the

investigation were prepared from the selected planks.



3, The tests

The samples brought to the laboratory, were air dried until of

a moisture content in the range of 14%-167% was attained.

The following tests were performed on each one of the samples:

a) Measurement of the plank dimensions.

b) Listing of growth and other defects.

¢) Measurement of annual ring widths.

d) Defining of the type of log cutting.

e) FElectronic measurement of the moisture content (during the mechanical
tests of the timber).

f) Density of the timber,

g) Modulus of elasticity in bending (1800mm span, 1/3-2/3 span loading).

h) Modulus of rupture (1800mm span, 1/3-2/3 span loading).

i) Modulus of elasticity in compression (200mm long specimens).

j) Compressive strength (200mm long specimens).

The mechanical tests of the timber were performed according to RILEM 3TT-3

recommendation (1)}. Test results are submitted in tables 1-7.

4, Characteristic Properties of the timber

Considering the average values and standard deviations obtained for each
one of the measured properties, and assuming a normal distribution of the
timber population, the characteristic property for 957 proof were

calculated according to equation 1.

K = X - 1.65s (1)

where K, - any characteristic property. X - the average value of the

tested group and s - the standard deviation of the same.

Table 8, summarizes the characteristic values of the various investigated
properties as well as the average values of the elastic moduli (Em aver.,

Ec aver.) of the timber (the average elastic moduli are required for



structural movement calculations). Table 8 also presents values of

critical bending moments (M calculated according to the

crit)
characteristic bending strength (f;) and characteristic section modulus

(WX) according to eguation 2[2] and critical axial compression load for a

strut  having an effective length of 1000mm (equation 3)[31,
(2)

N AL f k1o (3)

c erit ©

where A is the characteristic cross section area, f the characteristic

C’
compressive strength and kioe, the modification factor for compression

members according to B.S. 5268, Part 2131,

5. Discussion and conclusions

It must be emphasized that the samples population of this investigation is
quite small. The main reason for that is the very limited funds allocated
for the program. Some of the samples were supplied by clients interested
in the testing of timber from their stock. Some of the samples were simply
purchased from timber yards, that were not particularly interested in the
test results. However, inspite of the small size of the tested
population, the obtained results serve as an important foundation
for a data bank of engineering properties of timber. This bank may later
be enlarged to include timber of more origins and grades, and larger

populations of timber from the investigated origins.

Israel imports the major part of timber for construction purposes. The
timber market is dominated by the suppliers. The timber is imported for
general use, and there is almost no import of timber according to
structural grades. The commercial grading is based mainly on the
dimensions of the knots, and their frequency, and on other natural
defects in the timber. The average user must comply with the stock offered

by the market,



There are almost no engineering data concerning the basic properties of
timber from different origins, and of characteristic properties of timber
of each one of the grades from each origin. A support from timber
exporting countries towards expansion of the investigation may contribute

to the increase of the size of this data bank and to its reliability.

The economical question of the relative advantage of the use of timber
also arises from each on of the origins depending on the price of the
timber and their potential use. This question has not been considered at
this stage in the investigation. It must be stressed, that the Israeli
engineering community dis expecting to obtain data not only about
technoleogical aspects but also about the economics of the use of different

timber, and in the future, attention should be given to that question.

In additien to the mechanical properties of the timber, other features of

the timber such as width of annual rings, type of conversion of the

timber, density and knot size and frequency were alsc examined. The small

population of the research cannot at this stage present distinct relations

between the measured properties and the natural and conversion features.

However there are some indications worth further consideration:

a) Within each one of the timber groups, specimens having higher
densities possessed superior mechanical properties.

b) Within each one of the timber groups knot size and knot frequency
adversly affect the mechanical properties.

c) Within each group, the smaller the width of the annual ring, the

better are the mechanical properties.

The uniformity of the different properties attained within a single timber
group was uneven. [f we accept the coefficient variation as a scale for
assessment of the uniformity of each group, it may be said that the most
even uniformities were attained in group No. 4, Canada b (coefficients of
variations range 0.103 to 0.165) and the most uneven uniformities were
attained in group 3, Yugoslavia (coefficients of variations range 0.177 to
0.310).



One of the reasons for the uneven uniformities of the different mechanical
properties of the timber of each group could be the small number of
specimens comprising the group. The results may have a clearer image when

more samples are tested.

The uniformity obtained during the examination of each property in the
group, expressed by the standard deviation{s) has a high impact on the
characteristic value (XK} = X - 1.65s), and on the economic utilization of

the timber.

Tables 9 and 10 present the relations between the different mechanical
properties in each of the groups. The average values are shown in table 9
and the characteristic values in table 10. Table 10 alsoc shows a
comparison with the relations reported in the CIB Code {2}, The values
obtained in this investigation do not comply with those reported in the
Code, and it is quite clear that many more samples should be tested

in order to obtain safe engineering values.

The dimensional uniformity has also a high impact on the efficient use of
the tiber. In each one of the groups the dimensional uniformity was
satisfactory. But when the different groups were compared, it was clear
that we were dealing with differently ccnverted timber. Practically, each
one of the groups has its one combination of width and height of the cross
section. These dimensional differences, are expressed through the
calculations of the cross section area, the section modulus, and the
second moment of inertia around the two axis. (table 8). It is necessary
to compare these values with the theoretical cross section of 50mm x 100mm
(A = 5.0 x 10°mm®, W, = 8.33 x 10* mm®, I, = 4.17 x 10% mm"* and
Iy = 1.0% x 10% mm*), which is used for calculation and design purposes by
the engineering community. One of the targets of this investigation is to
try tc adopt a section with uniform dimensions for the whitewood, to
distribut this information among the engineering community, and to

convince the suppliers to comply with the recommended timber sizes.



The most perceptible comparison between the timber from the various
origins is presented in table 8 in the lines relating to the critical
bending moments and critical axial compression load (for a strut having
1000mm equivalent length). The ratio between the maximum and minimum
bending capacities was 2.85 and ratio between the respective axial

compression capacities was 2.00.

The impacts of these results are, that when the actual engineering
properties and actual sizes of a particular consignment of timber are not
accounted for, we may find ourselves beyond the critical capacity on the

one hand or to waste good timber on the other hand.
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Table 1 -~ Individual test results - group 1 - Canada 3PF - No. 2 commercial fa)
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Table 2 - Individual test results - group 2 - Sweden - No. 5 commercial

i (wPa}| ! I I I [
' I ! I I I !

| specimen | | | | I javerage| standard | cooficient |
| i 1 ] 2 1 3 | 4 | 5 | % | deviation |of variation|
|property i | | [ | I | s i s/X =v |
e |- | | [ e |-——— |- [ e |
|annual ring { 2.3 2.3] 1.6 ] 1.8 1.8 | } { |
[width (mm} | I | I I i ] i I
| e e e B I e
[type of i half sawn | | I !
lcutting | J | | |
! - —i- [ — | — | e |
|moisture { 16.0 | 16.0 | 15.5 | 15.0 | 15.0 | 15.5 | 0.5 | 0.032 |
| content (%) I | ' | { | | |
| wmmm e | e e | <[ |
|width of | 46.2 | 47.6 | 45.5 | 47.5 | 46.2 | 46.6 | 0.91 | 0.020 |
|section (mm} | | | ! | i | i |
e {~ - I ~f=- [ - === | - i~ |
jheight of {102,0 [103.3 |102.0 |101.9 |101.5 | 102.1 | 0.68 | 0.007 |
jsection (o} | | | | { | | |
f = e j-——mme [ = mmmee | i | |- | -~} f—- -
|density i 472 | 471 | 496 | 434 | 524 | 479.4 | 33.4 j 0.070 i
| {kom-3} { I I | | I | I |
| e e = | I -] o |-=—-——- [—- e - -1
{largest knot H 10 | 15 | 10 | 0] 20 | i i
| ' {mm) | I I | [ I i i I
e — e [ BN FU (B, [ — | == [~ !
lknots - | 1] 3| 21 2 | 2 | ! | |
{10-20mm (m-1] | | | | | I { | i
|--- ] T[S — I t
|knots - I - | - | - | - - ! I ;
;2011 up {m-1} ]| I | | | } } ; E
{modulus of elasticity|15,137|13,940|15,667|10,949|12,947|13,728 | 1,879 | 0.137 |
M A T
|modulus of rupture | 8.4 | 51.1 | 66.9 | 54.0 | 54.5 | 57.0 | 6.12 | 0.107 |
| (mpa) | | I I [ | | | I
|- e | | | | e - ~f-- | - -f-- -1
Imodulus of elasticity|11,92419,412 119,337]12,200]15,983}13,771 | 3,897 | 0.283 |
:in compression (lPa)I ; I | | | I ; E
_____________________________________________ I_,_,____.__. i e | e o i e | e e e e e e
|comperssive strength | 35.7 | 356.6 | 37.2 | 40.1 | 44.2 ! 38.6 | 3.64 | 0.094 |
I I
I [




Table 3 - individual test results - group 3 - Yugoslavia
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Table 4 - Individual test results - group 4 - Canda SPF structural grade 2 {(b)

average| standar

d

| cooficient |

| | J | |

| } 1 | 2 | 3 | 4 | 5 | X | deviation |of variation|
|property | ] | | | I i s I s/X = v |
e ] ] B E = |- I
|annual ring | 2.0 1.8] 2.4 2.7| 2.4} | |
[width (zm} | i i | I | } |
e e e [———-—- |—————- [ |- |-——-—- f————- o [ = |
|type of | half sawn [ j i
jeutting | | | |
N — |- [ [— [ — -~ |-
|moisture | 16.0 | 16.0 | 16.0 | 16.5 | 16.0 | 15.9 | 0.22 i 0.014
|content {(£)} | | i I | I |
— SRR — [ e
|width of | 47.5 | 47.5 | 47.2 | 46.3 | 46.7 | 47.0 | 0.53 | 0.011
|section {mm) | | | i i | ] |
| e e P e By e e i
|height of j100.1 {100.3 {100.7 | 99.9 {101.7 | 100.5 | 0.7% | 0.007
Isection {(mm) | | | | i | I !
| f—— j—- | ————- | e b i jommm |
ldensity | 502 { 436 | 412 | 487 | 469 | 461 | 36.9 | 0.080
| {kgm-3) | | I | I | | |
e e Jrmmem [ =mmmmm [-———- [ —=mmmm - -—|- -] e
| largest knot } 27 | 15 | 22 | 20 | 17 | | i
| (mm) | | [ | I | | !
e e e o B B I |- —— !
|knots - } 3 2 | 3| 5 | 2 | |
[10-20mm (m-1} | | ] | | | ! |
I [y pe—— — [— R— | e |- I
|knots - ! 2 | -} 1.8} 0.6} - | ! ] {
|20ma up {m~1)]| | ] | | I f | {
e |- S — — — [ -
Imodulus of elasticity] 9,068]10,432{10,017112,490}10,417(10,485 | 1,250 I 0.119 }
lin bending (wpa) | | | ! | i [ | ]
o [ Rt o e R frmm e [ fwmmmm e = — |- i
|modulus of rupture | 48.2 | 50.8 | 35.9 | 57.3 | 53.0 | 49.0 | 8.1 i 0.165
| {wpa)}| | | i ] | ! |
|------ ] B L e B el B !
|modulus of elasticityj11,265| 8,685]10,399}10,601}11,363[10,457 | 1,071 | 0.103
{in compression (mPa)| [ | | | | i |
—— ~fmmmmm | o | f e f e f e |-- | --
{comperssive strength | 31.4 | 31.1 | 29.t | 38.8 | 39.3 33.9 | 4.8 | 0.140

! |

i |

!
! {mra)}| I I I ! ;
! I [ I ! I !




Table 5 - Individual test results -~ group 5 - Finland No. 5 commercial

! {wPa}| ! I | | I t

i specimen | | | | { |average| standard | cooficient |
| I il 2 | 3 | 4 I 5 | X | deviation Jof variation|
|property [ I I | | | | s ! s/X = v |
| e e jommmen | == e I e B EEEREI |
|annual ring ] 1.5 1.4 1.4} 1.5 1.0} I i |
|width (mm} | i f | I i | i i
| S —— J-mmm |- e | -—mmm [— [ — | —|
{type of ] half sawn | | [ {
jcutting I I i | i
[ | o= | = | | -==mn| ] .
| moisture f 14,0 | 15.0 | 14.0 | 15.0 | 15.0 | 14.6 | 0.5 | 0.038 |
|content (%)} | | | i | | } i
| = e e [ e e e e a
{width of | 45.0 | 44.7 | 43.0 | 47.5 | 44.0 | 44.8 | 1.7 | 0.037 i
|section (mnm}| I | I i | t | |
I- mmmmm | e | | e [ |
{height of [100.0 [102.0 | 99.0 [101.0 | 99.6 | 100.3 | 1.2 ] 0.012 |
|section (mm) | I I | | i | I |
R [ | e — — [ | —mmmmmmn | o !
|density | 515 | 467 | 583 | 539 | 564 | 534 | 452 } 0.085 |
| (kgm-3} | i | | | | ! | |
| mm e | e [ |- e — J=mmmee e | wmmmmm e |
| largest knot { 10 | 15 | 10 | 10 | 10 | i | |
I (mm}} i | I i | i | |
P | e | | rmen I P -1
|knots - | -] 2.8 | - - - | | | |
| 10-20mm (m-1}} | | i | | I I |
(- B e ERS jommmmm |- e t
lknots - | - - - - - | i |
}20mm up (m-1}] | | | | | i I }
- e fmmmn e B Jmmme fmmme |- O l
imodulus of elasticity|19,292]13,113}17,203(|15,484)|15,881{16,195 | 2,275 ! G.141 I
lin bending (wpPa) | { | ] [ | | | |
I | e e — I I e e !
Imodulus of rupture | 78.4 | 55.4 | 72.8 } 80.1 | 71.1 | 71i.6 | 9.8 i 0.137 |
] (mPa}| | I i | | i | |
[ o e | e e R Rl Rl Rttt - {- - |
|modulus of elasticity|15,680] 8,411]13,727111,490}19,4%0}13,812 | 4,281 i 0.310 |
Ein compression (lPa): | | : I : i ; I
jcomperssive strength | 52.5 | 33.7 | 46.6 | 46.8 | 44.4 | 44.8 | 6.9 i 0.154
i
|




Table 6 - Individual test results - group 6 - South Africa
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Table 7 - Individual test results - group 7 - Romania

! (mPa) | I ! i I ; I
| I | i I { i |

i specimen | | } H | javerage| standard | cooficient |
} b1} 2 | 3 4 4 | 5 | ¥ | deviation |of variation]|
|property ! ! I J | i |l s bos/X=v |
| = s e o fomm— | ol | e | e - fme | e | e |
|annual ring } 3.1 ] 4.0 3.0 2.7 4.3 | | | |
|width {am) | I | | I | I I |
| - - o | ~| | e i- o Rt -1 -- |- |
[type of | half Sawn | } i |
|cutting [ | } i |
| e -{- } e Rt | it B -|- i R | i
|moisture ] 14.0 | 14.0 ] 15.5 | 17.6 | 16.0 | 15.2 ] 1.44 { 0.095 |
|content (%} ] | I | ! | | |
R e [Se s NN [HONSONIS S |
|width of | 0.1 | 47.2 | 46.7 | 47.9 | 50.7 | 48.52 | 1.78 ] 0.637 |
|section {mm} | | | ! | | I i |
| e [ oremr | - | === formmam | e = | mmm e o o I
|height of | 83.7 | 95.2 | 96.1 | 97.8 [ 93.5 | 96.26 | 1.78 | 0.019 |
|section (mm) | | I | | | i | |
e B O L O B P 1 e
|density | 427 | 424 | 382 | 426 | 366 | 405 ] 28.9 | 0.071 |
| (kgm-3) | [ | | | | | | i
R [ e [ [ e [~ o | = [ e Rttt {
|largest knot | 14| 121 10 28 | 12 |} | | i
] (zm} | | [ | | | | | |
| - e | e {=———— fom e fom e - |- e | |
|knots - | 2 2 | 1] 2.8 1] I I |
[10-20mm (m-1)| i ! i i | | ] ;
[ s [ === | fmmmm |- |- |- R f e e |
|knots - | - - - | 2 | -1 | | |
{20mm up (m-1) | | | | | i I I |
e R e | e | R e {—=- = {
|modulus of elasticityl 8,511]12,335]10,273| 6,503] 6,918] 8,908 | 2,724 | 0.306 H
iin bending (mPa) | ] | | | | [ { |
[ e [-———- R | E— |- | Rttt | |
|modulus of rupture |} 31.7 | 52.0 | 43.2 | 32.9 | 25.9 | 37.1 | 10.4 | 0.280 |
I (wPa) | | I | | | i | I
| | R | = fom—— |~ | i- -] - i
|modulus of elasticity!13,800]12,850]13,550]13,700{12,800{13,340 | 479 | 0.036 ]
Iin compression (mpPa)| | I | | | i ; 1
|coperssive strength | 29.0 | 28.0 | 29.0 | 28.1 | 26.5 | 28.1 | 1.0 { 0.036
[
|




Table 8 - Characteristic properties the timber groups

| group and origin| 1l 2 | 3 | a4 Y s i e 4 T
| | Canada | Sweden | Yugo- | Canada | Finland| South | Romania|
|characteristic properties | {a) | | slavia | (b} i | Africa | i
f s e f s | {- e B | | - i
jwidth of section | | i i i ] | i
{{b} {mm) | 47 | 45 | 45 | 486 ] 42 | 43 | 46 i
- T e oo |- R |-—— f -~ “e] i~ ===
Ilheight of section | | I J ] | i i
} (R} {mm} | 97 | 101 J 96 } 99 i 98 | 108 | 92 |
e e l ———————— R f == frmm |——- |- i~ -1
fcross section | | } | i i |
() (10 % mmzlt 4.60 |  4.55 | 4.32 | 4.56 | 4.12 | 4.52 | 4.23 |
e e | -1 Sl B L R | e [ -———~m |
|modulus of Sectlon 4 | § | | f | } i
| {(Wx) {10 "= am }| 7.37 | 7.65 | 7.20 | 7.58 | 6.72 | 7.90 | 6.48 |
L LT P 1 ———————— [ = m e | = e [ -—mmeemm from - e i
|moment of inertia | | H | } | |
[ (1x) (106 % u-4)| 3.68 | 3.87 ] 3.32 | 3.72 | 3.29} 4.15| 2.98 |
|- - - ~|—— | e - | e s it | i
jmoment of inertia | | } f } i j
[ (1y) (106 x mnq)[ 0.839] 0.767| 0.729} 0.803] 0.605| 0.696| 0.746|
f o e | | | e | e R | == |
{modulus of elasticity | i | [ ] } | |
iin bending (Em} {mwPa) | 8,300f{ 10,600]) 4,700] 8,400] 12,400] 4,8001 4,400}
- —— el R e { R | - -
Imodulus of elasticity | I | i | | ] |
lin bending (Em aver)} (aPa)| 10, 300] 13,700 9,600{ 10,500| 16,200} 9,000} 8,900|
f—- -- S —— i frmm [ [ e | ==~ [- -—=|
[modulus of rupture | | ] i | ] | ]
| (£m) (nPa) i 21 | 47 | 22 | 36 | 513 [ 19 i 20 |
[ oo e e [ === froms e | == | - | —e=]
|modulus of elasticity [ | | } i | i |
lin compression (Ec) (wPa)| 7,000] 7,300 5,400] 8,700 6,700] 3,400] 12,500]
J e | | |- Sl Bt [~- o | - |
|modulus of elasticity in | i i | } { { |
jcompression (Ec aver)(mPa)| 9,900 | 13,800 | 10,600 | 10,500 | 13,800 | 6,300 | 13,300 |
| = e | === J e | === | e |- | | === |
|compressive strength | I I | | | | I
| (£e) (aPa}] 32 j 33 ] 24 ] 26 i 33 } i9 | 286 |
R [ e fremmmm s from e | == b~ | = i
jeritical bending moment | i | | I | | i
}(Merit) (Nm}{ 1,548 | 3,600 | 1,584 | 2,792 | 3,896 | 1,501 {1,296 }
o | o s e |- | v | Rt |- f o { e —— I
|critical axial compression| { | | I l i !
| {Leq = 55.5 | 53.0 | 36.6 | 43.7 | 42.4 | 27.8 | 40.6 |

I i i } | | |

1000mm) (Ncrit) (EN)|
i !




Table 9 - Relation between averge different mechanical properties

| group and origin| 1 | 2 | 3 | 4 | 5 | 6 ! 7 |
| | Canada | Sweden | Yuge~ | Canada | Finland| South | Romanial
|average properties | {a) | | slavia | (b) | | Africa | |
e |--mmmmee | =mmme e | -=mmmm e | |-mmmmme R |
Imodulus of rupture | I j I | ! I I
| (fm aver)| 1.0 | 1.0 | 1.0 | 1.0 i 1.0 | 1.0 | 1.0 |
o =i e - [ === [ jrmmmme | === [ === I
|modulus of elasticity | ! | i | | | !
|in bending {Em aver)| 246 | 241 | 228 | 214 | 226 | 309 | 240 |
| oo | -mmmmme | mmmmnn | mmmmmme | | ~mmmmmne e o |
|compressive strength ! | | | | i I |
| (fc aver)} 0.88 | 0.8 | 0.81 | 0,69 | 0.2 | 0©.94 | 0.76 i
[mmmmm e [ = o [ = fmrmr———— R [ e [ wmmmm——— !
[modulus of elasticity | [ I | I | I
jin compression (Ec aver)| 236 | 242 |} 252 | 213 | 193 | 215 | 360 |
I e b | R o S R . |
Table 10 - Relations beiween characteristic different mechanical properties
i group and origin| 1 | z 1 3 T4 s 6 1 7 |
} | canada | Sweden } Yugo- | Canada ! Finland|{ South | Romanial
laverage properties | (a) | | slavia | {b} | | Africa | |
[—mmm e [ [ ~mmmmm—— jmmmm——e [ == oo [—mmmmmme frrmmmm e |
|modulus of rupture | { I | ! [ | |
| (fm}] 1.0 1 1.0 | 1.0 | 1.¢ | 1.0 | 1.0 | 1.0 |
| e s R [E—— | emmm e |==mmmme fommmmeen | o !
[modulus of elasticity | 395 | 225 | 214 | 233 | 225 | 253 | 220 |
|in bending (Em)| (279) | (194} | (254) | (24%) | (194) | (279) | (279} |
| = m e R | —=mmm e | mmmmee | = s |--mmm- | -mmmem | mmmme |
| compressive strength | 1.2 | 0.70 | 1,09 | 0.72 | 0.60 | 1.0 ! 1.3 |
i (fc}] {0.82) | (0.75) i (0.88) | (0.79) | (0.75) | (1.16)| (1.186)]
[ e o [ [ it = [ e I
|modulus of elasticity | | ! I { I | |
|in compression {Ec) | 333 | 155 | 245 | 242 | 122 | 179 | 625 |
| l. | { I I | I

[ -

Note: the values in brackets are the relations calculated according to {2} CIB
structural design code, annex 42, for the respective rupture noduli.
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ABSTRACY

3

Data was collected from tests and measurements made on 1487 planks in thres

Y

different size

iy

. The sampling strategy was described in CIE-Wi8 Paper 17-
17-2. Twanty elght different items of data were collected which were

s

grouped Into five groups one of which contained whal was called the
CLASSIFYING VARIABLES, This group consisted of data on Yield class, forest,
size, tree, and seciion of tree.

Although the primary aim of the project was to obiain estimates of the

bending strength of Zitka Spruce grown in Ireland a separate analyses was

carried out to examine the effects of the clagsifying variables on the

L

strength properiies measured. Yield class and section were found to be

interrelated. From the practical view point Section had the greatest

gl

effect, Tree effects were too complicated to analyse. The size effect

followed the well established patiern

ABBREVIATIONS

MOK Modulusz of rupture or ultimate stress in bending

MGE Modulug of elasticity measured using 900mm gauge

also referred to as Grade MOE



ST & BIZE

EFFECTS OF YIELD CLASS, TREE SECTION, FORJ
QN _STRENGTE _OF HOME-GROWR SITKA SPRUCE

IRTRODECTION

i

land as in many other couniries there is a growing awareness of the

potential and need for encouraging the use of home produced material

However, the use of a material reguires its properties to be known and

ig particularly so in the case of {timber which ig to be used in a load

carrying capaciiy such as in floor Jeists. This sort of information has

reen singularly lacking in the case of timber grown in Ireland. With a
greater amouni of timber now reaching maturity and ready for ceonversion to
sawn timber it became an urgent requirement to determine the quality of

timber that is al present reaching the market and to oblain enocugh data in

order that analyses could be carried out te give some indication of fulure
gualliy. For the latter objective analyses was required to delermine the
aeffects of the classifying variables namely, Yieid class, tree section,

=ize and forast,

EXPERIMENTAL DESIGN

The selection of samples was described in a paper “Sampling Strategy for
Phyeical and Mechsnical Preoperties of Irish Grown Sitka Spruce" submitied
to the CiB-Wif group {(Paper ne. i17-17-2). The sampling plan was subsegently

altered during the course of the project by increasing the number of planks

(e

2 and reducing the number of Yield Classes by one.

T

tast

1

Samples were ¢obtained In 3 sizes from each of 5 forests selected from each
of 4 Yieid clssses 1.e. a total of twenty foresis were sampled. The baszic
unit ¢ of which there were 60 i.e 20 forests x 3 sizes ) consisted of a
minimum of befween 25 and 30 samples except for YCIG for which the minimumm
was 12,

Figure 1 szhows a schematic diagram of the various groupings for siatlistical
snaiyses.Figure £ shows the locations of the forests from which samples

ware obbained from arcund the country.



DATA COLI

Most of the measurements involved routine procedures described in 150
O

documents or British Standards and are not described here. The daia

consisted of measurements on 1487 planks and consisied of 28 items grouped

1. General classification ( Yield class, forest, size, trae

section) also called

CLASBSIFYING VARTABLE

Density ( gress, at moc., dry and nominal?

]

3. Modull of Elasticity ( simulation, computermatic, fpg, grade

and Sh 2

o
-

Modulus of rupiure in bending

H

5, Grading - mechanical and visual

STATISTICAL ARALYSES

The basic objectives of the statistical analyses of the data were

to obtain:~

a) a general description of the dala
0) examine the inferrelationships between the variables

o) a detailed investization of the strength properties
(&) &

o

This paper is confined to the analyses regarding the classifying variables

o
[

only. The basic statisitics i.e. mesns, standarad deviations, ceefficlient of

variation etc., were deternined for each variable.

The sanpling design was unbalanced with regard to the classifying

2

£ the main aim of the project was io

jo

variables, This was not unexpecied a

obtain a reliable estimate of the Sitka Spruce grown in Ireland. However,
this unbalance created some problems with the interpretation of the resulis
of the analyses on the effects of the classifying variables in that 1t was
not possible to atiribute an effect uniquely to a particular factoer. It was
slso found thal due %o this unbalance the effects of yield class and
seciion were to some extent confounded but there was virtually no
confounding between size and the other two factors., In order fto guantify
the effects of the classifying veriables the approach adopted was to
analyse the data using one variable at a time and in the presence of the

3



other factors. The random effecis of 'forest’ and “tree’ were too

complicated to take account of in this part of the analyses and were
ignored. [i was thus possible to produce interpretab
for each of the other three f{acters. The means by which the effecis were

measured was to defermine the mean sqguare defined as

zum of sguares atiributabie to factor

degrees of freedem

The maximum (MS,..0 and minimum MS{,...) values were chtained by considaering

ali the poszible models (2%=8)invelving three main effects only {.e. yield

clasz, section and size. These effects were only considered for MOR and

A more detalled analyses to aszess the practical influence of each

classlfying variable on the MOR in bending and Grade MOE wag carried out by

doing an Analyses of Variance using one factor at a time, A parallel

analyses was done on a sub grouping of 5% grade planks oniy.
b & ) B

RESULTS & DISCUSSION

Table | shows the population statistics cross—tabulated by yield class and
section,

A summary of the influence of the three maln ¢lassi{ying variables on MOR
and MOE using mean squares as described above are shown in Tables 2 and 3

respectively, The effects of yield class and section were statisticalily

significant al a very high level {0.1%). As can be seen from the Tables,
of the fthree factors considered Section made the highest contribution. The

influence of size was quite small for both properties,
The details of the analyses of varlance for Llhe feollowing discussion are

shown in Tables 4 and 5. The MOR values were all corrected to a commnon

depth of 200mm using the depth factor from Fewell and Curry

k= (200/h) 0

and MOE values were corrected to 18% moisture content using the {ollowing




viliere

T3
'

= MOE at 18% moisture ¢
E. = MOE al test moisture
C = constant = 5,01 x 107
M, = 18% molstuwre content

My = moisture content at £

Effect of Yield Class

MOR @ YCI6 had the highest

the means for YCs 12 and 20, YCz4

the zame when only S5 planks werse

higher.

MOE @ YCZ0 had the highest
towest mean. The range of mnesns wa

means of YOz 20 and 12 were 700 N/

Effect of Bection

The data contained planks

on how big the irees were

A = Butt section
B = Middle section

C,B = Top section
However, as there wera onl
trees from which 4 logs were obtal

this section are dubious,

MOR ¢ There were clear dif

onhent
content
for Sitkas Spruce

ime of test.

mean. This was significantly higher than
was significantly weaker. The pattern was

conzidered alihough the means were

mean followed by 16 and 12, YCZ24 had the
s 050 N/mm®., Within the 55 grade the

min® than the other iwo neans.

from four sections of the tree depending

y 11 planks from the I section (i.e,

ned) conclusions abeuwl the properties of

Terences here, The means decreased §

i

higher the iree level. Section A was asbout 12 % higher than section B which

in turn was 15 % higher than secti

were marginally smaller,

on €. Within the 55 grade the differences



H

MOE & The patiern was simiiar fo MOR. Section A was 8% higher than

gsection B

which in fturn was 15% higher than section C. The range of means
was 1800 N/mm™, The differences were halved when only 55 planks wers

considared.

MOR @ 1t is & recognised fact that MOR increases with decreasing
depth which Is why depth Tactor corrections are used. In this analyses whern
the uncorrected values of MOR were analysed they followed this known

pattern. The corrected MOR values however, followed lhe opposite pattern

sugpesting thail the correcticn factor used overcorrecied although it mu
be stated that the difference between the big and smsll sizes was only 2.3

N/ mm,

MOE ¢ The effect of size was found to be only marginally

statistically significant. The range of means was only 300 N/mm™.

Erfect of Forests

MOR ¢ The differences between forests were statistically
significant with the means ranging from 24 to 35 N/mn™. It was also {ound
that the means could be divided into three groups - top, middle and low.
The fop group consisted of 4 forests with values between 32 and 36 N/mn?
and thesze forests came mainiy from one particular region in the south of
the country. The middle group consisiad of ght forests with means befween
27.5 snd 29.5 N/mm~ and the remaining eight forests had means in the region
of 25 N/mm®. When only the 55 grade was analysed The differences were less
and there were no distinct groups although three of the forest with the
nighest means were also the highest In the overall sample.

3

MOE ¢ There were also three distinct groups for this property.

*

There were five foresis in the top group with values ranging {rom 2500 3o

10800 N/mm® and not surprisingly four pf the five were also in the top

rroup for MOR., Within the $8 srade the pattern was similar although the
& i &

differences were larger,



CONCLUSIOKS

Yield gection and influenced MOR and MOE significantly

3

although, only seciion appeared to have pracihical significance.

he effect of forest wess appeared to be confined fe a particular region

N

timber than the rest of the ccouniry but

which appeared to produce betier

further analyses would be required to determine the reasons for this,

It waz found thai the effects of yield cla and section were to some

the nigher sections, Ti somns corractions bo the means would

.

required iY the mix of yield class

a significantly high proportion of the higher yield classes,
The effects of gize on bending sirength (MOR) followed the recognised

patiern i.e. higher ultimate strength for smaller section sizes. Howaver,

the correction formulas tended to overcoorect slightly, Bize had no effect

on MOE,
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YO SECTION I MOR MOE

Mean  max min 3, d. Mean A min s.d.
A 261 28,8 47.4 8.0 3.0 5880 17030 2580 2350
12 B 118 2.6 55,3 10.3 7.5 7950 14250 368G 1830
G 7 20.5 24.8 10.7 5.5 7500 9470 4270 2000
ALL #3480 27,4 553 8.0 &.1 8570 17030 2560 223
A 161 3000 46.2 11.6 7.0 921G 18400 4400 2240
16 B B3 25.8 40,9 74 7. & 8140 14500 1850 2350
C g 20,2 30.4 13,8 5.6 0505 11450 3870 2240
ALL 228 26,8 46,72 7.4 7.5 8830 16400 1850 2350
A 223 29.2 BS.1 0 10.0 7.2 963 18320 3420 2370
20 B 148 26,9 6.1 10.% 7.7 9100 21820 2800 2500
C B8 23,3 38.2 7.3 6.4 759G 11950 3400 1730
ALL %433 27,5 Bed 7.3 7.6 9150 21820 20900 2430
A 204 27.0 45,8 12.1 6.1 8860 1592 4820 1850
24 B 139 24.6 44.8 8.8 5.5 8520 14130 4820 1680
G 77 2.8 34,5 7.4 5,0 7190 12080 3570 1760
AlLL 430 25.1 45,9 7.4 O.4 8400 14130 3570 1390

# includes planks with unknown iree secilon At units in N/mm®

TABLE 1 ¢ POPULATION STATISTICS

1761(1 t Qr d ' f * EV?SFHZ'M:“‘: MSm iy Rn'.;‘:\ il

Yield Class 3 118 B1 4. 1%
Section 3 272 177 Q. 4%
Size 2 154 £1 3.6%
MBEE = 5.2 based on medel including all factors

TABLE 2 : Effective Contribution of Classifying variables to MOR value

Factor d. T, MG e M3, 1

Yield Class 3 35 27 1.5%
Section 3 163 164 7. 8%
Size 2 30 4 Q. 8%

L. 3 based on model including all factors
)

TABLE 3 : Effeclive Contribution of Classifying variables to MOE value
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1.  IKTRODUCTION

In IS0 8375 {Soiid Timber in Structural Sizes - Determination of Some
Physical and Mechanical Properties) methods for the determination of
tension and compression perpendicular to the grain and the shear
strength parallel to the grain are missing.

The following is intended as background for a discussion of appro-

priate test methods for these properties,

2., TENSION PERPENDICULAR TO THE GRATHN

An appropriate test specimen and test method is shown in Tigure 1.
%) o

steel plate
# 9¢QJ€C{ o#
(/ he wooo

5 \
b b~t~b‘ & thin steel rodl

Figure 1. a) Specimen with square cross-section b x b is cut from a
heam with depth h and width b

b) Steel plates are glued to the weod, and the load trens-
ferred through thin steel rods.

The steel plates can easily be glued to the wood; almost any good

PVAC glue will ensure fallure in the specimen, not in the glue-line.

Yielding in the thin steel rods will ensure a uniform distribution of

the stresses,.



3

In most cases 1t will also be possible to determine the modulus of

elasticity.

The only problem 1s that the volume for solid timber always will
be much smaller than the reference volume - VO = 0.02 m3 - used

in Burocode 5. It will, therefore, be neccessary to use correction
factors either determined experimentally or given directly in the
standard. This may be a small problem, sice tension perpendicular
normally will be of interest only for glued laminated timber, and
for this it will be possible to let the test specimen have the

reference volune.

3. COMPRESSION PERFENDICULAR TO THE GRAIN

There are no technical problems in introducing the forces; it can

e.g. be done as shown in figure 2,

steel />/Q.7§"

v ‘e/“%'\.ﬁ SoFéC/a_yc_r .
Tbre bogro
Lx '{'/(A’b*b ¢abé¢/~) /
\
- o

Figure 2. Full cross—-section compression test

The following questions should, however, be ansvered:
- Bhould alsc the modulus of elasticity be determined?
-~ What should the depth of the specimen be for glued laminated timber?

- Should there also be a test method corresponding to figure 3, and

what should the distances a and ¢ then be?



h| T S
- \
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Tigure 3. "Sleeper" compression test

4. GSHEAR

4.1 Block Shear Tests

A block shear test - figure 4 a - as used for routine testing in con-
nection with production control of glued laminated timber or for per-
formance testing of adhesives is not suited for determining the shear
strength of beams: The shear stress distribution is very uneven, and
it is in practice impossible to avoid large stresses perpendicular to

the grain,

For the same reasons test specimens as those used for plywood test-

ing - Tigure 4 b -~ are disregarded.

a) b)

2 N s /*-SKOCd
ol 5 U/ .

! e B

VAT 2
UL_J v

Figure U, a) Block shear test
b) Plywood test specimen



4.2 Beam Test

For the specimen shown in figure % a the shear stress T according to
the simple heam theory is
T = 1.5 ¥/bh
the bending stress G at mid-span:
g =15 F/bh = 10 T
i
and the stress perpendicular to the grain o

c,90°

6, = 2 F/bh = 1.33 7

According to RFuroccde 5 the ratio between the characterisitic values
of the bending strength and the shear strength is about 10. There

should therefore be a reasonable chance of getting shesr failures,

) b)
LU

i

—— — aim )

4

A
0.5h - b
Phedmth L h o Pl Ry

Figure 5. a) Test specimen with rectangular cross-section

b) I-shaped cross—section
There are, however, two problems: The beam is so short that the stress
distribution will probably deviate from the assumed, and the overhang

A-B will hinder the development of the shear failure.

The first problem could he overcome by a more rigorous calculation
of the stresses, or by using a cross—section as shown in figur 5 b,
or by both. For the I-shaped cross-section shown in figure 5 b the
bending strength is reduced by a factor of 0,94, the shear strength
by 0.94 - 0.57 = 0.53., This means that the free length a could be

increased to about 3.5 h.
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%.3 Torsion Test

It is very easy to establish a pure torsional acticn, see figur 0.

l

T

Figure 6, Torsion test

Also here the free failure is hindered by the cramping, but by making

the specimen rather long, it is possible to reduce this effect.

The only problem is that for getiting a statically determinated stress
distribution, the specimen should be formed as a thin-walled cylinder.
It is, however, possible to determine the stresses in a rectangular

cross—section with an acceptable sccuracy.
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S 1s

fh;ﬁH General term for embedding strength
ﬁ1-1,m7fh,memr1

K

1

Mean embedding strength
= Characteristic ambedding strength

fh,O;fh, 0 - Mean embedding strength

fhe ', mean, @

it

Mean embedding strength at angle © to the grain

f‘h JL;fl = Joint side member embedding strength
’
Eh 2;f2 = Joint middle member embedding strength
r
-B = Constant or ratio between middle member enbedding
strength and side menber embedding strength
(£,/€))

Mean density

Qm, en*ean

eK = Characteristic density

Q effective e Effective density for board materials

fy = General term for yield strength of fastener

fy,K = Characteristic yield strength of fastener

My,K = Characteristic yield moment

f% = Characteristic load-carrying capacity of joint

tl = Joint side member thickmness

t2 = Joint middle menber thickness

o< = Ratio between middle menmber thickness and side
menber thickness (tz/tl)

d = Fastener diameter

u = Joint slip

1 = Nail penetration depth



Introduction

At the joint CIB-W18/IUFRO Wood Engineering Group meeting in Florence in
1986, papers were presented which described the results of a camprehensive
investigation by TRADA on short-term properties of nailed and bolted joints
(Whale, Smith and Hilson, 1986) and the application of that data in deriving
design equations for Eurocode 5 (Whale and Smith, 1986a).

In accordance with discussions on these papers at the meeting, slight
modifications are now made to the design approaches which had originally been
put forward. Results from over 400 joint tests, carried out as part of the
TRADA investigation, are alsc now presented as a testament to the accuracy of

the design equations which are proposed.

Furthermore, the results of tests on nalled plywood and tempered hardpoard
specimens, which through lack of time had been precluded fram the previous
analysis, are now presented. These are used in an assessment of the design
approaches to board material-to-timber joints which currently exist in the
(CIB code, 1983) and the draft (Eurocode 5, 1986). As a result,
modifications are proposed which extend the range of design possibilities for
these types of joint.

Embedding Strength of Wood

The basic wood strength parameter determining the lateral load carrying
capacity of joints with nails, bolts, screws and other dowel-type fasteners
is the embedding strength ﬁh.

The results of TRADA's recent research on these types of joint, in (Snith,
1983) and (Whale and Smith, 1986b, 1986¢) are summarized in Figure 1, where
also the values assumed in the draft {Eurocode 5, 1986) are shown.

In the TRADA work, embedding strengths were found for plain round nails with
a diameter, &, between 2.65 and 6.0mn loaded parallel and perpendicular to
Q mean 2Pout 400-500 kg/m3) and in
dense hardwoods (emean about 700-1000 kg/mB). In softwoods no preboring
was used. In hardwoods holes were prebored to 80% of the nail diameter,

the grain in softwoods (mean density,

The embedding strength was also found for bolts with a diameter between 8 and
20mm loaded parallel and perpendicular 0 the grain. The holes were
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approximately 1.5mm oversized. This followed ealier work by (Smith, 1983) in
which ernbedding strengths were determined in European whitewood for plain
steel dowels in close-fitting holes.

For bolts, no difference was found between the softwood and dense hardwood
specimens in respect of their embedding strength density trends.

It 1is conceivable therefore, that the difference between nails in softwood
and hardwoods is attributable to the effect of preboring, rather than to
irherent differences in the behaviour of the wood species as had previously
been assumed in (Whale and Smith, 1986a). This approach is certainly more
appealing from the codification viewpoint, and is supported by the fact that
the differences found in Figure 1 compare well with those reported by
(Wilkinson, 1973} for the effects of lead holes in softwoods.

The curve in Figure 1 for nails in softwood corresponds to (see Whale and
Smith, 1986a);:-

fh; mean = O‘Oge mean d—‘O)BG csuas (l)
where Qmean is defined by volume and mass at 20°C/65% RH

and in the absence of contradictory data, this relationship will be assumed
for all nails without preboring irrespective of timber species.

In Figure 1 the ratio for a given nail dJdiameter between ‘?h/Q for hardwood
and Jf“/Q for softwood varies between 1.40 for d = 2.65mm and 1.48 for
d = 6.0mm, Hereinafter a constant value of 1.44 will be assumed.

The curve in Figure 1 for bolts loaded parallel to the grain corresponds to
(see Whale and Smith, 1986a):-

fh, mean = 0-082 (1~0-01d) o mean ceeee (2)

For the load acting at an angle © to the grain the following will be
assumed:-

fh,mean 6= fh,mean,o

(2:3Sin26 + Cos? 8) sees (3)



le. a ‘'Harkinson' expression. As seen fram Figure ] this is an
approximation for ©=%0 by disregarding the slight diameter influence on
?L,ﬁ/ﬂ,c} for the purposes of code presentation.

The values given above are valid for the mean values. In the following it
will be assumned that the same relationship can be used between the

characteristic values ¥, and QK -«

lLateral Capacity of Nailed Timber Joints

Theoretically the characteristic load carrying capacity of nailed joints with
typical nail slenderness ratios and menbers of equal embedding strength see
(Larsen, 1973), is:-

R = /2 My Foic & ceeee (4)
where ™My,x is the characteristic yield moment.
This can be found as:-
Myk = fy.x tja/6 veurs (5)
where £ 9%  1s the characteristic yield strength of the nail.

According to (Smith and Whale, 1985a, 1985b) a minimum value of ¥y,x can be

taken as:—

fy,k :50(16“d) (MPG) ceers (B)

with d in mm. In the present draft (Eurocode 5, 1986} a minimun value of
600 Mpa has been assumed.

Nailed Joints with no Preboring

Inserting (1), (%) and (6) into (4) gives:-

Rk = 490 =% d"% Jer  (N) vevee (7)

In Table 1 /l“d/\e‘ A% ang 4" are compared. It can be seen that (7)

can reasonably well be replaced by the similar expression:-



R = 490 x 1-16d"/ ok

or RK = 5'7d1.6\} ek veese (8)
Table 1
dimm) 25 3 A 5 6
1_d d1%2
M"'st 1-12 115 117 1-18 117

1§55
Although an approximation slightly better than formula (8) is RK—_—.S'?:d ",wi\
the second decimal on the exponent seems an unnhecessary complication .

Nailed Joints with Preboring

For nailed joints with preboring (8) can be multiplied by [1.44 = 1.2.

Cauparisons and Experimental validation

In order to check the validity of expressions such as that in eguation (8)
and to verify the predictive ability of the finite element model for Joints
which had previously been developed by (Smith, 1983), a series of tests on
nailed and bolted joints was planned and conducted. The Jjoints were
dimensioned purposely to exhibit a variety of failure modes according to the
yield theory. The schedule of joint tests carried out is given in Table 2.

The joints were fabricated fram the same source material which had provided
the armbedment test specimens. Thne nailed joints were fabricated with small
gaps between the joint members, and the nail heads were not driven -home into
the side members. This was to provide a lower-bound estimate of their
strength and stiffness properties which 4id not rely upon partial restraints
provided by the nail heads, or fricticnal interactions between the members.
The results of the nailed timber-to-timber Jjoint tests are summarized in
Table 3 along with predictions fram the 'yield theory' due to (Jchansen,
1949) and the FE model due to (Smith, 1983), using the enbedment properties
which had been determined previously. The failure modes and equations

relating to the yield theory are given in Figure 2.
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Jable 3 Comparisons

Yield Theory;] Experimental FE. Model lYield Theory | EE. Model
Jointt egiture | Failure | Faiture| Failure | Stip of |Faiture | Stip af |VS: Experiment | VS.Experiment

Ref. [Load (kN)| Mode | Load Ry | Model%)|Ry /(mm) | Load (kN}| R /3 ( % Mode| (¢ )
{a) | (b) (c) {d) e) (f) {g) G)&J Correct )/(c) Ae)

sst (163 |12 146 |A02) 032 | 147 | 029|112 |1:00 | 1-01 | 09

SS2 1155 | 2 1134 1201000 0-32 | 149 | 0-32 116 {100 [ 111 | 1-00

SS3 1159 | 2 1132 {2(100){0-35 | 1:49 | 0-32§1-20 {1-00 |1-13 | 0-91

BST 14:21 | 3 | 446 |3(100})0-31 {4:93 | 0-21 | 0-94 [1-00 |1-11 | 0-68

3(70)

038 {473 (019 [ 104 1 0-70 {119 | 0-50

HH1|2-78 | 3 |3-04|3(100)| 0-40 |2-87 | 0-27 {0-91 {1-00 |0-94 0'_68

HHZ2| 277 | 3 |2-86|3(100)}0-352-88  0-27{0-97 |1-00 |1-01 | 0-77

HH3|2.95 | 3 |29 g((;%)) 0:2312-96 [0-25|100 10-78 {1-01{1-09

Average Error) 88%| / |78%]|20:5%
("~

Table 3 demonstrates that both the yield theory and the FE model can predict
the failure load of nailed joints to an average accuracy of within 10%, and
that the FE model can predict displacements to an average accuracy of around
20%. However, since both of these methods are impractical for design,

simplified expressions of the type in equation (8) must be used.

In Table 4, a comparison is made between the nailed joint design formulae
proposed in equation (8) of this paper, the existing draft Eurocode 5, and
the CIB code, with the experimental joint test values and the yield theory
predictions. Since the simplified expressions derive from the assumption
that a mode 3 failure occurs, camparisons with the yield theory are confined

to the mode 3 expression, irrespective of whether this was the governing
failure mode,

Also since these code expressions assume a minimum nail vyield stress
(50(16~d) in this paper; or 600Mpa in the existing draft EC 5 and CIB code)),
tor the purposes of this comparitive exercise, each expression is adjusted

for the true yield stress of the nails used in the joint tests.

-



In sets 851, S82 and SS3 failure occurred by moxdes other than mode 3, and so

camparisons with the experimental failure loads in these cases can be

expected to be poor.

This eventuality is guarded against in the draft EC 5

and CIB code, by stipulating that member thicknesses should be at least 74.

A verification of this rule is made in the next section.

Table &
Load — Carrying Capacity, Ry Slip at Rk/3
ot T P P B VJecs 8B e
Ref Versus Versus Versus U= creepl /Ry,
Yield  |Experiment| Yield Experiment | Yield Experiment Versus
{Mode 3) {Mode 3) {Mode 3} Expéeriment
sst Y 0:96 | 1-23 | 103 | 133 | 115 | 1-49 1-03
SS2% 1 0-98 | 1-34 | 1:05 | 1-44 | 1418 | 1-62 1-03
SS3% | 0-97 | 1-37| 1-04 | 1-48 | 117 | 1-65 094
BS1 090 | 0:85 | 0-97 | 0-92 | 1:09 | 1-03 1-06
BS2 {089 093 | 0:96 | 1-00 | 1-08 | 1-12 0-84
HH 1-06 0.97 | 1-19 | 1-09 | 1-07 | 0-97 0-83
HH2 {1-08 1.04 | 1-12 | 117 | 1-08 | 1-05 0-94
HH3 1-01 101§ 113 | 1414 | 101 | 102 143
Average| 5-6 %[ 15:5%] 9 9% |[21:6% [10-4% | 25 1% 12-5%
Error(+) (4:0%) (9-6%)7 (5:0%)¥
Footnotes ¢
1/ For the CIB ocode calculations, © was adjusted to oven dry mass/
volume at 20°C/65% RH as the CIB code requires.
2/ Kereep is assumed to be 1.0.
3/ Percentage erros in parenthesis are values which related purely to
joints which exhibited mode 3 failures.
4/ Joints in sets 881, 882 and 8S3 violate the reguirement in draft ECS

and the CIB code that the thinnest member should be a minimum of 74
thick (actual = &d).



It can be seen fram Table 4 that eguation (8) in this paper, and its hardwood
equivalent, models the yield theory expression for mode 3 failures to an
average accuracy of around 5%, and the experimental results froam joints with
mode 3 type failures +to around 4%. The existing expressions in draft
Eurocode 5 and the CIB code provide slightly poorer predictions of observed
behaviour.,

The existing empirical expression for estimating slip in nailed djoints at
loads less than RK/3 is seen however to provide extremely good predictions
of cbserved values in short-term tests. Work is currently underway at TRADA
which will provide the information necessary to check the accuracy of the
Kcreep factors proposed for longer time-scales.

Dimensioning Rules

In order to verify the ascertion in the draft Burocode 5 and CIB code, that a
mode 3 type failure can be assured if the tl/d ratio of the joint has a
minimur  value of 7, Figures 3 and 4 trace the yield theory predictions for
failure modes in various types of Jjoint as the tl/d ratio varies. Joints
are postulated with high strength members typical of the high density
hardwoods, and low strength membrs such as those produced from a low density
softwood, and with various fy/f), ratios and o< values. For both two and
three Joints it is clear that for the worst scenario when low strength
timbers are jointed using small diameter nails, the t, = 74 rule is an

1

extremely accurate one. It would seem this could be reduced to t1 = bd for

the dense hardwoods, although this extra complication is of doubtful worth.

-]~
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Lateral Capacity of Bolted Timber Joints

R VAR R

[ 1 d [ ]
fry1 = f fo,1 = fi
fh 9 = fz fh,Z = f2
ﬁz Rr @RR
) bt L)t |

Figure 5. Geometry and strength values for
o) symmetrical 3-member joints
b) 2—-member joints

Theoretically, see (Larsen, 1973), the characteristic load-carrying capacity
of a symmetrical 3-merber joint is determined by:-

t1/[j ..... (9)
o5 o e 00
il (10)
Re .
f—gz-'—min >
’ /(Z(fwfg) + 2 (2f1+f2) d 1) f  H o (11)
f2 3 VREG T /(2 +f,) d
2 f &5
S5, T, (12)

These expressions are formally equivalent to those relating to 3-member
joints in Figure 2.

-] 3w



In (Eurocode 5, 1986), formula (11) is approximated by :—

R R &
—ﬁ- :0-5 ._2'__ 2 -...x.. . f s s
X /3 e T, + 0-2 "y (13)

Further simplifications are then made, by assxmﬁ.ng ?,:.%_1 and $5=?~4-O . In
Figures 6-8 the expressions (9)-(12) and the approximation (13) are shown for
different joint configurations with #Sfﬂ\ values of 4, 12 and 24. This covers

the range of values found in practice,

For a 2-member joint, see figure 5b, equations (10}, (11) and (12) - but not

(9) - are valid and the following three conditions are added:-

b ho ceves (14)

N 6w 7 5% @ L f bk

Re . 20f+h) +2 B2h &2 1 g1 h b
ffcsﬁ_mm / f 3R 4 fr2f, % d rreee (19)

-

1
/% +2+2 %2—«1— (%——)2 (2+-E2—) -—~(1+.%_) %x g- ceees (16)

These expressions are formally equivalent to those relating to 2-member

joints in figure 2.

In (Eurocode 5, 1986) formula (15) is approximated by:-

Rq _p. 2 B f_y_l' 0-2 b h cenes (17)
f1d2“°5J§'ﬂIE‘f1 MR

before the further assumptions of f,=f, and f,=240 are added, and (16) is
approximated by:-

Rg= 0-2 (f f+ Hhtld veees (18)

The approximation in (18) is compared to (16) in Table 5.

-1
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Table §

t”h 05| 1 | 2 3 | 4 |5

""’“—f‘I:fh,o
! R¢ Theory(Eqg.16) 0-410-68 | 100
fz,_.fr..{ fhots Approxi{Eg. 18) 0-40|0-60 | 0-80
~}i= o
T Ry Theory (Eq.16) | 0-291 0-31| 0-41| 0-57) 0.74 ] 0-92
B fhoye Approx (Eq.18) | 0-25; 0-30| 0-40| 0-50| 0-60 | 0-70

f=0.5f

Canparisons and Experimental Validation

Once again, in order to check the wvalidity of the expressions proposed for
bolt erbedding strengths in equations (2) and {3) and of the bolted Joint
design formulae in equations (9)-(13), a series of tests on bolted softwood
and hardwood Joints were carried out (see Table 2). Due to a shortage of
material fram which the joints had to be fabricated, only mode 1b type
failures could be investigated in the programme. A complete verification of
each of equations (9)-(13) is therefore not possible, although the results do
provide a basis upon which to campare the various proposals for bolt
embedding strengths.

The joints were fabricated with a single bolt in holes drilled i.5mm
oversize. No gaps were provided between the members of the bolted Joints
although soft springs were inserted between the bolt heads and nuts adjacent
to the outer timber members, to prevent the introduction of undue lateral
restraint provided via the washers. If bolts are not re-tightened in

practice, this restraint cannot be relied upon in design.,

The results of the bolted timber-to-timber Jjoint tests are summarised in
Table 6 along with the predictions from equations (9)-{(13) and the FE model
due to (Smith, 1983}, using the true enbedment properties of the joint
mambers,

-18-



Table 6 _
Comparisons
Yield Theory] Experimental |FE Model |Yield Theory | FE Model
Jointirqiture [Faiture | Faiture|Faiture Slip at [Failure |Stip uz VS, Experiment | VS, Experiment
del%IRy Almm)l Load (kN R % % Mod
Ref. Loatd;?m M(Otf}e Lo?cd)RK M?cse) K{Beﬁ;m (f) Kt/gB} 'Y Corrch {f/)(c) (gf}fe?
. . 7 1056 | p. . . 0- 61
SS4 [ 519 [bEq(9) 7-18 [1b{100) 0-92 | 67 208 0:72 | 1-00 | 0-93 2.9,
0-47 1088 | 1:00 | 0.9 | 98
SS5 | 8-11 fibEqli0) 9-26 1b(100) 077 | 875 |4.g7 | 0-88 | 1:00 | 0-94 | 5.cq
0-32 0-34
SS6 {1045 b Eg10) 9-64 |1b{100)| 0-94 |10-31 1.82 1-08 | 1-00 | 1-07 1.94
031 0-27
HHE | 19-48 1ib Egl10] 1969 | 1b(100) 1:16 [19-43 | 1,51 | 0-99 | 1-00 1099 | 4.c¢
-25 0.22
HHS5 [13-31 (b Eq(9)]18-20 | 1b{100) 1-15 [17-90 ?_75 0:73 11-00 |0-98 1.5
Average El{“iﬁr) 15:2%) \_ | 46% ;ggcyf

Footnotes:

1/ values for slip at RK/3 fram the FE Model represent upper and lower

bound predictions, depending upon the amount of bolt-hole tolerence
take-up.

It can be seen that equations (9) and (10) in this paper, when provided with
enbedding strength data fram specimens matched with those in the Jjoints,
predicted the experimental failure Iloads to an average accuracy of around
15%. The finite element model is capable of substantially improving on this
accuracy and is able to successfully predict the range of joint slip values

expected at one third failure load.

A camparison of the experimental results with the design equations for bolted
joints proposed in the existing draft FBurocode 5, the CIB code, and in this
paper, is given in Table 7. This incorporates the different expressions for
bolt bearing strengths which exist in each of these publications, in the

basic design equations which are reproduced as Equations (9) and (10) in this
paper.

-19~



Calculated versus  Experimental Calculated
Load - carrying capacities Ry slip at Rk/3
Joint Proposals in this paper | Existing draft ECS {18 Code : EC5+CIB Code
Ref. | 5 <0082 (1-00101e | fro =0-075¢ fho = 007007 U =01d+1mm
fhe = _fho fro = Tho (0:3241087) | f, o = hol0-45+807%) [ Ve oo
2-3Sinfe +(os?e : (0-324104™") Cos%e+ Sin%e ’e({)-z,s,xgd"'s)coszegmig EXD?E}QQM
SS4 0:68 0-50 0-85 2-40
SS5 0-88 0-92 0-76 287
SSé 0-83 0-86 0- 7 236
HH4 0-89 101 084 2:59
HH5 060 068 0-70 2:02
Average o N °
ETFOFH/_.) 224 % 13% 22-8% 2+150%
Footnotes::

1/ For the CIB oode calculations, Qi is adjusted to oven dry mass/
volume at 20°C/65% Ri as the CIB code requires.

The basic error of 15.2% brought about by the (yield theory) Equations {9)
and (10} in this paper, increases to 22.4% when the approximative bolt
enbedding strength formulae in Equations (2) and (3) are used. Although the
CIB ocode expressions result in a similar overall errcr, the existing draft
Burocode 5 expressions provide a much better model of the true embedding
strengths of the joint members in this instance. When contrasted with the
basic errors attributable to the yield theory itself (viz table 6), the
existing draft EC5 expressions are seen to overestimate the embedding
strength of the joint membes by an average of 2%. The formulae proposed in
this paper and in the CIB code, underestimate their embedding strengths by an
average of 6.5%. However, the authors feel the expressions in Equations (2)
and (3) will provide a better model of bolt embedding strengths in the
majority of cases which lie outside the scope of this particular comparative
exercise,

Although the expressions in draft EC5 and the CIB code for calculating slip
in bolted joints overestimated joint slip by a factor of 1.5, the majority of
this was attributable to the mm allowance made for bolt tolerance take-up,
The fact that this was not included in the experimental joints explains the

major part of this error.
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Embedding Strength of Sheet Materials

As part of TRADA's materials test programme, enbedment characteristics for a
wide range of nails and sheet materials were gathered. These included
Finnish birch, Finnish birch faced, French pine, Canadian
bDouglas fir and Canadian Douglas fir faced plywoods, as well as 4.8mn and 8mn
tempered hardboards, tested with nails ranging fram 2.65 to 4mm diameter.

all, 1600 such tests were carried out.

Finnish spruce,

In

Twenty test replications were used throughout, with individual test samples

fron separate boards. Specimens were pre-conditioned in an environment of
20°C/65% RH before being tested in directions parallel and perpendicular to
the face grain/board direction for durations up to 15 minutes.

Details and results from these tests
Smith, 1986b, 1986c).

analyses between mean maximum ernbedding strength and mean density of the

are fully documented in {Whale and
These may be sumarized in terms of linear regression
sheet material, as in Table 8. All regression lines have been fitted through
zero, and sheet material densities have been adjusted to the draft (Eurocode
5, 1986} definition using mass and volume at 20°c/65% rh, assuming an average
moisture content in the plywoods of 12% and in the tempered hardooards of 8%.

Table 8 - Results of Linear Regression Analysis of Maximum Nail Brbedding
Strength Against Mean Sheet Material Density at 20°C/65% rh

. Mean maximum embedding strength { N/mm2) .
N(ll[ Comp. parallet | Comp.perp. fo | Tension parallelf Tension perp. fo Combme,d
diameter | to face grainf| face grain/ |to face grain/| face grain/ [T€Qression
Lengthways Widthways Lengthways Widthways
.| 265 | 0-088¢ 0-089e — — 0-088¢
© | 300 |0-081e 0-085¢ — — 0-083¢
S| 335 |0-084e | 0-081e |0076e |0-077e | 0-079¢
>~13.75 |0-076¢ 0-077 ¢ — — 0-076 ¢
Al 400 |0070¢ 0-072¢ — — 0-071e
o 2-65 0-057¢ | 0-067¢ | 0-059¢
85| 3-00 0-054¢ | 0-056@ | 0-055¢
35| 335 | 0-061e | 0062¢ [0051¢ |0057e |0-056e
g5l 375 0-052¢ | 0049 | 0-050e
§"‘: 4+ 00 0-045e | 0-047¢ |0 046e
e 265 0.078¢ | 0:077e | 0-077e
S5 300 0-074he | 0-075¢ | 0-075
@2l 3-35 | 0-076e 0-:077e¢ |0-062¢ |0-060e | 0-069¢
gg 3-75 0-068¢ 0-066Q | 0-067¢
o £| &4 00 0-062¢ | 0-060Q | 0-061¢




It is clear from Table 8 that the density relationships illustrated, also
show a distinct diameter trend. In the case of tempered hardboards this is
also seen to depend upon board thickness, probably due to surface ‘'skin'
effects. Variations between the strength properties of specimens determined
in different directions, or in a tensile or compressive mode seem very small.
Indeed, no significant differences coould ©be detected between the
contributions of parallel and perpendicular veneers in plywood specimens when
the results fram tests in mutually perpendicular directions were solved
simultanecusly in an attempt to establish these individual properties. All
subsequent analyses are therefore based upon the conbined regression values
in Table 8.

The diameter trends illustrated in Table 8 were best described by a straight
relationship. Figure 9 shows the nature of these trends and the linear

relationships which were fitted to them. These may be written as follows:-

Plywood : fhumean . 0-19-0-012d (r = —0-88) ceens (19)
¥ mean Approx [0-012 {10=d)]

L-8mm {nom.)

Tempered Toumean = 0083 ~0-0086d (r = —070) cerrn (20)
Hardboard : RN Approx [0-0084 (10-d)]

8mm {nom)

Tempered Thomean _ 0,44 - 001254 (r=—073) seeee (21)
Hardboard: ©IE ppprox [0:011 (10-d]

For the purposes of comparison, the embedding strength data for nailed timber
specimens illustrated in Figure 1 and expressed in Equation (1) can be
re-analysed on the same basis as the board material specimens to yield the

following:—
Soffwoods fh mean
T — =" = 0-0755—0-0045d (r=-0-85) ceens (22)
{no pre—boring) @ mean Approx [0-004 (19-d]]
Tropical .
Hardwoods Lh,mean - 0. Y cenes (23)
(pre— bored) o mean 0-0978 = 0:0044d (r=-072)

Approx [0-005 (19-d)]
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If we were to postulate that the thickness effect manifested in Equations
(20) and (21) for tempered hardpoard specimens, could be described by a power

law relationship, for example, then:-
<
<]
e it

Putting in the mean measured thicknesses of the two tempered Thardboards,

EXi e a0

rather than the nominal values, we obtain:—

0- 011 (10-d) _ (s-())/a
51

0-0084 (10~d) 51,

The embedding strength of tempered hardboards could therefore be expressed
by:-

. d o mean  _ 0-0084 (10~d) (“_“)0.6
empere © mean >
Hard boards : fhomean  _ 4.00316 (10-9) 106
o mean v VUIIOAILTOITEE (25)

Since only two thicknesses of tempered hardboard were tested, the form of the
thickness effect expressed in Equation (25) should only be regarded as

tentative,

Density measurements on the 480 tempered hardboard specimens tested indicated
that the particular brand involved had a mean density of 962kg/m3 with a
standard deviation of 26.1kg/m;. Assuming the density variation was normally
distributed, a 5% characteristic density wvalue for tempered hardboard could
then be taken as 920kg/m3.
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Lateral Capacity of Nailed sheet Material to Timber Joints

Camparisons between the sheet material embedding strength relationships in
Equations (19) to (21) with those of the solid tinber species, Equations (22)
and (23), indicates that sheet material side members will often have greater
bearing strengths than timber side plates of equivalent thickness. They will
certainly almost always differ from those of the framing tinber. This
invalidates an assumption made in deriving Equation (4) used for solid tinber
nailed joints, and means that the full yield theory expression for mode 3
type failures in Equation (12) would need be solved. @Given the fact that the
ratio ‘pﬁ/-ffl will vary according to the particular combination of sheathing
material, framing material and nail diameter chosen, a considerable

simplification is needed for the purposes of codification.

The approach which is adopted in the current (draft Burocode 5, 1986) is o
calculate the lateral capacity of board material to timber joints on the
basis that the members were of equivalent strength to that of a tinber with a
density of 400kg/m®, but that thinner side plates can be used in these types
of Jjoint than would otherwise be necessary. This latter statement,
recognises the fact that where the sheet material has a bearing strength in
excess of that assuned, thinner members can still develop the requisite
resistance to enforce a mode 3 failure. The proposals in (draft Eurocode 5,
1986) for establishing minimum menber thicknesses are given in Table 9:

Table 9

Sld%ar?eeﬁ?gf? Minimum Ratio  7d (d < Smm)
Timber 7

Particleboard vi

Softwood plywood L 67

Mixed softwood/ 3.

hardwood plywood

Hardwood plywood 2.8

Tempered hardboard 2.8

By postulating joints which embrace the range of practical conbinations of
Joint member materials and nail diameters which are possible, the vield
theory equations in Figure 2 can be used to illustrate the relationship
between the expected behaviour of these joints, and the assumptions which
have been proposed. Reference to the basic embedding strength relationships
derived in Equations (19) to (23), leads to the selection of possible joint

configurations defined in Table 10:
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Table 10

Combinatn
Case ombination f t, d f
Outside Centre /f1 /*1 Y
Softwood
1 Soffwosd fiem =uo0kg/m?) il RPN IR B
2 |(em =550Kg/m3) (*;ﬁ‘]:i";g%ig,ma) 145 25 | 675
Softwood '
3 HlClr‘dWOéJd (Qm =400Kg/m3) 0-4 10 6 500
L prywoo 5 | Hardwood 1.1 ’
(em =700Kg/m?) i =750 Kg/m3) 25 675
. Softwood .
5 Tdhm d (e m = 400Kg/m3) 0-5 1 6 500
6 Hardboar 5,1 Hardwood 0 ’ 9.5 675
: Sof twood
7 Thick (o m= 5 0-35 6 500
Q m= 400 Kg/m3) 11
Hard board ,[Hardwood X , o o

The predicted behaviour of these joints based on the yield theory is compared
with that of the approximative (draft Eurocode 5, 1986) expressions in
Figures 10 to 13 for 2- and 3-member joints. These figures show that for
joints made with softwood plywood the draft Eurocode 5 approach is safe and
introduces only slight conservatism. For hardwood plywood joints the degree
of conservatism introduced on the true mode 3 failure load is again quite
small and at practical values of o< ({sayz4) the expressions are almost always
safe, The same can be said for the hardboard in Figures 12 and 13, although
for side menbers with strengths similar to those of the thinner hardboards,
at low tl/d ratios the expressions can lead to gross overestimates of true
load carrying capacities. For practical nail siges this would not occur
however, since the imposition of a limit on the tl/d ratio of 2.8, neans
that only tempered hardboards with thicknesses in excess of 7mm could be
used.

Although the existing proposals are seen to provide acceptable estimates of
the true load-bearing capacity of sheet material-to-timber joints, the fact
that they effectively preclude the use of many comercially available

thicknesses, is a limitation. This is illustrated in Table 11.
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Table 11

Nait {Limiting sheet material thickness in (draft ECS, 1986)

Diameter| softwood ptywood | (S, hargwood/ | o rdwood plywood [Tempered hardboard|Particleboard
2-5 >11.7mm =8-75mm| = 7 mm = 7mm | 2175mm
A >18.7mm Z%hmm | =1-2mm = N2Zmm | =28mm
6 = 28 mm 221mm = 16-8mm = 16:8mm| = 42mm

One way of increasing the range of sheet material thicknesses permitted in
tinber Joint design is to specify a sliding scale of equivalent timber
densities depending upon the tl/d ratio of the Joint. This would allow the
failure load diagrams in Figures 10 to 13 to be approximated by a
bi-linear trend, rather than the

used.

single horizontal line which is currently

Analysis of the diagrams in Figures 10 to 13 suggest the following
approximations:-
Hardwood | By 2
olywoods: @ effective = 28(F)" G < 45 e
Softwood ) %
plywoods : ¢ effective = 20 (%1) é—s 5 vonee (27)
Tempered L2 e (28)
Hardboard: o effective = 22 (dl) é* <5

{all thicknesses)

By inserting these effective e values in Eguation (8) the approximations

to the true failure load diagrams which these expressions yield are plotted

in Figures 10 to 13.

comercially available

It can be

sheet material thicknesses in joints,

seen that these allow the use of all

albeit with

reduced design values when tl/d ratios becane small,

~31-



For plywoods with alternating softwood and hardwood veneers, which would have
density values intermediate between the two cases highlighted in Figures
10 and 11, the following expression is recamended;-

Mixed hardwood/ . ) ¥
Softwood plywoods: € effective :26(%—) T S 45 e (29)

To fall in line with the recommendations currently made for particleboard to
timber joints in (draft Eurocode 5, 1986) an equivalent expression would be:—

)2

In the absence of any embedding strength data no other expression can be put

<7 e (30)

D.I:f'
cz_l:’“

Particleboards: © effective = 8 (

forward. The results from a project currently underway at TRADA should

provide the data necessary to allow an appraisal of this expression.

Camparisons and Experimental Validation

Fram Table 2 it can be seen that 160 board material to timber joints were
included in TRADA's programme of joint tests. These can be used in a similar
manner to the nailed and bolted Joint tests discussed earlier, to compare
theoretical and design code predictions with experimental results. Tables 12
and 13 provide these comparisons.

-32-

Table 12
Comparisons
| Yield Theory| Experimental FE Model |Yield Theory |FE. Mode
Joint|Failure [Faiture [Faiture|Faiture [Stip ot |Fai ure [Stip af |VS. Experiment |VS. Experiment
Ref iLoad{kN) Mode |LoadRy |Model%iRy/x ¥ Load{kN}[R % Mod
() | (o) | 0] (] K/(3eﬁ;m T k(/QBJ et { comect | e | e
SP1 1105 | ta |1-01 (1al100) 0-47 |1-07 ! 0-38 104 1100 {1-06 |0 8]
SP211-05 | 1a ]0:90 {1a(100) 0-43 [1-04& | 0-41 {1.17 1900 [1-16 |0-95
SP3 168 | 2 |1-30 |23 0.7 [172 [ 041 [129 [ 090 [132 [0
SPL 1 T4 2 1-39 12(100)] 0-69 | 1-79 | 0-34 {125 [1-00 | 1-29 | 0-49
SHB1| 166 | 1a 151 15%%8)) 075 {1:54 [0-40 1110 {090 | 102 |0-53
SHbz 151 [0 |15 12001060 (151 [0us 131 [o0 131 |07
2 {15)
SHb3{1-26 | 1a 0-96 [1a(95)|0-49 [1:28 {0-45 (131 {095 | 133 {0-92
2(5)
ﬁ‘?esroégg ee rror 21 %o ~ 2 3% 2 .7%




The Jjoints were fabricated fram single nails driven fram each side of the
joint in single shear. Small gaps (0.5mm) were left between the joint
merbers to avoid any frictional forces, and the nail heads were left
protruding fram the face of the side members. The embedded length of the
nails (which did not overlap) in the centre member was 15mm for sets 5P1, Sp2
and SP3, 24mu for sets SP4, SHbl, and SHb2 and 20mm for set SHo3. The joints
with a 15mm nail penetration do not conform with the minimum requirements of
(draft Eurocode 5, 1986) and the (CIB ocode, 1983) for nail penetration, and
linear interpolation would be required for below standard penetration depths
in the other joints. BAll of the sheet material thicknesses used to fabricate
the Joints were below the minimun required in the (CIB code) and (draft
Eurocode 5, 1986). In calculating the EC 5 and CIB values in Table 13, this
latter fact is ignored, although linear interpolation for sub-standard nail
penetrations are applied to both the EC 5 and CIB values and those arising
from the formulae in this paper.

Tabie 13
Set Experimental | Calculated foilure load (kN) | Calculated vs Experiment
Ref failure load |Draft Eurocodeq Proposalsin | EC5 + Proposals in
ot (kN) and (B CodeV| this paper | CIB Code |this paper
SP1 1-01 1-688(0-63) |0-828 (0-309) | 1-67 (0-62) | 0-82 (0-31)
SP2 0-90 1-688(0-63) |0-831(0:310) ; 1-88 (0-70) | 0-92 (0-34)
SP3 1-30 1-675(1-00) (0-687 (0-410) {129 (0-77) 0-53 {0-32)
SP4 1-39 1-675 (1:00) |0-683(0-408)| 1-21 (0-72) | 0-49 (0-29)
SHb1 1-51 1-675 (100} (0-869 (0-519) | 1-11 (0-66) | 0-58 {0-34)
SHb2 1-15 1675 (1-00) |0-554(0-331) | 1-46(0-87) | 0-48 (0-29)
SHb3 0-96 1-688 (0-84) (0-551 (0-274) | 1-76(0-88) | 0-57 (0-29)
Average Error p48%{25%) |~37%(-68%)
Footnotes:

1/ Strictly speaking, none of the joints conform with the requirements of
draft Burocode 5 and the CIB code for minimum joint member thickness.

Values in parenthesis are interpolated values for sub-standard

nail penetration 12 .

~33~



It rnust be remenbered that the camparisons in Table 13 relate to joints which
violate the minimum member thickness requirements of the existing draft
Eurocode and the CIB code, and which failed with either a mode 1 or mode 2
type configuration. The 48% average overestimate made by the EC5/CIB
expressions 1s therefore not surprising, <contrasting with the 37%
underestimate which is brought about through the use of Equations (26) to
(28). When reductions are made for sub-standard nail penetrations (12) , this
conservatism 1is increased and the EC5/CIB expressions would have became a
better predictor if they had applied to such Jjoints.

Clearly the expressions proposed for designing board-material to timber
joints with failure modes other than mode 3 are extremely conservative.
However, they do permit the use of joints which would otherwise have been
excluded, For the more conventional, heavier-duty +type board material to
tinber joints the proposals made in this paper permit a slight enhancement in
design strengths, over the existing formulae in draft BEurocode 5, 1986 and
the CIB code.

It is a matter for discussion, how, and indeed if the exlisting rules in draft
Eurocode 5 and the CIB Code, should be modified for slender nails in board
material to timber joints. The proposals made in this paper, for introducing
an effective Q + 1s only one possible solution. Alternative solutions can
also be envisaged, such as the incorporation of a general rule permitting
linear interpolation down to e.g. half the minimum thickness for mxde 3, when
using sub-standard thicknesses.

Conclusions and Recommendations

Based upon an extensive programme of research at TRADA over the past seven
years, proposals are made for the revision of the existing timber—to-timber
and board material-to-tinber joint formulae, in the draft Eurocode 5, 1986
and the CIB code.

Equation (8) is recommended for the design of nailed timber-to-timber joints
without pre-boring. Wwhen pre-boring is used this should be multiplied by
1.2. Coanparisons with experimental test results suggest these expressions
predict failure loads of joints exhibiting mode 3 type failures to within 4%.
The existing dimensioning rules in bkoth codes, and the expressions for

calculating nailed joint slip, are verified as being accurate.
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For bolted joints the existing design equations in draft Eurcecode 5 and the
CIB code are advocated, but Equations (2) and (3) are recamended for the
calculation of bolt enbedding strengths. Comparisons with experinmental test
data suggests the design equations model actual Jjoint failure loads to an
accuracy of around 15% with the expressions for bolt bearing strengths adding
a further 6% error.

For nailed board material-to-timber joints, it is suggested that the existing
approaches in draft Eurocode 5 and the CIB code of gpecifying an equivalent
timber density, could be extended to incorporate a range of effective timber
densities, depending upon the Joint slenderness ratio. Equations (26) to
{30) are suitable for this purpose.

These give approximately the same result as the existing expressions for
joints with high slenderness ratios, but unlike these existing rules, allow
design strengths to be calculated for joints with sheet materials much
thinner than can presently be used. Comparisons with experimental test
results on Joints of this type, show that a satisfactory degree of
conservatism is in-built into this new range of design possibilities. Other
means of acheiving this extension in design possibilities oould also be
found, such as permitting linear interpolation of design strengths for joints
with sub-standard thicknesses for node 3 type failures.

The selection of the best such solution to this problem, should be a matter

for discussion.
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Introduction

A paper on timber joints under long-term loading was presented (paper
19-7~5) at the CIB-W18 meeting in 1986.

The paper to which reference is made described the test programme, the
specimens, the test performance and the slip development during approx. 600
days of loading and 7 cycles of alternating relative humidity (RH).

The tests have been continued until 784 days (2.15 years) of loading and
9% cycles of alternating RH. After the unloading the stiffness and maximum
strength of all joints were determined in a standard short—term test. The
experimental work was finished in the spring of 1987 and the main results

are reported helow.

Slip caused by long-term loading

Figure 6al) shows joint slip development with time for the joints exposed
to constant RH (series 1, 2 aund 3) or alternating RH (series 4 and 5),
together with the corresponding moisture content of the series in question.
The slip measurements during the recovery were carried out for four weeks.

Figure 7a shows the same slip-time curves as in figure 6a, but with the
time in logaritmic scale. In this scale the curves are close to strailght
lines for the first month.

It is seen that the main part of the slip-increase came in the drying-out
perlods.

Slip values are shown in figure 9a. The results from serles 2 and 3 are
pooled and so are the results from series 4 and 5.

The slip after 9% cycles of alternating humldity (the entire long-term
loading period) was approx. 4 to 9 times higher than the slip vi1g (the
slip after 10 minutes of full load). Compared to the slip under constant 85

per cent RH, the corresponding factors were approx. 3 to 4.

1) The numbering of figures 1s linked to the ones used in paper 19-7-5,
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Figure 6a Slip in long~term loaded joints.
Series 1: Constant load F = 10.0 kN. Constant rel.hum. 65 p.c.

Series 2 and 3: Constant load F
Series 4 and 5: Constant load F

Joint type
Joint type
Joint type
Joint type

Each curve

8.6 kN. Constant rel.hum. 85 PeCe
8.6 kN. Alternating rel.hum. 85-50 peCe

o

Hy: Nail plates.

Sa: Steel plates with annularly threaded nails.
Ps: Plywood gussets with sguare plain-shank nails.
Pa: Plywood gussets with annularly threaded nails.

represents the average from 6 joints.



Joint type Hy

Joint type Sa

Joint type Ps

Joint type Pa

102 103 10t 10°
0.7 days 6.9 days 69.4 days 1.9 years

Time, minutes

Figure 7a $Slip in long-term loaded joints.

Series 1: Constant load F = 10.0 kN. Constant rel.hum. 65 p.c.
Series 2 and 3: Constant load F = 8.6 kN. Constant rel.hum. 85 p.c.
Serles 4 and 5: Constant load F = 8.6 kN. Alternating rel.hum. 85-50 p.c.

I

Joint type Hy: Nail plates.

Joint type Sa: Steel plates with annularly threaded nails.
Joint type Ps: Plywood gussets with square plain-shank nails.
Joint type Pa: Plywood gussets with annularly threaded nails.

Each curve represents the average from 6 joints.



Series Number of Toad Relative Slip Load  Slip before Rel. slip Slip &4 weeks
specimens hualdaity 10 min. time unloading after unloading

F RH vel0 v 6 v/veig v 5

kN per cent mm days mm mm
11Hy 6 0.0 &5 0.27 784 0.44 0.08 1.6 0.22 0.13
1L8a 6 0.0 65 1.25 784 1.75 0.08 1.4 1.05 0.16
1LPs 6 106.0 65 0.90 784 1.85 0.1 2.2 1.05 0.12
1LPa 6 10.0 65 1.20 784 2.05 o0.08 1.7 1.25 0.1
2+31LHy 12 8.6 85 0.28 784 0.48 0.10 1.7 0.29 0©.11
243L8a 12 8.6 BS 0.95 784 1,35 0.5 1.4 0.95 0.15
2+3LPs 12 8.6 85 G.60 784 1.60 0.12 2.7 1.20 0.12
2+3LPa 12 8.6 85 0.65 784 1.50 0.08 2.3 1.20 0.09
&+5LHy 12 8.6 85 (50) G.25 784 1.80 0.09 7.2 1.40 0.1
4+5LSa 12 8.6 85 (50) 1.00 784 4.00 0.09 4.0 3.00 0.2
4+5LPs 12 B.6 85 (50) 0.60 785 5.60 0.07 9.3 3.60 0.08
4+5LPa 12 B.6 85 (50) 0.70 784 5.0 0.06 7.3 3.60 0.06

Figure 9a Average values of slip in long~term loaded joints. Series 4 and
5 were.run through 9% cycles of alternating relative humidity. v¢1g 1s the
average slip after 10 minutes of full load. 8 is the coefficient of variation.

Stiffness and strength determined by short~term testing

All specimens, non-preloaded (series N) and long-term loaded (series L),
were tested according to IS0 6891 (Timber structures — Joints made with

mechanical fasteners) from which the symbols used in the following are taken.

vi and the slip modulus ke which are defined in figure 10,

FJFB?“

08 / e Ee/
)

7 26 Vi = V04
04 14 / /2,

0‘# 004 Fest

Ke =

A
3 (Vig + v24 = w1y = v1)/2
0.1

01 21 N
0 Joirt wlip, ¥

Figure 10 Definition of the initial slip wvji and the slip modules kg .
The estimated maximum load Fegy was 25.0 kN for series 1, and 20.4 kN for
series 2, 3, 4 and 5.



Strength values, ¥,y , are defined as the highest load with a slip not
more than 13 mm. The average values of F at a slip of v = 5 mm are indi-
cated where relevant.

The types of failure were:

Series Hy and Ps: Tooth or nall withdrawal.

Series Sa: Nail withdrawal or splitting of weed in nail rows.

Series Pa: Combined nail withdrawal and pull-through of nail
heads in plywood gussets.

Main results of some essential stiffness and strength characteristics are
given in the figures 11 and 12. Examples of load-slip curves are shown in

figure 13.
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annularly threaded nails.

Figure 11 Stiffness and strength from short-term testing of {N) non-
preloaded and (L) long-term loaded joints with nail plates and steel plates.
Average values and 95 p.c. confidence intervals from 6 specimens.



mr
2

Initial slip A

*
: ] 1
k¥/mm
100
Elastic sliv
nodulus k
e
50
+
LI EIRE
. | il ]t |
kN
60 3
Tasd T 3 L
LOEG e X 1 .‘r 4}‘ i' +
T- .ﬁ'
5 O
_ L 4 T 1 4} )
o 4+ 4 % 1 * : 1
v =5 mm N ] 1
20 ) h h ¢+ 1 [ 1 ¢ ¢ 1 [ ]
0
NL NL NL NL NL NL NL ¥ NL NL
Seriles 1 2 3 4 5 1 2 3 4 5
w at manuf. p.ce. 14 21 21 21 21 14 21 21 21 21
Rel. hum. PaCo 65 85 85 85-50 85-50 65 85 85 85-50 85-30
W at test  p.cC. 14 21 12 18 12 14 21 12 18 12
Ps: Plywood gussets with Pa: Plywood gussets with

square plain-shank nails.

annularly threaded nails.

Figure 12 Stiffness and strength from short—-term testing of (N) non-
preloaded and (L) long-term loaded jeints with plywood gussets. Average
values and 95 p.c. confidence intervals from 6 specimens.
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Figure 13 Examples of load~slip curves from short-—
preloaded and (L) long-term loaded joints.

Conditioning of series 2: 85 p.c. RH constant.

Conditioning of series 4: 85 p.c. RH at manufacture and at test,
between 85 and 50 p.c. RH in the period of long-term loading.

Each curve represents the average from 6 specimens.

term testing of (N) non-

alternating



Epiggixq“ygLEgi‘gﬁ_Qgggﬁgggq_ng_qugpgph. The effect of long~term
loading and alternating RH in the same period is shown in figure 14 as
relative values which should be seen together with the absolute values in

the figures 11 and 12.

Joint Initial slip Elastic slip Max. load
modulus

Vi(4L) vi(5L)  ke(4L) ke(SL)  F(4L) F(5L)
vi(2N) vi(38)  ko(2N) ke(3N)  E(2N) F(3N)

Nail plates 1.8 1.3 0.6 0.8 1.0 1.0
Steel plates 1.2 1ot 0.8 0.9 1.1 1.0
Plywood, square nails 5.7 2.5 0.2 045 1.1 0.9
Plywood, ann. thr. nails 3.1 1.5 0.4 0.7 143 1.1

Figure 14 Average values from long~term loaded specimens under alternating
RH divided by the corresponding average values from non~preloaded specimens
under constant RH. Series 4L and 2N were tested at 85 p.c. RH; 5L and 3N at
50 Palos RHO

Conclusions
Alternating humidity is a dominant factor for the long-term development of
slip in joints with mechanical fasteners.

The absolute slip values (listed in figure 9a) are rather high for the
joint types other than the joint with nail plates. For joints with nailed
steel plates and plywood gussets the slip will often be decisive for the
design of the joint.

From the values of relative slip 1t appears that stiffness of joints
based on slip measurements from short-term loading does not give sufficient
information about the development of the slip due to long~term loading. The

relative slip varies considerably for the different types of joints.

Regarding joint stiffness the effect of long-term loading together with
alternating RH in relation to non-preloading together with constant RH was
considerable. Regarding joint strength the effect was negligible. The most

unfavorable factors found for the investigated joints were:



10

Joint Initial slip Elastic slip Max. load
modulus

Nail plates 1.8 0.6 1.0

Steel plates 1.4 0.8 1.0

Plywood, square nails 5.7 0.2 0.9

Plywood, ann. thr. nalls 3.1 0.4 1.1

As a basis for the determination of design values for splice joints in
tension a standardized short-term testing with specimens conditioned at 85
per cent RH at manufacture and at test will therefore be satlsfatory as

regards the strength but quite inadequate as regards stiffness.
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The wooden members were the glued-laminated wood of spruce
and douglas fir of JAS-type-1 whose density was respectively 0.44
and 0.54 in average. The ratio of the thickness of a main member
to the diameter of a bolt varied two, four and eight, and the end
distance and the edge distance were seven times and two and a
half times as large as the diameter of a bolt respectively. In
the specimen having the steel side plates, the end distance
varied from two and a half times to ten times as large as the
diameter of a bolt. The diameter of a bolt was sixteen mil-
limeters and +twenty millimeters, and the diameter of a pre-
drilled hole in wooden member.was the same as that of a bolt, and
that in 2 steel member was one millimeter greater than that of a
bolt.

2) SPECIMEN HAVING MULTIPLE SHEAR BOLTS

Fig.2 shows the specimens having multiple shear bolts. The
specimen included a main member of glued-laminated wood of spruce
and ezomatu-~todomatu of JAS-type-1, steel side plates of twelve
millimeters thick and the multiple bolts of the diameter of six-
teen millimeters. The number of bolts varied from two to twelve,
and the number of rows wvaried from one to three. The ratio of
the thickness of a main member to the diameter o¢f a bolt was
four, six and eight, and the spacing between adjacent bolts was

four times and seven times as large as the diameter of a bolt.

TEST METHOD

Figs.3 and 4 show an apparatus for the shear test of bolted
Joints., The tension load was applied to the both ends of a
specimen with a hydraulic jack, and the slip between the main
member and the side members were measured. The tension load was
increased monotonously until the specimen failed, and the load-

gslip curves of the failed joint was analysed.



ULTIMATE LOAD AND YIELD LOAD OF A BOLTED JOINT SUBJECTED

SHEAR LOAD PARALLEL TO THE GRAIN

DESCRIPTION OF SPECIMEN

1) SPECIMEN HAVING A SINGLE SHEAR BOLT

bolt. They were divided into following five types.

TO

THE

Fig.l shows the kinds of specimens having a single shear

Wh

5D

ST

WS

w
w

WD

double shear bolted joint having a main member and side

members of glued-laminated wood.

double shear bolted joint having a main member of
glued-laminated wood and steel side plates.
double shear bolted joint having a main member of
glued-laminated wood and a steel plate which was
inserted in the center of the main member.

single shear bolted joint having two members of

glued-laminated wood.

single shear bolted joint having a member of

glued-laminated wood and a steel plate.

SD

I

WS

58

Fig.l Types of the specimens Subjected to the shear load

parallel to the grain
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hydraulic gjack

VAN load cell
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Fig.3 Apparatus for the shear test of the bolted

Jjoints having a single bolt

hydraulic jack
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Fig.4 Apparatus for the shear test of the bolted joints

having the multiple bolts



COMPARISON OF THE CALCULATED VALUES OF THE YIELD LOAD WITH TEE
EXPERIMENTAL RESULTS.

The vyield models as shown in Fig.5 give the following for-
mulae for the yield load of each Jjeoint [1].

{1) Double shear bolted joint having a main member and side

members of glued-laminated wood.

Py
2+«fard-+1

2a?gt {14+ 8) + 28y (da/ 1) a B

(5AT17¢ 3 2810 (28710

d {28y
1 3 (1+8)

(1)

(2) Double shear bolted joint having a main member of glued-

laminated wood and steel side plates.

I 1
2
L = min

2'f0'd"1 \d /2’}’
1 3

(3) Double shear bolted joint having s main member of glued~
laminated wood and a steel plate which was inserted in

the center of a main member.

A
2
Py i _
2+ fe-d -1 a mion 2/,&._+_~_—__mu(d/1)2y._.,l_
8 &) 2
4
1

4

3




(4) Single shear bolted joint having two members of glued-

laminated wood,

Py

TFed

1

a g
JB4r 2B (1 +a+ta?) + atBl ~ g (ital
(1+8)
man 26 (1+4) 287 (dr71)7 _ 5
WENEE 3(2+48) (2+8)
/2a?ﬁ?( +8) ., _zhy (d71yr @ B
N ERBE 3 (28 +1) (2 8+ 1)
d 287
1 3(1+48)
(4)

(5) Single shear bolted joint having a member of glued~

laminated wood and a steel plate.

where,

e 'y

oo

3
o

3

Yield load of a joint

(kgf)

Diameter of a bolt {cm)

Thickness of a main member {(cm)

{6}

Ratio of the thickness of a side member to

that of a main member

Ratio of the embedding strength of a side

member to that of & main member

Embedding strength of a main member
Yield point of a bolt

fy/fe

(kgf/cm?)

{kglf/cm?)



Table 1.

Comparison of the calculated values of the yield load
with the experimental results ( in average )

diameter of YIELD LOAD (kgf) ULTIMATE
SPECIMEN SPIECIES 1,7d
a bolt (cm) EXPERIMENT THEDRY RATIO LOAD (kgf)
SPpruce 16 2 1793 1930 0.93 1817
spruce 16 4 3705 2810 1.27 4432
spruce 16 8 3733 4054 .92 4712
D. Fir 16 4 3821 3548 1.06 4855
WD D. Fir 16 8 51086 4727 1.08 6041
Spruce 20 4 4521 4547 1.02 6167
spruce 20 8 5285 5334 0.83 7340
D, Fir 20 4 5254 5619 0.94 5333
D. Fir 20 8 6284 7387 0.85 6840
spruce 15 2 1660 1930 0.86 1743
spruce 18 4 3727 3860 0.97 3727
SPTUCS 15 8 5208 4614 1.13 5783
D. Fir 18 4 4745 4807 0.97 4745
1D D. Fir 15 8 5443 5083 0.89 5740
spruce 20 4 4448 5432 0.74 4448
spruce 20 8 7885 8951 0.88 8700
D. Fir 20 4 £919 7667 0.90 6919
D. Fir 20 8 8412 9505 0.83 8412
spruce 16 2 1880 1930 0.497 1880
Spruce 16 4 4056 3860 1.05 4056
spruce i6 8 §312 5733 1.10 7478
D. Fir 18 2 2504 2801 1.04 2904
D. Fir 15 4 4897 5601 0.89 4997
SD D. Fir 15 8 7318 6418 1.05 7747
Spruce 20 2 2953 3016 0.98 2953
spruce 20 4 7477 6032 1.24 7667
spruce 20 8 9182 8958 1.03 11236
D. Fir 20 2 3671 4376 0.84 3671
D. Fir 20 4 8298 8752 0.95 8295
D. Fir 20 8 11658 10808 1.08 12075
spruce 16 2 1448 799 1.81 1848
WS Spruce 16 4 2039 1599 1.28 2592
spruce 16 8 2258 2029 1.11 3416
spruce 16 2 2237 1930 1.16 2436
S8 Spruce 16 4 2813 2308 1.22 3161
Spruce 16 8 3016 2869 1.05 3655




Table 1. shows
the comparison of the
calculated values of
the yield load with the
experimental results.
The embedding strength
of spruce and douglas-
fir was assumed to be
377kgf/cm? and 547
kgf/cm?
bedding test as shown
and the yield

from the em-

in Fig.6,
point of a bolt was
assumed to be 5,000
kgf/cm?

between the moment and

from the relation

strain obtained from
the bending test of a
bolt according to JIS
Z 2204(8ee Fig.6). The
vield load of a bolted
joint subjected to the
shear load parallel to

the grain calculated from the formulse

Py f. Py Py Py
togpe t i
| s ] |
| | | i g—’\% %M
L] L. L. L.
¥ v ¥ ¥ v v ¥ ¥
Py/2 Py/2 Py/2Py/2 Py/2 Py/2Py/2 Py/2
F%—l4“{ 144 44
al a1l al al al al al al
“{a) (b} {c) {(a)
Py fe Py Py f. Py Py
(WA 4 $
L] ’
[ 1 ./._'\ { 1]
VAR 2 Y ¥ ¥
Py/2 py/2 Py/2 Py PK4 LEEJ
b e HiE
2 2 2 2 2 2
(e) (f) (g) (h) (i)
Fig.5 Yield models for the bolted joints

{1} to (5) agreed compara-

tively well with the experimental results,
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Fig.6 Embedding test
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STRAIN (X10~3)
Fig.7 Relation between the moment and

the strain 0 bending test of a bolt



INFLUENCE OF THE END DISTANCE ON THE MAXIMUM LOAD

Fig.8 shows the relation between the end distance and the
maximum Jload in the specimen having a main member of glued-
laminated wood of spruce and steel side plates subjected to the
shear load parallel to the grain. 1In the specimen whose ratio of
the +thickness of a main member to the diameter of a bolt (1/4)
was four, the maximum load increased in proportion to the end
distance in case that the end distance was less than four times
as large as the diameter of a bolt, and the maximum load 4id not
increase any more when thé end distance was greater than four
times as large as the diameter of a bolt. In the specimen whose
ratio of 1/d was eight, the maximum load increased in proportion
to the end distance in case that the end distance was less than
ten times as large as the diameter of a bolt, and the maximum
load was almost constant when the end distance was greater than
ten times as large as the diameter of a bolt, These results in-
dicate that the maximum load depends more on the embedding
strength of the wooden member than the shear strength in case
that the end distance is large enough, while the maximum load
depends more on the shear strength of the wooden member than the

embedding strength when the end distance is comparatively small.

PREDICTION OF THE ULTIMATE LOAD

Figs.9 to 11 shows the relation between the ratio of 1/4
and the quotient of the maximum load divided by the products of
the embedding strength of the wooden member and the projected
area of a bolt "Pmax/(fe-d-1)". 1In the specimen having the steel
side plates, the value of "Pmax/(fe-d-1)" was almost constant as
shown in Fig.9 regardless of the ratio of 1/d when the ratio of
1l/d@ was smaller than eight, while the value of "Pmax/{(fe-d-1}"
decreased with the increase of the ratio of 1/d as shown in
Figs.10 and 11 in the specimen having the woocden side members and
that having wooden main member and steel plate inserted in the
center of a main member. This means that the ultimate load of
the bolted joint having the steel side plates whose ratio of 1/d
is smaller than eight c¢can be estimated with the products of the

embedding strength of the wooden member and the projected area of

_10_



a bolt, =and for other types of joint it is necessary to consider
more accurately the distribution of the embedding stress in

wooden members,
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@ spruce (fe=377kg/cm?)
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INFLUENCE OF NUMBER OF BOLTS ON THE ULTIMATE SHEAR LOAD

Figs.12 to 14 show the relation between the number of
bolts and the ultimate load per bolt of the specimen whose ratio
of 1/d was four, six and eight. 1In case that the ratio of 1/d
was four, the ultimate load per bolt decreased with the increase
of the spacing between adjacent bolts. In the specimen whose
ratio of 1/d was six, the ultimate load per bolt decreased as
shown in Fig.13 with the increase of the number of bolts in both
specimens whose spacing between adjacent bolts was four times and
seven times as large as the diameter of a bolt. In the specimen
whose ratio of 1/d was eight and the spacing between adjacent
bolts was four times as large as the diameter of a bolt, the ul-
timate load per bolt decreased as shown in Fig.14, while in the
specimen whose ratio 1/d was eight and the spacing between ad-
Jacent Dbolts was seven times as large as the diameter of a bolt,
the decrease of the ultimate load per bolt with the increase of
the number of bolts was very small.

The relation between the number of bolts and the rate of
the decrease of the ultimate load per bolt was obtained from the
experimental results by the least square method as shown in
Figs.15 and 16 respectively. Fig.17 shows the relation Dbetween
the number of rows of bolts and the ultimate load per bolt when
the number of bolts in a row was four. 1In case that the ratio of
1/d was eight, the ultimate load per bolt decreased remarkably
with the increase of the number of rows of bolts, and the ul-
timate load per bolt of the specimen having three rows (twelve
bolts in total) was about & half of that of the specimen having

one single bolt.

-13~
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ULTIMATE

PENDICULAR TO THE GRAIN

DESCEIPTION OF SPECIMEN

of spruce,

plates, The

douglas-fir and ezomatu-todomatu

LOAD OF A BOLTED JOINT SUBJECTED TO THE SHEAR LOAD PER-

The specimen included a main member of glued-laminated wood

and steel side

ratio of the thickness of a main member to the

diameter of a bolt was four, eight and ten. The diameter of a

bolt was sixteen millimeters and twenty millimeters. The end dis-

tance

of a Jjoint varied from four times to twenty-five times as

large as the diameter of a bolt, and the edge

from

distance varied

two and a half times to ten times as large as the diameter
of a bolt.

TEST METHOD

Some specimens were subjected to +the shear load perpen-

dicular to the grain by tension as shown in Fig.18, and others

were subjected to the shear load by bending as shown in Fig.19.

hydraulic jack

load cell

Specimen

L5 =) WL e
3

\

specimen
Mi6
/ 4
h | 7
- H
] Fig 19.
"(Il[[ T YT rrrTr Ty Yy sy ryYrryrIryeTrrrTrrs IEEERERFEN]

—1 t {

300 300

-1~

\ Fig 18.

Shear test of the
bolted joints per-~
pendicular to the

grain by tension

Shear test of the
bolted joints per-
pendicular to the

grain by bending



ESTIMATION OF THE ULTIMATE LOAD

Assuming the distribution of the tension stress perpen-
dicular to the grain in the plane AA’ in Fig.20 is expressed by

the following function,

¢ = 06 mn{Cicosh(tx/r)+Czsinh(tx/r)}

(6}

where, ] ! tension stress perpendicular to the grain at
the point of x (kgf/em?z )
¢ » ! maximum tension stress perpendicular to the

grain of a member (kgf/cm2z )

Ci1,C2 ! constant
t ¢ variable
and ¢ =¢ = Wwhen x=0, and ¢ =0 when x=r, the tension stress

perpendicular to the grain is expressed as follows,

¢ = ¢ m{cosh(tx/r)-coth(t) -sinh(tx/r)}

where, r is the end distance of a joint in centimeter.

6 =¢ m { cosh(tx/r)-coth{t)sinh{tx/r)}

P
A

g N\

A/

Fig 20. Assumption of the distribution of the

tension stress perpendicular to the grain
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If we assume the shear load applied to the bolted joint is dis-
tributed eqgually both ends of the bolt hole, the wultimate load
per thickness of the wooden member P in kgf/cm is obtained as

follows by integrating the expression (7).

2.y {cosh{(t) -1}

b= t sinh <(t) (8)

where, t is the variable according to the edge distance h in cen-
timeter and the height of a beam H in centimeter. By assuming t

is expressed by the following'formula,

t=iﬁﬁw(1”h/}{)ﬁ

(9)
the values of @ and B obtained from the experimental results by
use of the least square method were ¢ =1.88 and B =0.311 in case

that the value of ¢ n was 30kgf/cmz.

COMPARISON OF THE CALCULATED VALUES WITH THE EXPERIMENTAL RESULTS

Table 2. shows the comparison of the shear strength of a
bolted Jjoint per thickness of a member calculated from the for-
mulae (8) and (9). The values calculated from the formulae (8)
and (9) agreed well with the experimental results in case that
the end distance was comparatively large, but the calculated
values for the specimen whose end distance was extremely small
{especially four times as large as the diameter of a bolt) was
about two thirds of the experimental results. This means the
formulae (8) and (9) predict practically well the ultimate load
of a Dbolted Jjoint subjected to the shear load perpendicular to
the grain, however further study should be necessary to predict
more accurately the wultimate 1load of a bolted joint whose end
distance is small.

The ultimate load per thickness of a main member was almost
constant when the ratio of 1/d was smaller than eight, and the
ultimate 1load per thickness decreased in case the ratio of 1/d
was ten. This means the formulae (8) and (9) are applicable only
for the joint whose thickness of a main member is less than eight

times as large as the diameter of a bolt.

_18_



Table 2. Comparison of the calculated values of the uitimate load per
thickness with the experimental results of the bolted jointis
subjected to the load perpendicular to the grain ( steel side plates )

ULTINATE LOAD (kef/cm)
r (cm) h (¢m) H(cm)
EXPERIMENT | THEORY RATIO
10.4 4 st 161 126 1.28
5.6 6.4 s 147 138 1.06
10.4 5.4 it 183 186 0.98
24.16 6.4 e 218 204 1.07
39.2 6.4 A 197 204 0.96
10.4 11.2 ¢ 220 251 2 0.88
13 8 e 195 233 0.84
39 8 % 224 255 0.88
5.6 6.4 22.4 189 143 1.33
10.4 6.4 22.4 223 200 1.12
23.2 6.4 22.4 257 226 1.14
39.2 6.4 22.4 263 227 1.16
5.6 11.2 22.4 262 169 1.63
16.4 11.2 22.4 328 269 1.22
23.2 11.2 22.4 374 407 0.92
39.2 11.2 22.4 466 439 1.06
10.4 16 22.4 452 295 1.53
39.2 16 22.4 656 690 0.95
5.8 11.2 44.8 176 158 1.1
10.4 11.2 44.8 225 259 0.87
39,2 11.2 4.8 366 389 0.93
5.6 22.4 44.8 280 166 1.68
10.4 22.4 44.8 345 300 1.15
5.6 6.4 12.8 213 147 1.45
10.4 6.4 12.8 247 214 1.16
38.2 6.4 12.8 264 253 1.04

% Tension load was applied at the both ends of the specimen ( H-w)
r: end distance

h: edge distange
H: depth of a bean
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CONCLUSION

The results of this study lead to the following concluding

statements:

The yield load calculated from the formulae {1} to (5} agreed
comparatively well with the experimental results. However
further study on the evaluation of the embedding strength of

wood and the yield moment of the bolt would be necessary.

The maximum load of the boited joints depends more on the
embedding strength of the wooden member than the shear
strength in case that the end distance is large enough, while
the maximum load depends mainly on the shear strength 6f the
wooden member in case that the end distance is comparatively

small,

In the joint having the steel side plates whose ratio of the
thickness of a main member to the diameter of a bolt was
smaller than eight, the ratio of the maximum load parallel to
the grain to the products of the embedding strength of the
wooden member and the projected area of a bolt "Pmax/{fe-4-1)"
was almost constant regardless of the ratio of 1/d, but the -
value of "Pmax/(fe:-d-1)" decreased in the increase of the

ratio of 1/d in other types of joints.

In the joint whose ratio of 1/d was eight, the number of bolts

did not influence a lot on the ultimate load in case that the

-~ number of bolts in a row was not greater than g8ix . In the

Jjoint whose ratic of 1/d4 was four and six, the ultimate load
per bolt decreased in the increase of the number of bolts as
shown in Fig.15. 1In the joint whose spacing between adjacent
bolts was four times as large as the diameter of a bolt, the
ultimate load per bolt decreased in the increase of the number
of bolts regardless of the ratio of 1/d as shown in Fig.16.
The ultimate load per bolt of the joint decreased in the
increase of the number of rows, and that of the Jjoint having
three rows {twelve bolts in total) was about 2 half of the

ultimate load of the joint having one single bolt.

-2~



5. The ultimate load per thickness of the joint perpendicular to
the grain calculated from the formulae (8) and (9) agreed
comparatively well with the experimental results. However
these formula tend to underestimate the ultimate load of the
Jjoint whose end distance is small comparing with the edge
distance, and they are not applicable for the joints whose

ratio of 1/d is greater than eight.
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i. Introduction

Previous work by the author and coworkers reported to CIB-WI18
concentrated on the behaviour of connections with a single fastener
subjected to short-term lateral loading, (4, 5, 9, 10). This reflected an
initial need to focus on the reference or characteristic properties to
which modification factors are applied in design. Emphasis has now begun
to shift to definition of the modification factors. Three recent CIB-W18
papers have dealt with the influence of the numbeg of rows of fasteners
upon the ultimate capacities of axially loaded connections, (6, 7, 8).
What emerged from these was that existing knowledge (practical and
theoretical) is relatively reliable when pin-type fastener connections
fail in a ductile manner, by crushing the wood under each fastener or by
simultaneous development of a plastic hinge(s) in each fastener and
crushing failure of the wood beneath it. Less confidence should be placed
in present knowledge when brittle fracture governs the load capacity of any
connection. Much remains to be done on this topic which is important in,
for example, design of heavy trusses with spliced tension chords. Concern
over design of axlally loaded connections 1is, however, only one
manifestation of a broader requirement for reliable design of pin-type
fastener connections subjected to arbitrary combinations of moment, thrust
and shear forces.

This paper gives an initial theoretical consideration of how to
atilize data collected by the author and coworkers, on the behaviour of
connections with a single pin-type fastener, to predict load-deformation
behaviour of multi-fastener connections subjected to two dimensional

combinations of moment, thrust and shear forces.



2.  Theory

| The theory presented below is applicable to spliced timber connections
with fasteners such as nails or bolts. It is assumed that the load-slip
response for an arbitrary lateral loading of a connections with only cne
fastener is described by an equation of the form, (1):

[1] P = [K2 + K3 (5 ~ 60)] [1 - exp (-Kl (§ - 50)/K2)}

1]

. where: P load at slip §

Oz
1l

0 initial take up (e.g. due to the tolerance in a bolt

hole)

Be
i

L initial tangent stiffness

st
il

2 intercept of final tangent on load axis

=]
It

3 final tangent stiffness

A graphical definition of these terms is given in Figure 1.

o¢;g;n6/L<—‘;'\op;g;n (6-6,)

Fig. 1 Definition of constants

Now, considering a connection such as that shown in Figure 2,
deformation of that connection at a given load level can be completely
defined in terms of translations u and v, and rotation 0. If it is assumed
that the gusset is rigld and each fastener has the same load-slip

characteristics, to a first order approximation:



E= ! - — t
(2] e (K, * ¥sy | 6xi |7 11 - exp (K 1 85, [/K, )]
(31 » = X, +K 8! 1 - -K &', /K
where: goi = Vg gy vy Loy [1 01 - exp Ry |85, 7Kgy

PX ; = load component in x-axis direction for ith fastener

>
le = Kl for loading in x-axis direction
KZX = K2 for loading in x-axis direction
K = K. for loading in x-axis direction
3x 3

1 - - -
[6r 1= lu - 8y;1 - 8g,
50x = 60 for loading in x-axis direction
¢i = gtate varilable

- t =
If (u - 8y,) > 0 and |6:;1 > 0 then o, 1.0
If (u - Byi) < ¢ and ‘6;i| > 0 then ¢i = ~-1,0
1f |st.] <0 then ¢, = 0.0
xi i

Py e load component in y-axis direction for ith fastener

H
Kly = Kl for loading in y-axis direction
sz = KZ for loading in y-axis direction
K3y = KB for loading in y-axis direction

t — -
|5yi|— v+ 6 .1 S0y
§ = §_ for loading in y-axis direction

Oy 0

wi = state variable

If (v + Bxi) > 0 and lﬁ;il > 0 then wi = 1.0

If (v + exi) < 0 and Iﬁ;il > 0 then wi = ~1.0
= 0.0

If i&;il <0 then &i

Xeo ¥y coordinate pair for ith fastener



Netation:

'E%}: foStener location prior to losding

C = centroid of conneciion prior 1o loading

( gusset and connected members

C’: centroid of c¢onmnection ‘n connected member
under load
Moment = ™M = M + (e
Thrust = N
Shear = O
¥ connected member
A
A | /
; | 79 0
l _43- ‘%}-Cf_'_ji?ﬂ; ¥
] S SOOI AP AR e
| CP_"—'.'"{ r groinzz
1+ 4+
!-guSSe‘r !/ € >

Fig. 2 Notation: displacements u, v and 0

Summing forces in the x-axils and y-axis directions, taking moments

about centroid C and neglecting second order terms yields:

Og
[4]N= I P .

j=1

T

R
=1
Dg

(6] M= - E (P ¥y " By q %)

where: n number of fasteners in the connection.

f



Equations [2] through {6] can be used to find the u, v and and 8
values associated with a particular combination of forces N, Q and M. A
computer program employing a modified Newton-Raphson technique has been
used by the author for this purpose.

Tt should be noted that displacements u, v and 8, as defined above,
are localized movements relative to the gusset.

3. Application of the theory

3,1 Influence of thrust and shear forces on moment-rotation

relationships, and interaction of displacements u, v and 8

Because of the non-linear nature of the load-slip responses for
fasteners the N-u, Q-v and M-6 relationships are not independent unless N
or Q or M acts alone, even if we neglect geometric non-linearity. Figures
5 and 6 show how the M-8 relationships, for the nalled connection in Figure
3 and the bolted connection in Figure 4 respectively are influenced by the

applicatlon of non-zero N and Q forces. Constants le, KZx’ K3x’ Gox, K, ,

iy

sz, K3y and GOy

behaviour as measured during a test to failure at a cross-head movement of

used to generate Figures 5 and 6 represent a short-term

2.5mm/min, (3). Considering the nailed connection, TFigure 5, it can be
seen that if a moment is applied in combination with thrust and/or shear
forces, the rotation § at a given moment is greater than when only the
moment is applied. As might be expected the general trend is that
enhancement of the rotation is proportional to the thrust and shear forces.
Note that for the nailed connection GOx = 6Oy = 0.0. From Figure 6 (bolted
connection) it can be seen that the interactions between displacements u, v
and 8 are more complex when GOx and 60y are non-zero.

Using the bolted connectdon in Figure 4 as an illustration, design
charts‘such as those shown in Figures 7 to 9 can be used to estimate

translations u and v and rotation § under a specified combination of M, N

and Q. Table 1 shows values extracted from these charts.



Notation

B head-side ' .
, , nai!l lotation
*F point~side

«—> direction of groin

[
|
|
i
|
I
|

+ &

4 4 &=
4+ 4 4

,:_A

s

e 4+

e+ @]

q} 51
i A
| 0 |60 | 606 \
16 mm gusset 16 mm
( both sides 7 ¢onnected

Fig. 3 15 Nail connection: Canadian

Festener consStonts

K, * Ky, * 2975 kN/n
K, * Kg © 0.5785 kN
K, =Ky * 84,86 kN/n
S = Goy = 0.0

R
68
Y L= K

member

spruce (375 Kg/m®, 9.37%m.c.)

2.65 mm Common wire nails in Double Shear

Notation & '{£F bolt locotion

4— direction of grain

T

t g

¢ P
m+,
&

¢
[

by
60
o

b

SN N N NN

120

LY
|
l
RE
|

AV

\

Y8 mm gusSsSet

b

(both sides?

Fastener conStants o

K,, * 23811.8 kN/n

Kiq = 9721.08 kN/m

K = 31,18 kN, K : 20.02 kN
2 x cy

KBx : 762.8 kN/nm

K = 712.8 kN/m

3y

>< éOu = 1'18 mm
Qo, 8.77 mm

96mm connec ted

member*

Fig. 4 6 Bolt connection: Canadian spruce (375 Kg/m®, 8.6%Zm.c.)

M16 Black hexagon head bolts in Double Shear
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(15 nail connection)
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Fig. 6 Influence of N and Q on Rotation-Moment relationship

(6 bolt connection)
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SLIP PARALLEL TO GRAIN

N/Q=1.8

51y u (an)

1= Noment (kNm)

Fig. 7 Typical Design Chart-estimation of u

(6 bolt connection)

SLIP PERPENDICULAR TO GRALN

i ( N/Q=1.0

Slip v Com)

T T
1z Moment (kNm)

Fig. 8 Typical Design Chart-estimation of v
(6 bolt connection)
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ROTATION ABOUT GROUP CENTRULD

—_ i N/G:=1.0
if’ LL - . .
= o J

3T é? Fg‘ efQ 1
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s 2r ol -
= - A 037
- 1k ]
Cl—/— -

@ PSS WO YRR SN TN AN WOV AN TR PN N B

4 8 1e 16

1 Tlonent (kN )

Fig. 9 Typical Design Chart-estimation of 6
(6 bolt connection)

Table 1. Estimation of u, v and 8 for Six Dolt Connection

M = 6 kNm M= 6 kNm M = 6 kNm M = 6 kim
N=Q=130kN | N=Q=240 kN |N=0Q =60 kNm|| N=0Q=20.0
u(mm) 0.57 0.90 1.71 0.0
v{mm) 1.05 1.32 2.12 0.0
8(deg.) 1.05 0.89 0.50 1.12

3.2 Deflections in structures containing pin-type fastener connections

Three simple beam type structures are used below to illustrate
considerations in predicting deflections in structures containing pin-type

fastener connections.



- Ex.

i1

1 Beam with connections subject to moment only
(Fipures 10a, 10b and 11):
Mid-gpan displacement AC is given by:

[7] AC = A, + A + 0%

Ej GJ
where: AEj = elastic bending displacement due to deformation of the
beam.
PL
= o (15L& - L% - 182%)
96E,T,
3]
AGj = elastic shear displacement due to deformation of the heam
1.2 PL 0.3 PL
4G A, G.A,
JJ J ]
8 = rotation in connection either side of the joint
= £ (M = PL/4)
If: Ej = 9700 N/mm?, Gj = 650 N/mm?, Aj = $992 mm?
and Ij = 19,727 x 10% mm", then
_3 _6
AEj = 5,362 x 10 P and AGj = 59.41 x 10 P (where both are in mm if P

is in N).

As can be seen in Figure 11, up to a load level of about P = 1 kN the

compenent of ac due to deformation in the connections is approximately

equal to the components associated with beam deformation. Beyond this load

leve

Ex.

{ connection deformations begins to dominate the displacement equation.
2 PBeam with connections subject to moment and shear
(Figures 10a, 10c and 12).
Mid-span displacement AC is given by:
+ 8,) L
272 1 2

(8] A = & + A, + (8

c Ej Gj 1
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£ 50 Total displocrarnt I I I k
\E — ~— BendingtShear components
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(o=} 5] I 1

P = Jload level (kNJ

Fig. 11 [Ex. 1- Beam with copnections subject to Moment Only
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Fig. 12 Ex.2- Beam with connections subject to Moment and Shear
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PL
where: AE. = (15Lg - L2 - 18.7%) (as Ex. 1)
J 96E,T1,
J ]
0.3 PL
A, = {(as Ex. 1)
G] G.A,
33
Bl = rotation in connection 1
Pe P
=f(M=—, Q= -)
2 2
82 = rotation in connection 2
P{L - 2] P
=f M= —\ Q=)
2 2
v1 = yertical translation in connection 1
P P
=f(M=”"",Q=—)
2 2
v2 = vertical translation in connection 2
P [L ~ 2] P
=f (M= ——\ Q=)
2 2

Substituting the same gecometric and material beam properties as in

-3 .5
Example 1t 4_, = 5.362 x 10 P and 4,, = 59.41 x 10 P as before.

Bj Gj
Comparing Figures 11 and 12 it can be seen that the total displacement
is approximately the same for the beams in examples 1 and 2 at all load

levels. [For a solid beam, i.e. no joint at mid-span, the solutions for

examples 1 and 2 would be exactly the same}.

Ex. 3 Cantilever with connections subjected to moment, thrust and shear
(Figures 10a, 104 and 13).
Tip displacement AA is given by:

[9] By = AEj + AGj + Ble + (e1 + 82) 8+ vy + v,



i5

PL cos ¢ 2 317 Jef ef? e?p e?

where: AE' = [« — + 4 - ¥ + —]
3 E. I, L 2 2 2L 2L 6L
J ]

1.2 P cos ¢ e

Ay, = em—————— [2 % + —]

6 G. A, 2

J 3
81 = rotation in connection 1
= f (M="Pcos ¢ (L-2), Q=P cos ¢)
82 = rotation in connection 2

= f (M=P % cos ¢, Q = P cos ¢)

v1 = yertical translation in connection 1
= f (M=Pcos ¢ (L -2), Q=P cos ¢)
v2 = vertical translation in connection 2

= f (M

P ¢ cos ¢, Q = P cos ¢)
Substituting ¢ = 45°, and the same geometric and material beam
properties as in example 1:

-3 .3
A, =57.43 x 100 P and A,, = 0.635 x 10 P.
Ej Gj

~180
E

—— Tynal displuctment

— — BendingtSheor conponents

/ Q O
N

o8]
jan]

£
Y

oy}
®

D‘:Splacemeni‘ qu(m
o
®

®

. 2 L4 . B . 8 1.8
P : Jood Tevel (kN)

Fig. 13 Ex. 3- Cantilever with connections subiject to
Moment, Thrust and Shear

From Figure 13 it can be seen that the proportion of the cantilever's
tip displacement due to deformation in the connections is relatively small.
This is because the tip displécement igs mainly a result of the bending
deformation in the proportion of the cantilever adjacent to the

buiit-in-end.
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4, Discussion

Verification of the theory, Section 2, using a direct method of
measuring displacement u, v and 8 under various combinations of forces M, N
and Q, would require relatively complex instrumentation of specimens. The
beam type structures of examples 1 to 3, Section 3.2, offer an
experimentally much simpler, indirect, alternative. It is intended to
check the validity of the theory in section 2 using a coordinated series of
tests on beame with either nailed or bolted connections. This will
indicate whether it is necessary to make refinements to the theory.
Possible refinements include, an improved method for modelling initial take
up 60, and use of fastener specific values for constants such as Kl, KZ’ K3
and 50 within a connection. The latter modification would reflect the
existence of random variations in load-slip responses.

Based on the studies in the previous section, other unreported
analyses by the author, and work on truss connections by Lau (2), tentative
conclusions can be drawn concerning design of two dimension frames with
pin-type fastener connections. First, for static type serviceability
calculations, linear elastic frame analyses using spting elements, or
' fictitious! members to represent connections will give accurate
predictions of deformed shapes of structures. This is especially true if
suitable secant stiffness properties are used rather than initial tangents.
Second, for static type ultimate capacity calculations, a type of limit
analysis allowing for development of plastic hinges at connection locations
will give accurate predictions.

Future papers will explore the validity of the theory presented in

this paper, and develop the limit type analysis referred to above.
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5. Conclusions

Based on this paper, the following general conclusions are drawn

concerning pin-type fastener connections:

(1) Because of the non-linear nature of the load-slip responses for
pin-type fasteners, load-deformation relatiqnships for individual
degrees-of-freedom (translations u and v or rotation §) are not
independent, except when one force component acts alone.
Interaction of displacements is significant in nailed connections
at high load levels only, but can be significant at all load
levels in bolted connections.

(2) Linear elastic frame analysis techniques using spring elements,
or 'fictitious' members to represent connections ;;;; give
accurate static deflection type servi;eability checks in design.

(3) Limit type frame analysis allowing for development of plastic
hinges at connection locations will give accurate ultimate
capacity checks in design.
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Introduction

Timber floors have been traditionally designed based on the 'working stress'
method. Because of their relatively light weight, timber floors sometimes
exhibit excessive vibrations which cause undue disturbances and discomfort to
their users. This problem has been precipitated in the recent past by the
adoption of higher elastic moduli and more refined design techniques which

lead to more flexible and lighter floor systans.

Present major national design coodes (1, 2, 3) provide no criteria for
ensuring acceptable vibrational performance although the static deflection
limits do provide an indirect control over the problem. The draft Euroccde 5
{4}, which forms the basis of a future common unified code for the European
Comnunity, specifies a lower bound limit of 5 Hz for the fundamental natural
frequency as the vibration criterion. Work by the first author (5) revealed
that the magnitude of the vibrational response caused by human footfall is
usually the more critical parameter and that it, as well as the fundamental

natural frequency, should be limited.

The recommendations for code input proposed in this paper are based on  test
work by TRADA. The study also covered the development of methods for
predicting vibrational behaviour of timber floors. The following proposes
the controlling parameters and sets out simplified equations for calculating

their values.

Controlling Criteria

The comnon practice of ensuring acceptable vibraticnal performance of any
structure is to impose a bound limit for its natural frequencies. The effect
of the magnitude of the vibration is often overlooked., This is Justifiable
for heavy structures made of steel or concrete which often have low
fundamental natural frequencies as well as low vibrational  response
magnitude. This is because both these parameters are inversely proportional

to the mass of the structure,

It is possible to show that because of the static deflection limits given in

design codes, timber floors are not likely to have low natural frequencies.

-1-



The fact that troublescme floors are still sometimes produced indicates that
this frequency limit alone is not adequate and that the magnitude of the
vibrational response should also be included as an extra criterion. Based on
the recomrendations of the British Standard BS 6472 (6), the first author (7)

has proposed the following two criterias—
1. the fundamental natural freguency (fn ) should be higher than 8 Hz,

2. the frequency-weighted root-mean-square acceleration (Ar) of  the
response caused by a normal human footfall impact should be less than
0.45 /s

Details about the basis of the above are given in reference 7. It is added
here that, to ensure acceptable floor performance, criteria 1 and 2 should
both be satisfied.

Calculation of fn and Ar

Having established the criteria for controlling floor vibration, there is a
need for a reliable method of predicting at the design stage the meeting of

the criteria by a given flcor design.

Prediction of either fn and Ar can be considerably simplified if the design
model is assumed to be a one-dimensiocnal beam structure as in present static
'working stress' design, rather than the more appropriate two dimensional
rib-plated structure. This simplified approach would inevitably produce less
reliable estimates of these parameters. The design expressions given in this
section follows the rib-plated approach and are therefore based on a model of
orthotropic plate (sheathing) attached to a series of eguidistant ribs
{joists). In the model the four sides of the structure are assuned simply
supported. It can be noticed that the final expressions are more conplicated
than the corresponding ones based on the single beam approach, but are still

easily executable on an electronic calculator.

The expression for estimating the fundamental natural frequency fn is given

in equation 1 (see reference 8 for its derivation).

g =T BT a0 He  — )
4

20" (—é_hb + (JJ,-AU\ﬂ')
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where a = gpan of joists
E. = MOE of joists

I. = second moment of area of joists
n = nuadoer of joists

P = density of sheathing

h = thickness of sheathing

I = width of the floor

A = c¢ross section area of joists

¢

= density of joists.

The mean values may be used for joist properties provided there are ore than
three josits in the system. Although equation 1 applies to floors with all
four sides simply supported, it gives very good estimates of Fn for floors
with two parallel sides simply supported. This is because the mode shapes of

these two types of floor are very similar for the fundamental mode.

In the case where sheathing is rigidly attached to joists using relatively
dense nailing or rigid glue the stiffness term Ej Ij in egquation 1 may be
increased due to the composite action between the two components. Guidance

on the calculation of the increase in stiffness is given by the authors (8).

The derivation of the expression for estimating the frequency-weighted r.m.s.
acceleration Ar is rather more complicated than for fn . Certain assumptions
had to be made in order to simplify the final expression. These assunptions

ares;-

1. the response is dominated by the fundamental wode and there is
negligible contribution from the higher modes,

2. the impact causing the vibration is applied at the centre of the floor,
3. the mass of the person applying the impact is 70kg,

4. the total duration of the response caused Dy one impact is taken to be

one second.

Based on the above assumption the following expression has been derived (9).
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in which s, = 2 Tifo = angular natural frequency

it

viscous damping ratio

t
It

duration of the impulse producing the vibration.

Experimental results (10, 11) indicate that tl is normally between 0.05 s and
0.07 s whilst for normal domestic dwellings $ can be taken as 0.03. Assuming &
to ke constant, K is therefore a function of fo and tl . A table of K against
fo has been worked out, which is presented in Table 1 for 8 Hz ¢ fo £ 40 Hez.
This shows the worst value of K at any fo for O.OSsst1 £0.07s. The design
procedure is sumnarised in a flow chart form shown in Figure 1. It is
recomnended here that design of wooden floors should follow the procedure
shown in Figure 1. The initial stage is identical to present static design,
which is obviously to ensure that the structure is structurally safe. The

remaining stages involve the checking of both fn and Ar.

Design Examples

Tn this section, design examples incorporating the method proposed in
previous sections are given for two floors of different sizes. Two floors of
plan dimensions 2.4m x 2.4m and 4.0m x 4.0m are chosen. Designing both
floors to the British Standard BS 5268: 'Structural Use of Timber: Part 2,
Code of Practice for permissible stress design, materials and workmanship'

results in the designs shown in the first rows of Tables 2 and 3

—dfm



respectively. A worked example is given in the Appendix to demonstrate the
caleulations of both fn and Ar for the smaller floor. Repeating the
calculations  yilelds the fn and Ar values shown in Table 3 for the larger

floor.

Comparison of the calculated values with the criteria given before, shows
that both floors would not satisfy the vibrational  serviceability
requirements proposed here. PBoth designs are then improved until they
satisfy the requirements. All the designs tried are presented in Tables 2
and 3.

From Tables 2 and 3 it can be observed that troublesame vibrational behaviour
does not necessarily occur in long span floors. Small sized floors are
equally likely to have vibrational problems if they are designed to static
criteria only. In fact the Tables show that the swall floor is more prone to
annoying vibration. This is reflected in the relatively high Ar value in
Table 2.

Further unreported studies by the authors indicate that for both British and
Canadian situations adoption of the proposals in this paper would only result
in increased Joist sizes in a swmall proportion of practical  floor

arrang aemnents,
Conclusion

It is proposed here that in future design of wooden floors should follow the
procedures set out in Figure 1. In order to ensure that a floor is free from
excessive vibration which causes discomfort to its occupants, its fundamental
natural freguency (fn ) and frequency-weighted acceleration (Ar) of the
response due to a human footfall impact shall be higher than 8 Hz and smaller
than 0.45 nMsz respectively. These two parameters may be satisfactorily

estimated using the eguations presented in this paper.
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Appendix: Worked Example

The following shows how fn and Ar values in Table 2 were calculated.

The floor was initially designed by usual practice to BS 5268: Part 2. The
calculation vyielded the design shown in row 1 of Table 2. The vibrational
serviceability was then checked, assuning the flooring was 22mm thick
particleooard with a density of 640 kg/m3 . From B3 5268: Part 2 for SC3
'strength class' timber:

8.8 x 10° BVh@

i

Ej

It

e; =540 kg /i

The following data were also obtained:

a = 2.4m

b = 2.4m

A = 0.00681m"
i 3

£, =640 kg/m

I; =1.194 x 1072 o
_2.4

n o= 0 + 1 =5

Substitution of the above data into equation 1 gives:

£ = e
Ny g 9.2,/

2 8.8 x 100 x 1.194 x 102 (5 - 1)
x 0.022 x 2.4 + 540 x 0.00681 x (5 ~ 1)

H

25.3 Hz

> 8 Hz, hence frequency acceptable,



The A, value was then checked using equations 2, 3 and 4 and Table 1.

!
it

13.7 Bz

il

m 197.0 ky

from Table 1 K = 43.0, therefore:

Ar = 2000 x 43.0 , = 0.73 /2
197.0 7 x 13.7

v

0.45 m/s2 , hence response magnitude unacceptable.

The design was then improved to that shown in row 2 of Table 2. The values
of fo and Ar were calculated as before such that:

rh
If

26.5 Hz

Ar

H

0.65 m/s2

Hence response magnitude was still higher than the acceptable value.

The design was then improved further as shown in row 3 of Table 2. This was

found to be satisfactory with the following values of fn and Ar.

fn = 28.9 Hz

2

Ar = 0.4 n/s
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TABLE 1

: K Values

£ (Hz) K
8 38.8
9 41,4

10 44,0
11 45,5
12 5.6
13 5.5
14 42,0
i5 38.7
16 Fh, 4
17 35.9
i8 45.1
19 52.9
20 58.7
21 62,0
29 62,7
273 61.9
24 65.8
25 67.7
26 674
27 65.1
28 69.5
29 72,6
30 74.1
31 74,0
32 72,4
33 69.3
R 72.8
35 76.8
36 77.9
37 76.1
38 71.8
39 74.8
40 30.2




TABLE 2 3 Designs of

the Floor Sized 2,4m x 2,km

Joist *
Strength Class Size Spacing Permissible Span fn (Hz) Ar (m/sg)
{ram ) {mm ) ()
3C3 L7 x 145 600 2580 25.3 0.73
3Ch 47 x 145 600 2749 26.5 0.65
SC3 57 x L45 400 3025 28.9 0.40
* Design to BS 5268: Part 2
TABLE 3 1+ Desipgns of the Floor Sized 4,0m x 4,0m
Joist *
Strength Class Size Spacing Permissible Span fn (Hz) A (m/sg)
{(mm) {(mm) (1am )
sC3 47 x 194 4500 1026 15.1 0.60
SC3 b7 x 219 500 5128 16.6 0.52
SC4 57 % 194 L) 4188 15.7 0.52
SC% 47 x 219 500 4384 17.3 0,43

* Design

to BS 5268: Part 2

~10-
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FIG,1 .Flow chart for proposed design method
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DRAFT CLAUSE

5.1.3 Bending

The effective span of flexural members shall be taken as the distance between
the centres of areas of bearing. With members extending further than is
necessary over bearings the span may be measured between the centres of
bearings of a length which would be adequate according to this code:
attention should be paid to the eccentricity on the supporting structure.

A beam which 18 held in position at its ends but is free to deflect about
both the major axis and the minor axis should be so proportioned that

1%’*_ < | (5.1.3a)

where @, are the bending stresses calculated without regard to initial
curvature and deflections, and &, and k,, are factors depending on the
material parameters and the initial twist and curvature. km may be put equal
tol for a beam where lateral displacement of the oompression side is
prevented throughout its length,

The initial curvature is assumed toO be the same as that applied for colums

in section 5.1.7, accanpanied by a related initial twist such that the value
M/ in the following expressions is

i _ y ET
W= M5 ‘(% T &7y (5.1.3b)
where 4 = radius of gyration about the minor axis
Y= 1- iy (5.1.3c)
T

For rectangular cross-sections, taking G = E/16 and

3
T = %E (1 - 0.63%) (5.1,3d)
Y 1~ %) (5.1.3e)

o
/o2l &/I‘ES
then 7 Y o e S (5.1.3€)

kA

in which v takes the value applied for colums in (5.1.7b).



k.

and /km are given by

K

2 Owmek W JELGT
- Fx Zzef. i X

(5.1.39)

’g{m = 05 [(l+vﬁ>(t+aﬂzm> ---J ((H’"“l')(l*‘knby— 464—1«0’:”‘] (5.1.3h)

The expression for kM is appropriate for equal end moments.  Where other
loading conditions apply, T may be replaced by the corresponding figure in
Table 3.07 of paper no. CIB-WL8 5-10-1.
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For rectangular cross-sections with equal end moments, taking G = E/16,

WE% £ ‘,“.O(J;S% (5.1.39)

where {, is the effective length of the beam, and the maximum permissible
value of Ya in (5.1.3a) may be obtained fram fig. 5.1.3.

fun

For a number of structures and load combinations fa is given in table 5.1.3
in relation to the free beam length L .

The free length is determined as follows:

a)

b)

When lateral support to prevent rotation is provided at points of
bearing and no other support to prevent rotation or lateral
displacenent is provided throughout the length of a beam, the
unsupported length shall be the distance between points of bearing, or
the length of a cantilever.

Wnen beams are provided with lateral support to prevent both rotation

and lateral displacement at intermediate points as well as at the ends,

the unsupported length may be the distance between such points of
intermediate lateral support. If lateral displacement is not prevented
at points of intermediate support, the unsupported length shall be the
distance between points of bearirg.

Table 5.1.3 Relative effective beam length %

Type of beam and load L/4
Simply supported, uniform load or equal end moment 1.00
Simply supported, concentrated load at centre 0.85
Cantilever, uniform load 0.60
Cantilever, concentrated end load 0.85
Cantilever, end moment 1.00

The values apply to loads acting in the gravity axis. For downwards acting

loads

{, is increased by 2 h for loads applied to the top and reduced by

0.5 h for loads applied to the bottom,

Deflection

I1f desired, add section from 'BEAMS - DEFLECTION' on page 8 below.
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BACKGROUND - DESIGN FORMULAE FOR
MEMBERS SUBJECT TO LATERAL BUCKLING

The graphs shown in the previous paper (Burgess 1986) for a beam without end
load were drawn by fixing the value ¢ = 0.0001%/4, , and this determined
the related value of i, . When extending the study to beam-colums for a
more recent paper (Burgess 1987) it became evident that W, must be fixed as
a oonstant times the f/b ratio if the graphs are to reduce to appropriate
values for columns without lateral lcad when J,= 0 .

This is a consequence of the value of W, usually applied for columns, coupled
with the relationship between W, and ¢o . With u,= constant xv} , the
related value of ¢, is found to be ‘mdefendent of {/b and the permissible
value of (—;m does not reduce to 1.0 when /}, approaches zero.

In proposing design formulae for beams for the CIB (ode, two different
approaches are tried. In the first it is supposed that what is needed is a
minimun  degree of alteration to the Code as it stands, and that there is o
need to consider any possible effect of linking the beam design rules with
those for beam-columns at same later stage.

After presenting a proposal on these lines the second approach below will
show the formulae and graphs arising fram an integrated treatment of beams,
beam-colums and colums.



FIRST APPROACH

1. Not related to beam-colummn theory
2. Initial twist @ = 0.0001 ¥4, with related il, (paper 19-10-1)

Replace page 15 of the CIB Code by the following.
CIB-STRUCTURAL TIMBER DESIGN QODE

Koot 18 a factor (¢1) taking into account the reduced strength due to
failure by lateral instability (lateral buckling). X ..+t is determined so
that the total bending stresses, taking into account the effect of initial
curvature, eccentricities and the deformations developed, do not exceed f.. .
Its value may be found fram the formula

kit = o-s‘[(w(u—n,‘) G-_—L—-—"“ff"‘t -—j(|+(¢+11,') o’——'“'{f*“’ )l — 40"‘"‘(:* ] (5.1.3b)

where v = %(% _ !) @, (5.1.3c)

Onorit T EL,GT
d ¥ T e, i 1.
R Zoele b {1 — T4/1. (5.1.3d)

In (5.1.3d) O, .t is the critical bending stress calculated according to

the classical theory of stability. %' allows for an initial twist ¢, at

mid span, accanpanied by an initial lateral deviation from straightness.

K it may be put equal to 1 for beams where lateral displacement of the
compression side is prevented throughout its length and where torsion is
prevented at the supports.

¥y S

‘§v Xy 4’@

2000“" ’f’Q
£ D
¢S fn b

O?n,crit
fm I\
10-00-
AR
50
B Y ENE 10 {

7b Figure 51.3,



For a beam with rectangular cross-section
L
-5 (- %o

Taking ¢ 0. 0001 ?'/b ' Jfl may be determined fyram fig. 5.1.3 which
is based on the following formula with E" MR = 16,

Um[cvlf =_K_b_ £ Eod f oy

where {, is the effective length of the beam. For a number of structures and
load cambinations £, is given in table 5.1.3 in relation to the free beam
length £ .

The free length is determined as follows:

a) When lateral support to prevent rotation is provided at points of bearing
and no other support to prevent rotation or lateral displacement is
provided throughout the length of a beam, the unsupported length shall be
the distance between points of bearing, or the length of a cantilever.

b) when beams are provided with lateral support to prevent both rotation and
lateral displacement at iIntermediate points as well as at the ends, the
unsupported length may be the distance between such points of intermediate
lateral support. If lateral displacement is not prevented at points of
intermediate support, the unsupported length shall be the distance between
points of bearing.

For the rectangular cross-section, the lateral deflection of the centre of
the beam at its centre-line may be calculated as

r Im
A2G i O:n_g,:_-r'i,t
tof by o Sm

dm,cri«t



SECOND APPROACH
- integrated treatment of beams, beam-colums and columns.
In the following formulae, v, has the meaning applied in the CIB code; it is a

constant which multiplies the value of A and does not mean the product as in
the British code.

Tentative design formulae
for members subject to lateral buckling

The formulae given apply only to a member with a aross-section which 1is
symmetrical about both the major and the minor axis. The symbol I without a
subscript refers to bending about the minor axis, and Z refers to bending
about the major axis.,

The value of v/ to be used in the following expressions should be calculated

from
‘. 2L f [ET

where { = radius of gyration about the minor axis

I
= | = =t
¥y = 1=-7

For rectangular cross-sections, taking G = E/16 and

J = &3—‘3(1-0-(,3%)

¥

I

then 7,




BEAMS - STRENGTH

For a beam which is held in position at its ends but is free to deflect about
both the major axis and the minor axis, the maximum permissible value of the
applied bending stress may be found fram

A
i
|
f

ax Um erid g, \ = d £
= U"‘{:: 05 [(q + (1¢) -mff’;—t— {1+ (1+7) vﬁf*?‘;‘:ml-:-) — 4 —"-‘Eﬂ—'x‘l

_ Ol __m {EIG:r
ki = o 24

£ 05 [(H—LH—VU) Rer) --j(la&—(l*%’)fzm)z — 4"&1»4}

=
3
i
Eq
I

The above expressiops ,are derived for equal end mcments. Where other loading
conditions apply, T in the expression for Ry may be replaced by the
appropriate figure fram paper no. CIB-W18 5-10-1.

For rectangular sections, with G = E/16

. - 0463
by = Gt = T %%f%)i

The wvalue of E should incorporate any reduction factor applied in colum
design.

BEAMS ~ DEFLECTION

The lateral deflection of the centre of the beam at its centre-line may be
calculated as

o

L) Taerit
n &L .
T, erit

where { = radius of gyration about the minor axis.

For a beam of rectangular cross-section the corresponding expression is

o
W wiw
B v-gnn

For either expression, D’lew should be calculated without a reduction
factor (load factor) for E, and using the 'mean’ or ‘minimun’ value of E as

appropriate.



BEAM-QOLUMNS — STRENGTH

The following expressions apply to members subject to axial campression and
to Yending about the major axis, which are free to bend also about the minor
axis.

such a member which is held in position at its ends but is otherwise free to
buckle and twist should be so¢ preoportioned that:

A A

This gives a conservative approximation. For rectangular sections with
‘%: > 4 ar for other bisymmetrical sections with ],E.&> 16, a more accurate

solution may be obtained using the following expression if {/b;50

'fc. )\
i - -
Ok Oﬂm,cr‘&t

If %< 4 or % < 50, the following expression should not exceed unity; the

first term is for bending about the major axis and the last term for bending

about the minor axis.

0, . O b S, G, o o, f O o
ﬁ + ?{:?ﬂ K‘Y]')‘ + % + En‘ (l EFE‘ + (;‘Lfi.t) +O-"fi‘ -‘Fc;n’koé _O%f + dm,wit
- ) (-&)(-5)- (=)

where 0; is the critical longitudinal stress for twist buckling about a point

at a distance % %K fram the centroid.

i

O
_&; may be found fram
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BEAM~-COLUMNS — DEFLECTION

Y =50 and T/, 2= 16

The lateral deflection of the centre of the beam-colum at its centre-line
may be calculated as

o, Sa

W, = l-_(;_ «e e N U*“;"‘"”t

=M b f— G _ .Om
EE O'V“,‘-ﬂ'\t

where { = radius of gyration about the minor axis.

For a beam of rectangular cross-section the corresponding expression is
9’5-, -+ __gm_
W = Lﬁ Ce D"“'.L"“;t
NG O _ Om
GE Um,cr\t

U <50 or /T, < it

q, T O, . )
. W . —te _—
‘th, it (l * Um)bv’vt * Cg (‘ U#

(- 8)0-%) (o)

or for a rectangular cross-section:

e
W, = vl-gf

o = Te )
w = IL@. o’m?:fbt b+ Um,cri'l) + FE (1 B%)
R o CeN O WV
(-2)(-%) (=

BEAMS —~ GRAPHS FOR RECTANGULAR CROSS~SECTICNS

To introduce the theory allowing for initial imperfections into the CIB code
requires replacing Fig. 5.1.3 of the code by graphs making it easier to use
the formulae for beams (strength) given above.

At first sight it appears that one or other of the following sets of curves
will be needed:

(1) For each %—

%% plotted against —% as shown in Figure 1 for itz; = 8.

For % = 4,5,6,7 and 8, five such graphs would be needed.

ratio, a set of curves for different f—"— values showing

or {2} For each —%—" value, a set of curves for different ‘.% ratios, such
as those shown in Figures 2 to 6 for £ = 2000, 1600, 1200, 800
and 400. This requires five graphs even with such a coarse

interval in the E values.
g
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However, if Figure 3 is successively overlaid on Figures 4 and 5 it is found
that the curve in Fig.3 for ﬁ- = 1600 with -}% = 8 also closely fits that for
-{-_;—- = 1200 with % = 6 (Fig.4) and that for-f%ﬂ 800 with -%L"= 4 (Fig.5)

In each case the value F{%—% = 200, and further trials similarly give the
prospect of finding a set of curves which will cater for the whole range of

this factor.

The trial curves shown in the diagrams are artificially forced to meet the
vertical axis at gfil = 1.0 as explained in an accompanying paper, by making
use of the formula

1= =1+ ﬁ_ﬂii)wwf (1)

m,(-r‘t-t

A similar procedure will be applicable if the last term -w is omitted so

that the axis 1is met below the value 1.0.

The denaminator of the second term in the bracket is

e
G st ld [ V(R
i 5,,,)“:4;—-{ THo E b b |—-o-63%: (2)

and by trial plotting it is found that the curves obtained are not very
sensitive to changes in ¥ or in the square root term. Both of these are
therefore set at constant values derived as the average of five figures for
f

% =4, 5,6, 7 and 8. The resulting curves are shown in Figure 7 for a
range of 50 - 500 in § % with intervals of 50.
Laad

Laying Figure 7 over Figqures 2 to 6, it can be seen that the diagram is
valid for design use over the whole range of timber sizes and properties. In
making the comparison it should be borme in mind that the original values of
v, and the related V\,' are not determined with great precision, so that small
discrepancies are unimportant, especially if they are on the oonservative

side,
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The equation plotted for different values of ;E‘— -E: is
i

(. O n
e B el

with v = 0.11336
= (.9586
For a given wvalue of —% % , this may bhe solved to give the maximum

permissible value of ¢ as

g = 43 £ 1 )0 - [llm 48 RV TR )

By solving (1) the same equation may be expressed as

= (o) ) = Lo} B - (o) 2 )

but of course for inserting a particular value of %— % this would have to
be broken down into the form shown by (4).
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Bending | Tension | Comp. P11 Comp. Perd | Shear P | Bmean  (Hmin
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55 7.3 5. 8.0 155 086 10600 5700
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Units Nmn?

load application ithrough a serles of wires and

ies of point loads on the joists ). After 3
this arrengement was changed so thai losd was applied ss g uniformiy
fistributed load (U DL Y by wmeans of an ale bag snd the wire / pully sysien
was asbandoned. A Tuller descripiion of the test rigs is given in Appendix B,

TEET

The 24 howr defiections resulis are shown graphically in figures §© 1o 4,

411 Jolsts passed the strengih test and generatly reached & load factor in excess
of 3.

Tiaad GO

The test load was oblained by assoming that the jolsts were spsced al H00 mm
centras and were carrying a total floor lead of 20 KN/F® (1.0 superimposed and
0.5 dead ).

In beam 16 the preload was repeated with approzimetely s 24 hour gap belween
the tesis. The 24 hour test was extended to approximstely 160 hours. The
defliaction over the extra 136 bours was spproximaiely the same as that over ibe
2& hours. Only over the lasi 60 hours of ithe tesl did the raie of deflection
dacresse substantialiy.

3

Figures 1 to 4 show the 24 hour

&
deflections and the return curve for

deflections only. For clarity the preload
release have been omitted,

Trisngular joints were also taken from several joi and were subjected o a
point loading. Deflecijon was measured snd from these readings the deflection due
to nail slip was caleculated snd a nell slip cwrve was drawn as an indication of

the nail properiies.
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DEGCRIPTION

The test method iovolved 3 different processes,

3 Prelpad

A& load equal to the 'i"m}"f tarm design mdd was applied and maintained for
action of the

period of 30 minutes before it was released. The defl

joist was

measured before and affer the load wes released and again at the end of 15

minules,

2 PBeflection Tesi

immedistely following the preload test the long term design load was ag

GPPEJ‘,@\% This was maints in'“i for a perloa, of 44 %1():.1r s before baing
sariod of 30 and 45 wminutes and

long tern to&d was applied generally over a
3§ lactl 1% were taken as follows:

-
ey
0
-
o
-
L2
P
ror
~
i
oy
i
[
—
ey

A 1% minuies afler the application of the long term design losad.
B, AL regular mf()r vals during the 24 hour period.

C. At the end of the 24 hour period.

Yoo 1D ominukes alter the release uf the long term design load,

(32 Shirengih Test

.| I

5

applied ss under the deflection test. This load wss then increassed

released.

ot

approgimaiely the same uniform rate until an appropiate saftey facior was

reached ( this varied {from 2.5 for

Joist tested to 2 for % or more joists

i
tested ) where upon the load WaS held for 15 minutes. Where appropisie the

was further incressed until failore or instebility was reached,

TEST ACCEPTARCE

N

The usual oriterion for the acceptance of the above fests are;

Z

o The deflection of a joist at the end of the 24 hour period musi

i

08 times the amouni specified in ihe design. {08 ¥ O k}Oj times
f\r
gmr iod.

!

the

not exce

The joist should sustein the sppropiate load ( the long term design load
me apprepiate factor for the aumber of joists tested ) for 15 minutes.

Given ithe

ster ihe completion of the 24 hour test the Jopg term design load was re-

load

ad
Span 1

i

@ dellections experienced the 24 howr defleciion test

The rate of increase in defleciion should tend to decresse dur ing the Z4 hour

Was

used as & gulde for delermining a design weihod rather fhan as a straight

iallure criterion as described above,

Grward

ey
e



DESCRIPTION GF TEST

The {irst 3 doists ware fested on a converied trusg i

“

Loy Load was spplied
oniy Lo the upper chord which was resirained at G0C mm cenires.
This proved unsaiisfscliory for a numbar of ressons. ’i‘iw self waight of the
pullies and cables were loo i test load (
spproximeiely 40 % ) and iherefore o accurate zero load datum could be
B .mwi The: load over & period of time lended lo relax as the joist
i wrous ajusimenis in the load application which

Bigh a percentsge of the toia

ad end Lhis necess :
in any case was nob o drue U4

1 L

Bue to the above the test rig was aliered -
alr bag rather ihan ]
under pre j

the load was spplied by sn
abr was forced into ihe bag
ng and reaciing agsinsi a
ends of boih these members ware enclosed
i oa f oforce ring fof holiow sieel sectlions and s::;%;a'-;ae,}. bars with thelr end
reactions cancelling eachother oulb, Deiails of i
o,

cabnles

siaal

tast rig are shown in figure

Load was measured by load cells and  deflection gsuges were placed at the
supports at ihe )0 L ocenty & ' "che splice pos

using this rig were;

ivions. The advanisges in

The aspplied load was a frue ¥ 8 Lo

Zero applied load cen easlly be oblaimed,

Load spplication s accurate.

Load appl ion ks omore stsble and therefore adjustment is less {reguent,

The tesi area s clesr of cables etc angd observation of the test is eassier.

3
An improvement in ihe itime laken ito set up the diferent joisis Jor tesiing.
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Abstract

Two composite structures of timber joists and concrete slab, PB-stab and TP-slab! developed by the
author and manufactured in Finland since 1979 and 1985 are presented, the design basis and a design
method is described, some experience is discussed.
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1. Introduction

Timber has been utilized together with mineral materials thousands of years ago. E.g. timber brushwood
has been used as a reinforcement of ¢lay, mortar, concrete or masonry, Timber joists have been used as an
opening beams of brick or stone walls or as a reinforcement of brick or stone structures,

1 The structures are called here according their Finnish initials "timber-concrete-slab" (pun-betoni-
laatta) and "steel-timber-slab” (terds-pun-laatta).
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Nowadays it is not commoen {0 connect timber and concrete or any other mineral material to the same
structural unity. The reason is in the author's opinion mainly the following:

+ There are many poorly known things, e.g. shrinkage of concrete, deformation created by temperature
and moisture which have frightened usual designers to utilize the composite behavior,

+ Among some designers timber structures may have a bad reputation due to the poor durability caused
by unskilled and/or negligent moisture control.

» Designers have usually specialized only on one material {which they favor). Timber concrele composite
structures require knowledge of two materials.

Composite timber joists concrete slabs have been utilized earlier e.g. in U.8.A, as bridges and in Sweden
as small house walls and floors since 1971, (The Swedish system, called EW-element, has been a greal
source of ideas to the author.) The connection between joist and concrete has been achieved by nail, stable
or bolt. Some tests have been made to utilize contact by grooving the joist edge adjacent to concrete.

The author has worked with nail plate connector. It has some advantages:

The nail plate is an effective timber connector with the low ratio of prize/stiffness and prize/strength. The
nail plate is a reliable connector, though it is stiff, it is ductile. It is possible to use the nail plate with
any joist cross sections, also small joist breadth 50...38 mm which usually leads to little joist costs is
possible. The nail plate can be utilized to increase the shear strength in joist by using the large nail plates
at joist ends. It is possible to have a gap betwecen joist and concrete which brings many advantages:

+» The possible moisture in concrete can not be transported into timber and many harms e.g. moisture
deformation in timber and risk of timber damage are eliminated.

+» Timber is saved on the gap area. This takes place with no practical loss of strength or stiffness because
the neutral axis is located in the gap.

» The gap increases the total structural depth. Timber joists are usually available in limited depths, so the
maximum span is increased.

* The gap makes the force to transfer from the joist to the concrete softly. The stress peaks created by the
constraint forces are less than in the case of no gap.

» The gap makes space to pipes and wires across joists.

2. PB-slab

PB-slab ("timber-concrete”-slab) fig.1 (in the appendix} is suited to concrete clement industry, Production
happens in the following way:

The nail plates are pressed into timber joists, a part of the nail plate =45 mm exceeds timber edge.
Concrete, 40...70 mm, is poured on horizontal mould, central reinforcement is used.

The joists with nail plates are pressed into the wet concrete making a gap of ~20 mm between joist and
concrete, the nail plates will get into concrete =25 mm.

After concrete is hardened, the element is lifted and transported to building site. The structural connection
between elements is usually achieved by welding in steel anchors. The connection through joists with
nails is sometimes used. The element seam is filled with plastic or mineral mortar.

PB-slab is mainly used as a wall element. Concrete is usually as an outer surface. In buildings where
humidity is high, e.g. barns, concrete is inside. Horizontal applications (floors, ceilings) are also utilized
in some extent. Concrete may be on the lower or upper surface, usually on the lower surface.



3. TP-slab

TP-slab ("steel-timber-concrete”-slab} Fig, 2 (in the appendix) is suited to trussed rafter and prefabricated
timber house industry. TP-slab is used at present only as horizontal structures (floors). Concrete is on the
upper surface. Production happens in the following way:

The nail plates are pressed into the timber joists on plant. The joists (with the plates) are transported to
building site. They are adjusted to their position. Above the joist there will be spread timber battens and
a .4 mm steel sheet which is punched 12 mm into nail plates using a lath and a mallet. Concrete 25...50
mm is cast on the sheet. The steel sheet works as a working platform, mould and reinforcement. A
reinforcement mesh is not usually needed, According to experience reinforcement is not needed for
strength but to force width of cracks little,

Alternatively, the joists, the battens and the steel sheets are connected together on plant to form an
element which is transported to building site. Only concrete casting takes place on site, Or even concrete
may be cast on plant.

‘While concrete is cast temporary support is needed at the middle of the span. The support is utilized to
get a camber of appr. span/800.

4. Nail plate

The nail plate used in BP- and TP-slap is especially developed for the purpose, fig.3 (in the appendix). In
BP- and TP-slab nail plates the stiffness and the shear strength are most important. Spikes are not
punched on the gap area which increases plate shear- and compression strength, To make the plate still
stronger the gap area is slightly corrugated. The part of the nail plate which is poured into concrete is cut
in spike form. These spikes have anchoring barbs to ensure the connection in congrete. The plate is
corrosion protected with zinc 350 g/mZ2,

The nail plates are nsually pressed only to the other side of the joists. As a high strength or stiffness is
needed the nail plates are pressed on both sides, The high strength of the nail plate allows a gap of
20...50 mm between timber and concrete i.e. the nail plate can transfer the shear force from timber to
concrete over the gap. The nail plates have width 100...180 mm (usually 120 mm) and length 150...300
mm (usnally 300 mm) and they are located 400...600 mm (usually 600 mm) apart.

5. Joist

Usual sawn timber of cross section 38...75%100...225 mmZ2, 400...1200 mm apart with finger joints or
nail plate splices can be used. LVL-joists (laminated veneer lumber, e.g. KERTO-LVL) have turned out
{0 be good duc 1o several reasons:

« LVL-joists are strong and stiff,

» LVL-timber has (apparently) small and slow moisture deformation.

» LVL-joists are available in the large variety of cross sections and lengths.

Glue lam joists are also possible. Only Scandinavian softwood (Picea abies, Pinus sylvestris) has been
used so far.

6. Design method
6.1 General
The analysis is simplified assuming that the slab is made up of several two dimensional composite joist-
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concrete "beams" i.e. the real three dimensional behavior is neglected, This assumption is justified
because nearly always in practice the slab length (or span) is larger or at least of the same magnitude as
the slab width. This means that the three dimensional action is small,

These subbeams have the structural form of a vierendel beam which is made of joist (timber beam) and
concrete (a part of concrete slab) connected together with the nail plates. The vierendel beam can be
analyzed with the general theory of composite beams with a partial interaction. Natterer, Kessel and Hoeft
/2/ have demonstrated the theory to the case of timber joists and concrete slab. Girhammar /1/ has
developed the theory to consider the nonlinear behavior of the connector, he has also handled the buckling
of a wall. The theories /1/ and /2/ require an uniform contact between joist and concrete and they are well
suited to the hand calculations of simple cases.

The nail plate connector is different. The connection is not uniform and the support and/or load conditions
are often complicated. That is why the author uses the finite element theory,

Further, the finite element theory is sometimes necessary because TP-slab and PB-slab may be connected
10 the other structures to create the same structural unity, e.g. TP-slab is cast over the bottom chord
beams of a timber frame. In this case the interaction between the slab and the frame has a big effect both
on the frame and the slab which means that the total structure has 10 be analyzed as one unity.

The author has developed a finite element program for trussed rafters. This program is general enough to
suit to PB- and TP-slab. The following modifications are made:

« The concrete member is replaced by its elastic and sirength values.

» The connection between concrele and nail plate is completely stiff (the spring value is very high).

» If concrete is under tension and cracks approximations are needed. A satisfactory assumption for the
strength analysis is that the concrete is idle at the tension zone and the tension forces lie completely on
reinforcement. The deflection analysis creates problems, the (skilled engineering) interpolation between
two extreme analysis boundaries has been used.

The design of TP- and PB-slab means in practice the material selection and the definition of deflection and
strength (sometimes also estimation of crack width). The strength analysis consists of:

« Definition of timber stress (compression or tension and bending, shear and compression perpendicular).

» Definition of nait plate stress (shear, compression), the highest stresses are usually at joist ends.

» Definition of needed reinforcement if concrete is under tension.

Concrete has usually excess compression strength and it seldom becomes dimensioning.

6.2 Constraint forces

6.21 General

As the timber or the concrete structures are designed separately it is assumed that there are no constraint
forces. But the timber concrete composite structures have constraint forces: the concrete shrinkage, the
temperature deformation between timber and concrete and the moisture deformation in timber.

The constraint forces are created by the strain difference Ag between concrete and joist. This strain
difference causes internal stresses in concrete and timber and deflection in the total structure. The size of
the stresses and the deflection depends on stiffnesses and geometry and they can not be analyzed simply.
However, two extreme cases can be defined casily:

Case 1: If the structure is prohibited from deflecting and the stiffness difference between the concrete and
the joist is large (AcEc and AgEy is of different magnitude) the strain deformation takes place completely
in the weaker part (concrete or joist, usually joist), assuming the strain difference is Ae then the stress
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o=EAe. This casc represents the maximum value of the stress, the other part has =0 stress {also
deflection is 0),

Case 2: If the concrete and the joist have a little flexural stiffness (IcEc=0, I{Ew=0) and the structure is free
to deflect the strain and stress in concrete and the joist is =0, The strain difference Ag causes only
deflection. The structure bends to constant curvature:

Ah
R=—___ (1)
Ae
12
V= — @)
4R
where

R =radius of curvature

Ah = difference between concrete and joist center axes
Ae = strain difference (between joist and concrete)

] = span

v = deflection

In practice the deflection is less than the case 2 and the stress is less than the case 1. (A rough estimation
is that the strain is Ae/3 and the deflection is v/3, these values apply to the approximate excess action by
the strain difference in the most structures in practice.)

6.22 Shrinkage of concrete

The Finnish concrete code advises that 25...50 mm thick standard concrete, cast on 0.4 mm steel sheet,
has the total shrinkage of 0.023%...0.049% depending upon climate conditions. This is bigger than the
ultimate tensile strain and the concrete should crack from shrinkage. However, we know from experience
that cracks do not usually occur. This can be explained with the fact that the arcas cast at the same time
have been little and they have been free to shrink. On the other hand cracks are produced if concrete has
large shrinkage or the concrete is poorly cured after casting e.g concrete dries too quickly after casting
(concrete is not covered with a plastic film on hot and/or sunny climate). According to some tests these
cracks do not seem to decrease strength further the slab may be watertight in spite of cracks (at least
against litle water pressure i.e. the cracks do not extend through the slab and/or they are very narrow).

6.23 Temperature deformation

The concrete has temperature deformation 10-3/°C and timber respectively 0.5 10-5/°C parallel to grain.
Assuming the temperature difference amplitude is $40°C the strain difference Ae caused by temperature is
+0.02%.



6.24 Moisture deformation

Timber has moisture deformation parallel to grain 7 10-5/% (strain 7 10-3 per 1 % change of moisture
content). Under indoor climate conditions (e.g. standard living houses with no air dampening) timber has
the moisture content variation between =6...12% in Finland. So, the strain amplitude Ae is 20.021%.
The strain difference from completely dry to completely wet is ~0.3%. Both in TP- and BP-slab timber
meisture content has varied from dry to wet (=6...~25%) without creating any detectable harm to the
structure (though the calculative stresses are high).

Oil treated timber has =0 moisture deformation which gives a chance to utilize composite structures at
places where the timber is subjected to direct water.

6.25 Constraint forces in design

Timber fails at =0.2...0.5% tension strain, The ultimate compression strain is appr. twice as much as
that, The ultimate tension strain in concrete is =0.01% and the uliimate compression strain is
=0.3..0.5%. Concrete has a little tension strain capacity but this is not any problem in practice because
cracks are allowed and forces are transferred to reinforcement. The steel has a high strain capacity
(5...20%). In practice concrete compression strain never becomes dimensioning due to the high strength
and stiffness. So, in practice, the strain difference becomes dimensioning mainly in timber tension and
the connectors get some eXcess siress,

By controlling timber moisture content during casting it is possible to get a prestressing effect (at least
theoretically) e.g. it is possible to compensate the concrete shrinkage and get appr. unstressed structure by
having the timber moisture coment =3...6% higher during casting than in the final structure.

Timber tension is the major reason for failure in PB- and TP-stabs. Under controlled climate conditions
the approximate maximum strain from temperature and moisture is less than 10% out of the timber
tension strain capacity. One could assume that the constraint forces have such a little effect that they can
be included to the safety factor. This thinking has been adopted in the present Finnish PB-skab approval.
On the other hand the constraint forces are real and they apparently reduce the potential strength and the
strain difference causes excess deflection. The type approval of the Swedish EW-clement prescribes that
the constraint forces are considered assuming that the strain difference Ae between timber and concrete is
+0.02% and its effect is added to all the other loads both in the strength and deflection analysis. This
strain includes the effect caused by shrinkage, moisture and temperature (if they do not exceed their
common values in construction). This applies to the allowable stress design. (If the limit state design
method is used the strain (+0.02%) must be multiplied in the failure analysis with the load factor
1.3...1.6 depending upon the safety system and the number of other actions in the same load case.} This
method looks good and in practice it means roughly the reduced potential composite behavior strength of
=10%.

6.3 Test-analysis comparison

Many tests have been done both with PB- and TP-slab. A typical TP-slab was tested recently by
Technical Research Centre of Finland /4/. The slab size was 2350*6000 mm2, the concrete was 50 mm
thick, standard K30 quality, steel thickness was (1.5 mm, no reinforcement mesh was used. The battens
were 48*48 mm2 600 mm apart, the slab had 5 joists 48* 198 mm2 485 mm apart, the slab was Ioaded
with 4 line loads.

The analysis applies to the load level of F=1.59 kN per joist (=2.2 kN/m2, R=3.18 kN).



The following elasticity valucs were used:

Concrete elasticity Ec=29000 MPa, got from strength with equation Ec=5000v33. Timber elasticity
E=13000 MPa, got from elasticity measurement before concrete casting, Nail plate stiffness k=8
N/mm3, got from experience.

The analysis is based on a model shown in fig 4. Black nodes represent stiff joints, white ones represent
the semirigid joints between timber and plate,

6000 mm

concrete S0*480 mm? £=20000 MPa F R
plates 117%300 mm$ ¢ 600 mm
(battens 48%¥48 mm~ ¢ 600 mm)

1=5900 mm

I splice 120%300 mmc? joist 48*198 mn2 E=13000 MPa

Fig. 4, Finite element model for TP-slab analysis

The analysis gives the result shown in 1able 1 (case 0, representing the same stiffness vatues as
measurement) there are given results also from 4 other analyses:

Case 1: Timber elasticity is reduced =25%, E=10000 MPa

Case 2: Nail plate stiffniess is reduced 50%, k=4 N/mm3

Case 3: Strain difference Ae between concrete and timber is 0.02% (e.g. timber dampens =3%)

Cases 1,2 and 3 are calculated adding the effects to the case {0 simultaneously, i.e. the case 3 has
E;=10000 MPa, k=4 N/mm3, Ae=0.02%. The case 4 represents noncomposite behavior k=0 meaning no
(very little} shear force between joist and timber but having a vertical force to make the same deflection o
the concrete and the joist, Ei=13000 MPa, Ae=(}, the nail plate splice has been replaced with stiff (finger)
joint and concrete thickness 50 mm has been changed to 30 mm to represent the flexural stiffness better.
The concrete has a little flexural stiffness, so the joist carries nearly all the load. The results are presented
in the table 1, CSI denotes the compound stress index of timber (fi=7 MPa, fp=11 MPa), v denotes
deflection and Oy, Gcl, Gy, Gy Stress in concrete and timber upper and lower edge in mid cross section.

measurement case 0 case 1 case 2 case 3 case 4
Gy (MPa) -1.5 -1.60 -1.78 -1.87 -245
Gc1 (MPa) 0 +0.08 +0.26 +0.39 +1.18
Oy (MPa) +0.6 +0.41 +0.52 +0.39 -0.89
oy (MPa) +3.2 +3.41 +3.30 +342 +4.08 =12
CS1(%) 42 41 42 47 =110
v (mm) 7.3 6.6 7.6 8.9 12.6 =40

Table 1, Measurement and analysis resuits of TP-glab



7. Experience

PB-slab is mainly used as a wall clement. In this application the structure is sound, concrete carries the
compression force and the joist gives the buckling support. In this case both tests and analyses show that
the wall carries a very high compression load.

TP-slab is mainly used as a floor structure where besides strength and stiffness also deformation stability,
dynamics, acoustics, fire and moisture resistance are important, In all these factors TP-slab is better than
conventional timber floors. According to Olsson /4/ the common timber joist floor: 48*198 T30 ¢600
with a particle board sheeting is not satisfactory at 3500 mm span but the same joists connected to 25
mm or 50 mm concrete are satisfactory with 6000 mm span.

Both PB- and TP-slabs have performed well during 9 and 3 years, no damage has occurred, neither has any

complaints about serviceability (deflection, cracks, dynamics, acoustics, etc,) reported.

8. Summary

As timber and concrete is connected to the same structural unity excess stresses occur due to the strain
caused by shrinkage, temperature and moisture. These stresses, of course, reduce the potential benefit by
the composite behavior, Though, under controlled climate conditions or using the oil treatment the
advantage due to composite behavior still is significant. In a typical case strength increases 2...3-times
and stiffness 5...10-times compared to noncomposite behavior. Other benefits are gained, too.
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APPENDIX

Fig. 2, Principle of TP-slab
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CLASSIFICATION SYSTEMS FOR STRUCTURAL WOOD--BASED SHEET MATERTIALS

INTRODUCTION

The majority of applications in the U.K. requiring the use of a structural
wood-based sheet material have, traditionally, been met by one of the many
types of plywood available. However, recent advances in wood-panel
tecdhnology have resulted in an increasing use of particleboard and other
wood-based composite panels for structural applications, particularly in less

onerous enviromments where durability is not a prime requirement.

The choice of an appropriate bpoard material in the U.K. is complicated by the
fact that the majority of panels are imported and originate from a large
number of sources with little U.K. control over their specification. Thus
we can do little more than accept or reject each board type for use on an
almost ad-hoc basis.

With such a wide variety of board types available, a means of simplifying
design and specification would be beneficial. This is particularly important
if a complicated and confusing situation is not to be "built into" the new
Furocode 5 fram the start,

DESIGN DATA TOR STRUCTURAL SHEET MATERIALS

The present edition of BS 5268 : Part 2 : 1984 includes fourteen tables of
structural plywoods (covering 136 different species/lay-up/thickness
conbinations) and four thicknesses of tenpered hardboard. This causes
problems with the design and specification of structures and components,
particularly those involving the use of plywood, since a design using one of
the 136 possible plywoods should e rechecked if substitution of another
plywood is desired. In practice, substitution is all too common, and even
non-structural boards are used, giving timber products in general a poor

image, and an unfairly bad reputation.

-l



The revision of BS 5669 : 1979 'Specification For Wood Chipboard' is at an
advanced stage. Wnen issued it will include specifications for various
grades of chipboard, flakeboard and cement-bonded particlepoard. Part 5 of
the current draft is entitled ‘Code of Practice for the Selection and
Application of Particleboard for Specific Purposes', and 1s intended to
give guidance on suitable applications for wvarious types and grades of
particleboard, It appears likely therefore that at some future date further
particleboards will be added to the materials included in BS 5268 : Part 2.

The next amendments to BS 5268 and the revised version of BS 5669 are likely
to include improved marking requirements for boards. Wnilst this should
improve the users awareness of what products are, or are not, permissible, it

ig only part of the solution,

The situation therefore is approaching one in which the designer will be
faced with a plethora of wood-based sheet materials, not all of which will be
suitable for all applications. In the past, the simpler timber codes, giving
only solid timber and glulam stresses, have been fairly unrestrictive with
regard to climate, service conditions and considerations such as creep. The
newer codes, which include sheet materials, are seeking to take such factors
into account. Commercial availability, or otherwise, 1is another aspect
strongly influencing final choice, althougn this is hardly amenable to

codification.

In addition to the confusion that is likely to occur with the range of
materials in BS 5268 : Part 2, other materials continue to be introduced
under 'type approval' arrangements. In the U.K., for example, the Agrement
system has been used for this purpose, If this process were to continue in a
piece-meal fashion, as each product is accepted for broader applications, a
vast number of slightly differing specifications could be foreseen. It has
therefore been suggested in the U.K. that, to avoid the worsening confusion
and growing risk of inappropriate specification, a systen be produced under
which all wood-based sheet materials intended for structural use can be

classified and specified on a common basis.

A report by Socothill(l), made an initial study of the subject, and proposed a
grouping systen for wood-based sheet materials on a similar basis to the
strength class system adopted for solid timber in BS 5268 : Part 2, except
that boards could have a different rating for different properties. Plywood



was excluded from this system, since it was felt that its inclusion would
lead to uneconomic under-estimates of certain properties. The main reason
for this is that the ratios between various properties for plywoods are often
very different from those of other types of board. This highlights the
fundamental problem faced by anyone attempting to produce an all-embracing
classification system. However, it is essential that structural plywood be
included in any future system if it is to receive widespread acceptance from

manufacturers, specifiers and users alike.

Furthermore, because of the large variety of board types and constructions
and the need to include other performance factors such as durability and
moisture resistance ratings, it is Jdbvious that any viable system will be

more complex than a corresponding solid wood classification system,

ALTERNATIVES

As mentioned above, there are problems associated with a simple strength
class type of system. The variation in interrelationships of different
properties for different board types makes such a scheme difficult to define
and implement. For example, for particleboards the ratio hetween modulus of
elasticity in bending and shear modulus is typically about 3, whereas for
many plywoods this ratio can be in excess of 10, In general, there is no

comon correlation between any two properties for all board types.

An alternative approach might be to adopt performance rating, as used in
North America. In such methods, panels are submitted to tests designed to
simuilate in-service loads and conditions for a specific application, e.g.
flooring. The panels are then given a rating for that application. One
problem associated with this type of system is that there are Ffundamental
differences in loading and environmental conditions between North America and
Furope. This would therefore require specialised testing of panels intended

for each market.

Another cbjection is that the performance rating system does not allow the
board to be used for alternative purposes where design stresses are required.
Although this system is popular in North America it has met with considerable

resistance in Europe.



Another suggested approach is to adopt a conbined system, where performance
rating is used for the larger market areas such as flooring and sheathing,
whilst design stresses are made available for special designs. This systen
seems to corbine the problems of both the others which may well outweigh the
penefits to be gained. It would also be difficult and time consuming to

implemnent.

Alternative approaches might be developed based around each major end-use
e.g. flooring, wall sheathing etc., with only properties related to that end
use being included in the required assessment. This would in many instances
require an assessment of durability, appearance and stability under changing
environmental conditions. 'This is, in effect, similar to the Agrement
approval system, but would be carried out under a properly codified and

approved system,

Other, yet to be defined, systems may be possible, but considerable effort
may be required to define and specify any system for use in the U.K. as the
majority of panels are imported and these originate from a large nunber of
sources. It is unlikely that European or U.K. specifications can be imposed
on overseas producers aiming their products at a range of markets and
therefore the system should contain a method of rapidly assessing imported

boards produced to foreign specifications.

CLASSIFICATION PROJECT

To develop proposals for a classification system for wood-based sheet
materials, a programme of work, part sponsored by the Department of the
Enviromnent, has recently started at TRADA, The following are its stated

aims:—-

1) To review the implication of completed programmes, and to further develop
existing work carried out at other establishments, for a more unified
approach to the classification of structural wood-based sheet materials

in Burope,

2) To develop a classification system in the context of BS 5268 and BEurocode
5 with the intention that it should be suitable for the full range of
structural. boards available in FEurope and form the basis for

harmonization of Ruropean standards relating to panel products.

—lm



3) To identify a limited range of tests for materials and components that
will enable any particular board type to be assessed in accordance with

the new systenm.

4) To undertake a selective programme of materials testing and performance
testing on components, with the aim of refining certain tests and
collecting comparable information on representative materials., To
include measures of variability and the influence of important effects

such as durapility and dimensional stability.

The project is aimed towards the classification of structural panel products
according to their mechanical and physical properties, but will also consider

related aspects such as durability and reaction to moisture.

The initial stages of the project will involve a review of work already
carried out on classification and component testing, a study of systems used
in other countries, and liaison with other organizations and individuals in

the construction and related industries.

To conclude, an interim report will be produced outlining the proposed
classification system. This will relate to as wide a range of wood based
sheet materials as possible and will take into account important end uses
such as sheathing, flooring and common structural components, e.g. built-up
I-beans. Feedback from the industry will be sought at all stages prior to the
full development of the systan.

1} Soothill, C. A unified approach to the classification, specification and

characterisation of particleboards and fibreboards.
Unpublished TRADA report. June 1984
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Abstract

The present nail plate tests are aimed to be momentfree. However, there may occur a big moment which
is demonstrated in the paper. The definition of a moment loaded joint is cleared up. Some discussion is
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1. Introduction

In the CIB-conference 19, Florence, Italy the author was asked to write a paper about testing nail plate
joints subjected to moment load. This paper is a preliminary reply to the request. A research project has
been established under the leadership of the author lasting 30.4.1989 having the aim 1o define guidelines
for design of the moment loaded nail plate joint. However, three suggestions will be made and offered for
a discussion. A more thorough report will be published later. |

2. Definition

Some definition is made to clear up the basic concept of moment loaded nail plate joints . The concept is

not completely the same as the one of Norén /3/. The difference lies on the location of force Fi,. The
reason for having a different concept is to have the analysis model equal to the joint model. Norén's

concept sees the problem from the joint design of view and serves better the joint design. As the author

can see, both concepts give the same results if they are applied at the same conditions (e.g. the plate

rotation is considered). ' ' o
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When two (or more) timber members are connected with a nail plate there occur many types of "joints”
(junctures, connections, scarfs, seams etc.) which represent the different degree of integrity. All these
joints are called here "joints" as suggested by Norén /1,3/. The joints are made up of the following
elementary actions (forces and/or moments):

a, Friction force Fixy from member x (0 y

b. Compression force Foxy from member x to y

¢. Plate force Fpy; from member x 1o plate z

d. Moment from member x and to plate z due to rotation (difference) My,

The actions a,b and ¢ (Ffxy, Foxy and Fpx,) create a moment which depends upon the reference point.
The moment d (Myy;) is invariant and does not depend upon the selected measure system (reference point
and/or coordinate), "The nail plate joint subjected to the moment load" is mainly understood as 2 joint
loaded by the moment d (Mpxz). However, the eccentricity moment by actions a,b and ¢ is often bigger
than the moment d. The figure 1 illustrates the forces a,b,c and d in a heel joint with a wedge.

The elementary actions create (at least) four type of logical compositions which may be called "joints™:

1. The compression and the friction force (a,b) occur simultaneously and they may occur without the
plate force and the moment (c.d). The vector sum of the compression and the friction force is catled
contact force, (Fexy contact force from member x to y) and it creates a contact joint (between member x
and y). The contact force can not occur in all directions, only in those which create compression, The
contact joint can transfer the moment only via eccentricity. Norén /1,3/ calls this joint "timber/timber
joint", tt-joint.

2. The plate force (c) and the moment (d) occur simultancously and they may occur without the contact
force. The plate force and the moment creates a plate joint (between member x and plate z). The plate
Jjoint can have a force of any size (below strength limit) in any direction, the joint can transfer the
moment via eccentricity and rotation. Norén /1,3/ calls this joint "plate/timber joint", pt-joint.

3. The composition of the plate joint and the contact joint is called a timber joint (between members x
and y).

4, All the members connected to the same nail plate create a joint,

i\ w” VR

Mrk member k

Fig. 1, A nail plate heel joint and its actions (forces and moments)



An important assumption s how the size and the location of the contact force (Fe) is defined. The author
uses a method where F,, is defined (by size and location) in the analysis of the total structure utilizing the
action-displacement equation of the contact. This seems to perform well if the gap in the real joint
corresponds to the analysis assumption. In order to get a good similarity between the analysis and the
reality the nonlinear behavior of the contact has to be considered (probably), too.

3. Moment in present nail plate tesis

The present nail plate tests are interpreted as momentfree. However, these tests may include a big
moment, especially My (moment due to plate timber rotation) and M, (plate eccentricity moment)
occurring simultaneously. This is shown by the following exercise:

Firstly, the standard grip strength test parallel to grain /4/ shown in fig, 2 (left and middle) is studied.

Fig. 2. Test samples used in the moment load study

The average grip stress Tp=F/2A is defined. Also the total maximum grip stress tpyp which is the
vector sum of T and T {the grip stress caused by the moment Tp=r*M/2], i.e. calculated from elastic
distribution) is defined. The ratio k=Tp,pM/TF is calculated. k applies here the maximum value of
TR+M/Tg occurring in one of the corners of the effective area. This ratio k may be used as a measure of
the moment compared to the force,

The following. things are kept constant:

Timber breadth (48 mm), gap (3 mm) large enough not to create contact, plate breadth (100 mm), force
timber angle (B=0°).

The following things are varied:

Timber depth, 100 and 250 mm, in case of 250 mm timber is large enough to stay under the plate, in
case of 100 mm a part of plate may exceed the timber edge.

Plate length 100, 150 and 200 mm, denoted as small (s}, medium (m} and large (1),

force plate angle, o=0°, 22.5°,45°, 67.5°, and 90° (in case of (° and 90° eccentricity is 0 and k=1).
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The results, k versus angle o, are shown in the fig. of 3.

’.',,--~5250 %
- - Sty
"‘... I .3100-"_ ":-’.‘:.:"..

-.wu'tan‘“w"..-.'_w‘m e

angle

Fig. 3. The grip stress results, ratio k=Tp,.\/tp versus angle 0=0°...90°, the different plate sizes are
denoted as s (small, 100 mm), m (medium, 150 mm) and 1 (large, 200 mm) and the timber sizes 100
(mm) and 250 {mm)

Secondly, the standard shear test /4/ is studied (fig. 2, right). Only plate length is varied a=50...400 mm,
o=B=0° and ratio k is calculated. The results are shown in the fig. 4. If the plate is short (b/a~oe), the
case can be calculaied by hand, k=3, if plastic stress distribution is assumed k=2 (if no edge reduction is
applied).

Fig. 4. The shear test results, (grip stress in shear test) ratio k=tpy M/t versus plate length a=50...400
mm,



1t can be seen from fig, 3 and 4 that the unexpected joint moment may create high excess stresses,

4, Suggestions

4.1 Edge reduction

The present method for defining the effective plate area (A) in most countries is: An area which is closer
than 5 mm to timber edge is not counted, however if the timber has a tension force the reduction (the
measure from the timber edge) is-at least. 10 mm measured in a force direction, It is very obvious that the
effective area must be calculated reducing a constant measure e.g. 0 or 5 mm from the timber edge. Le.
the rule of the tension force and 10 mm is wrong and it must be abolished. There are (at least) three
reasons to this:

* A moment loaded nail plate may have a part of the plate under tension and a part under compression, the
tension and compression sides must not have a different method for the effective area definition, otherwise
the calculation becomes to diffuse.

+ Calculation is simpler if the effective area depends only on geometry and not on loads. E.g. the
different load cases may lead to a different force direction which leads to the different effective area (in the
present method).

» Large nail plates resist lower grip strength per effective area than little ones do. This is partly due to
the size effect (failure tends to follow the weakest link), partly due o the fact that the adjacent spikes
harm each other’s strength (especially the spikes in a large plate penetrate less effectively into timber),
The grip strength per unit area should be as invariable as possible. If no edge reduction is made large
plates give the least strength per unit area. This is true, as the author can see, with all the present nail
plates. If any (positive) edge reduction is applied the disharmony is increased. The least variation in grip
strength per effective unit area between the different plate sizes is got with the least edge reduction,

So, the effective area in a nail plate joint must be calculated by applying a constant edge reduction which
is not larger than 5 mm (0 mm is simple and may be good) i.e. the effective area depends only upon
geometry, not upon loads.

4.2 Tests with moment load

It is obvious that testing a nail plate under the moment load must include mainly grip strength testing by
Mp (the moment caused by timber plate rotation difference). Other moments (eccentricity moment by
plate, compression and friction) are simpler, All the moments that occur in a joint influence upon each
other and it is necessary to know the effect of each moment separately. However, the knowledge of
strength and stiffness of Mp is most important. Other moments can probably be calculated with
elementary static and they need none or little testing.

]

Fig. 5. Moment testing of a nail plate with a beam test



A nail plate can be tested with a beam test with pure bending. Though this represents a common case in
practice the beam test can not be used as a general moment test due to several disadvantages:

* The beam test represents a case of F=0, e=oo , the other combinations of F and e need to be tested, too.
» The beam test does not measure pure My behavior but composite My and M, (the moment due to
rotation and contact} behavior, If a large gap is used, not to make a contact, the plate buckling on the
compression side leads 1o early failure (prefailure, strengthening and stiffening detected later in most cases
due to the contact) and the whole Mp, behavior is not got.

The author does not see any other way than testing the nail plate with the eccentric force. The basic
principle is shown in fig. 6.

F

anchorage side test side

alternative 1

anchorage side test side

alternative 2

Fig. 6. The recommended moment test

The force would be applied to the test sample through special clamps which create the wanted
eccentricity. There is one problem. The joint has two plate joints which are not symmetrical (if
angle#0°,90°) and the different subjoint has a different eccentricity (and moment). Due to the
interpretation of the test results it is necessary to test only the one subjoint. This means that the other
subjoint serves only the anchorage of plate to testing apparatus, alternative 1 in fig. 6. [t probably is
possible to anchor the testing apparatus directly to the plate by cutting the teeth or bending them down to
the holes, alternative 2 in fig. 6.

4,3 Alteration procedure
The timber is a large source of strength deviation. Besides the timber density and moisture, the annual
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ring size and pattern mﬂuence results Because the reeults have to be presented at standard condltxons ‘
{(density, moisture etc.), which seldom exist in pracnce ‘an alteration procedure is used. Various alteration
methods have been developed mainly for moisture and density, We have bad experience from these
methods: They have been developed with certam plate types and eondmons and they are apparemly applied .
beyond their field of relevance. ‘

However, the alteration procedure is needed If no alteranon is applied, (e.g: it is claimed that density,
moisture etc. has 1o stay inside the prescnbed hmlts otherwzse the results are rejected) the testing
becomes expensive and comphcated and the good 85 results need good luck (how cIoseiy the prescribed
conditions are reached). : - C
In the suggested method appr. half of the umber (zhe umber to have the prescribed prope'ues) 18 saved
this gives the opportunity to make far more (nearly double) lests at the same expense becanse the major.-
costs are created by the nmber , ‘ : T : :
The principle of comparamfe Lests can bwe apphed Slmultaneously with the current test another test,
reference test, with a prevmusly tested wellknown 3omt 1s done using the same timber (differentends of
the same cut). This method gives all the same information as the present testing method but also a
reliable reference to the prior knowledge. This reference is not disturbed by any alteration. This method
also gives information about the alteration procedure of the current joint,
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Abstract
The paper presents 10 trussed rafters with nail plate joints and their moment distribution based on 4
different analysis models. The trusses have been tested in full scale, The test results are shown and the

comparison between the analyses and the models is made.
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1. Introduction

A truss test procedure was developed in the theses /1/. This procedure was developed further in the theses
f2/ and 10 trusses were tested in full scale, All the trusses were quality control trusses, they came from
different plants and they were selected at random from a current production lot,

It was not realized to pay attention to joint gaps. The importance of the joint gap was revealed afterwards
while analyzing the results {¢.g. the rafter 6 had apparently gaps with ¢ccentric contact in several joints),
These trusses were used as reference trusses in the study /3/, which included the definition of the moment
distribution with 3 models: continuous beam, pin joint frame and rigid frame. The results have been
copied into this paper. The author has developed an analysis model for trusses /4/, the results of this
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maodel are presented (also presented in /2/ in slightly different form). The author is continuing the study of
the moment distribution in trussed rafters. A more thorough report will be published later.

2. Test procedure

2.1 General

All the trasses were loaded on the top chord with hydraulic cylinders 600 mm apart, The force in each
cylinder was divided into two points, so the true load was made up of point loads =300 mm apart (the
hinged cylinder head was =400 mm long and it had contact pins at both ends). Each cylinder supplied a
laterat support (600 mm apart) to the top chord.

Both support reaction forces were measured with an electronic gauge. All the trusses, except one, were
symmetric by geometry and loading. So the symmetry could be used to control the measurement error,
The measurement cross sections were defined to the locations which were expecied to be the most
interesting from the point of view of analysis. The restrictions from truss geometry, defects and test rig
had to be considered. Defected cross sections were rejected. Due to the principle of utilizing symmetry in
error conirol the selecied cross sections had to be defectfree on the both sides of the truss. At top chords
measurements could be done only between cylinder heads. The measurements were done at cross section
edges, in some few cases at faces.

There were appr. 10 measurement ¢ross sections in each iruss.

The measurement in each cross section consisted of the recording of the strain in the upper and the lower
edge €1 and £2 (sides 1 and 2}, For the purpose there were glued steel pins with holes. A mechanical
measuring apparatus, length 100 mm, (in some few cases 200 mm) with an electronic recording
connected directly to a registration computer was used.

The testing includes a sensitive human factor in adjusting the measuring apparatus to the pins. The
human error was minimized with the following procedure:

* One and the same person always adjusted the apparatus to the pins.

* The measuring apparatus was always in the same position as to the pins.

= The measuring was done twice in two cycles, if the difference between the cycles was larger than a
prescribed value the measuring was repeated the third time etc.

» The measurement in ¢ach cycle was repeated 10 times in 0.3 sec intervals, the computer calculated the
average value which was considered to be the measurement value.

2.2 Moment measurement

The moment measurement was based on the fact that the normal force (N) in each member is not
sensitive to the analysis model, i.e. all the (reasonable) analysis models give the same result with high
accuracy (as far as the force is concerned). This applies to rafters which have the structural form closely to
truss (not e.g. frame). All the test rafters were clear trusses by basic structural form (however, one had
large chords with high stiffnesses creating a small excess error). The normal force was defined by the
author's design program /4/ using approximate timber and joint stiffness values.

The following derivation is presented (equations are different in /1/ and /2/ but giving the same results):

or=E*gq (1

gy=E¥gs @
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A= cross section arca (=b*h)

W= section modulus (=b*h2/6)
b= breadth
h= depth, measured in each cross section

N= normal force, got from analysis

M= moment, positive if side 2 has tension at positive N

E= modulus of elasticity, assumed to be constant over the cross section
g1= strain in upper edge, measured

€9= lower | measured

o= siress in upper edge

o= lower

2.3 Error estimation

The error of the moment M consists of the error of N, h, €1 and €2, The emror of M was got by
estimating the errors AN,Ah,Aeq1 and Aey. A little computer program was used to calculate the effect of
the different error combinations {positive and negative) on M, The error of N and h is small and may be
neglected (though in the error study of /2/ the error of N, 20.1 kN, and h, 0.5 mm, was assumed). The
major error is created by the e-measurement. The actual e-measurement is got from the e-recording at the
current load level and the zero load level. At both load levels the e-measurement error was assumed to be
the measurement difference between the recording cycles. By experience we know that the maximum error
in € could be as Hittle as £0.004%. The error is presented in the appendixes 11...20, the measurement
values in each cross section are denoted by a circle (or ellipse). The circle center, marked with a cross,
denotes the measurement value and the radius denotes the error. As seen in the figures and clearly
understood {rom the equation 5 the relative error is small if the force (N) is high.

3. Analysis models

3.1 Continuous beams

The model continuous beams have widely been used in the past and partly nowadays, too. The momeny
distribution is defined by calculating the chords as continuous beams over nondeflecting joinis, L.e. chords
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are analyzed separately from the other stucture. The members between the chords (diagonals and verticals)
as well as and apexes are assumed to be hinged. The chord splices are assumed 1o be stff,

3.2 Pin joint frame
The model pin joint frame is the same as continuous beams but the deflection of chords is considered. In
this case the deflection is calculated assuming the joint slip to be as nil.

3.3 Rigid frame
The model rigid frame is a standard frame analysis with completely stiff joints (force and moment), the

Jjoint eccentricities are not considered.

3.4 Semirigid joints with eccentricities

The model semirigid joints with eccentricities is described in /4/. The nail plate joint stiffness value k=10
N/mm?3 has been used, the possible contact has been considered (initial gap 0.2 mm and foundation
modulus K=30 N/mm3, parallel to the grain and K~15 N/mm3, perpendicular to the grain), the
eccentricities (plate, timber and contact eccentricity) have been considered. The excess (or cut) moment
due to the compression (or tension) force is considered (the analysis is based on the second order theory).
The semirigid behavior of the chord splices is considered.

4. Results

The results of the models 1,2 and 3 are presented in the appendixes 1...10, The test results have been
marked with a cross. The cross represents the mean measured moment value observed at the different load
levels and at the different sides of the rafter.

The results of the model 4 are presented in the appendixes 11...20, the actnal moment measurements and
the errors (circle size) are presented, too.

In all the cases (appendixes 1...20) the moment (M) is presented as a ratio to support reaction (R=sam of
all vertical loads), i.e. the moment M (Nm) is got by multiplying the value in the figure with the
support reaction R (kN),

The presentations of the appendixes 1...10 and 11...20 are comparable with two exceptions: The moment
values in the appendixes 11...20 include the second order effect by the force and the joint moments are
presented at plate edges (while presented in the joint centers in the appendixes 1..,10),
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Rafter 2, span 9,404 m, pitch 22°, modeis 1,2,3 50 APPENDIX 2
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Rafter 3, span 6.81 m, pitch 18.4°, models 1,2,3 3° APPENDIX 3
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Rafter 4, span 6.8 m, pitch 17.45°, models 1,2,3 263 APPENDIX 4
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Rafler 5, span 7.7 m, pitch 21.8°, modcls 1,23 il APPENDIX §
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Rafter 6, span 9.658 m, pitch 14.04°, models 1,2,3 APPENDIX 6
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Ralter 7, span 8.3 m, pitch 18.4°, models 1,2,3 41 APPENDIX 7
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Rafter 9, spans 9.51 m, pilch 21.8°, models 1,2,3 APPENDIX 9
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Rafier 10, span 7.66 m, pitch 26.57°, models 2,3 APPENDIX 10
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Rafter 1 ,span 8.06 m,pitch 18.4 Jload cases 1,2,3 APPENDIX 11

Support reaction 28.27 kN

Support reaction 42.65 kN

Support reaction 53.93 kN
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Rafter 2 ,span 9.404 m,pitch 22 ,load cases 1,2,3 APPENDIX 12

Support reaction 24.64 kN

Support 1eaction 33,15 kN

Support reaction 48.27 kN
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Rafter 3 ,span 6.81 m,pitch 18.4 load cases [,2,3 APPENDIX 13
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Support reaction 22,70 kN

Support reaction 33.91 kN

Support reaction 46,83 kN
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Rafier 4 ,span 6.8 m,pitch 17.45 Jload cases 1,2,3,4 APPENDIX 14

Support reaction 41.05 kN
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Rafter § ,span 7.7 m,pitch 21.8 ,load cases 1,2,3 APPENDIX 15

Support reaction 17.09 kN

Support reaction 25.59 kN
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Support reaction 34.39 kN
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Rafter 6 span 9.658 m,pitch 14.04 Jload cases 1,2,3 APPENDIX 16

Support reaction 19.29 kN

Support reaction 30.40 kN

Support reaction 41,59 kN
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Rafter 7 ,span 8.3 m,pitch 18.4 ,load cases 1,2,3 APPENDIX 17

Support reaction 21,60 kN

Support reaction 32.50 kN

Support reaction 42,41 kN
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Rafter 8 ,span 9.4 m,pitch 11.2 ,load cases 1,2,3 APPENDIX 18

Support reaction 20.00 kN

Support reaction 29.71 kN

Support reaction 39.50 kN
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Rafter 9 ,span 9.51 m,pitch 21.8 ,load cases 1,2,3 APPENDIX 19

Support reaction 19.69 kN

Suppoit reaction 29,39 kN

Support reaction 40.09 kN
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Rafter 10 ,span 7.66 m,pitch 26.57 ,load cases 1,2,3 APPENDIX 20
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BEHAVIOUR FACTOR OF TIMBER STRUCTURES IN SEISMIC ZONES
by A. CECCOTTI and A. VIGNOLI

Department of Civil Engineering - University of Florence

SUMMARY

The ideas pertaining to the definition of the structural
behaviour factor for the structures' design in seismic zones are
re-examined. A method of evaluating the behaviour factor of plane
timber structures composed of rigid (glued) joints or seimi-
rigid joints (i.e. dowels) is presented. Behavioural laws rela-
ting to the timber's structural elements and their joints under
cyclic loads were obtained experimentally.

Accelerograms, applied to the base of the structures, were
pulled ocut on the basis of their response spectrum as defined by
the italian draft proposal CNR-GNDT. The acceleration values
corresponding to the elastic field limit and the point of colla-
pse (i.e. Ay, A,) were ocobtained using a direct integration
technigque with a DRAIN-2D non-linear analysis computer program.
The behaviour factor was definied as the ratio between A, and Ay-
The values of this coefficient in the case of semi-rigid joints
can even be ten times greater than the values obtained for rigid
joints. At the conclusion of the research a critical analysis of
the results was carried out, indicating suggestions for further
research. : :

i. INTRODUCTION: STRUCTURAL RESPONSE TO EARTHQUAKES

1.1 Characteriscs of Seismic Input

In the study of structural behaviour, seismic actions can be
regarded as random dynamic motions of the foundation soil. Typi-
cal records of one component of ground (i.e. acceleration) during
a medium magnitude earthquake are shown in Fig. 1a; but the
details of the motion can never be reproduced identically even if
a guake of the same general characteristics occured in the same
site. Therefore, the essential properties of seismic input are
not well described by the actual records. In recent years the
"response spectrum" has been often used to satisfy this need.

A "response spectrum" 1is definied as the response of an
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elementary oscillator (Fig. 2) varying its own frequency with a
given damping, subjected to the seismic motion under considera-
tion. Following this definition, acceleration, velocity and di-
splacement spectra can be plotted. 241l available earthgquake re-
sponses in a given seismic area are then "smoothed" to obtain the
standard spectrum, used for structural design. As an example, the
acceleration response spectrum of the earthquake of Fig. la are
shown in Fig. 1b. It is useful too to know the Fourier spectra
which summarizes the “frequency content" of the earthquake (Fig.
lcy.
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Fig. 2 - Elementary Oscillator and Seismic Action (Diagrammatic)

1.2 Structural Behaviour; Ductility

Strong accelerations and consequent inertia forces connected
to the elastic responses even under a moderate earthguake very
often overcome the elastic limits of a structure. Therefore,
during the seismic motion, the structure 'softens", varies its
own period of oscillation, dissapates kinetic energy and, thanks



also to the cyclic character of the input action, "has time" to
invert its motion prior to collapse. Thus, the capacity of the
structure to develope plastic deformations without breaking be-~
comes an essential part of its capacity to resist a seismic
input.

This structural property is characterized by "ductility",
which is conventionally defined as the ratio between the ultimate
value X, of an appropriate response parameter (e.g. horizontal
displacement) in the "actual" elastic-plastic behaviour and the
value x,, of the same parameter at the limit of elasticity. This
ratio can be shown (Fig. 3) to be equal to the ratio between the
forces, Fgy and F, respectively, that correspond to X4 in the
elastic-plastic behaviour and in an ideally, indefinitely elastic
behaviour.

1.3 Approximate Assessment of Non-linear Response

The maximum displacement of a single-degree-of-freedom sy-
stem effected by an earthguake is approximately proportional to
the earthquake's intensity, even if it can create "plastic
zones", The above simplifying hypothesis is overstated, but it
provides useful gqgualitative results, even if the problem can be
studied without it.

Fet

Fu

~
—— s . -

Xy

Xu

Fig. 3 - Conventional Load-Displacement Diagrams

The Fig. 4 illustrates this criterion. In Fig. 4a the re-
sponse spectra relative to three different intensities; Ay, Ay,
A5, correspond to the same accelerogram's shape.
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The three earthquakes affect the single~degree~of~freedom

structure with unitary mass m and stiffnes K (Fig. 2). In the
three cases:
a - a structure with total elastic behaviour; b - a structure

with a yield limit of F; (Fig. 4b); ¢ - a structure with a yield
limit of Fy/2 (Fig. 4c). : _

The displacements (X7, %5, X3) caused byrthe three ear-
thquakes are always proportional to the intensities A5, A,, A,.
The displacements can be calculated, based on the initial stif-
fness of the structure, following this formula:

X = AR(T)m/K (1)

The structure shown in Fig. 4b was designed in such a way
that it reached the yield limit during the A, earthquake. The
displacement corresponding to the yield limit is (in this case)
xy = ¥X;. One can see from Fig. 4b that the earthquake A, = 2A4
requires a ductility of p= 2, and the quake A, = 3A, requires a
ductility of u= 3.

The structure represented in Fig. 4c has a yield limit half
of the prior case. This structure was designed to withstand a
seismic event A,;/2 in the elastic phase. Since the absolute
displacements produced by rthe three earthguakes equal those of



the prior structure and its Xy is half that of the preceding

structure, the ductility requirements are doubled. Violent ear-

thquakes force the structure to enter the plastic phase much more
as the earthguake increases, relative to seismic action that
procuces the yield point.

In spite of the above, structures have an intrinsic capacity
to withstand a certain degree of plasticization without serious
disconnectedness that provoke collapse.

Given the hypothesis that the available ductility of the two
structures, whose diagram load-displacement is shown in figures
4b e 4c is #p = 3 and up = 6, both structures reach the collapse
point with the same intensity A, earthquake. These two structures
then give the same guarantee against collapse even if designed at
two different resistance levels. The smaller resistance of
structure ¢ 1is compensated by its greater deformability in the
plastic field.

Given the preceding arguments it is possible to formulate a
design criterion based on the plastic capacity of structures with
already established seismic collapse acceleration:

1. A normalized response spectrum R(T), whose shape reflects the
dynamic characteristics of the soil, is given. This spectrum
also covers the uncertainties relative to the frequency con-
tent of a forseen event.

2. The value A, of the collapse acceleration is given.

3. The available ductility #y is defined.

4. Following the design spectrum, the structure's yield resistan-
ce is designed:

AyR(T) /up (2}

The above criterion is clarly derived from the simplified
hypothesis regarding non-linear response. The criterion is ‘only
valid in the realm of the hypothesis which approximates the
reality of the non-linear dynamic behaviour,

Moreover, the analysis conducted up to this point is appli-
cable to elements or structures that show behaviour comparable to
that of the simple element. The use of this analysis for more
complex structures is not simple because the plastic zones caused
by the earthquake appear and avolve along the structure, depen-
ding on: stiffness and resistance ratios between the elements,
the modal shapes excited during vibrations. The terms, "required
ductility" and "available ductility", defined as displacement
ratios can be referred either to each section or element, but not
to the entire structure.



1.4 Structural Behaviour Factor

The structural response to earthquakes can be solved by the
numerical integration of the general equation of the dynanic
equilibrium, considering the behavioural laws pertainig to the
sections and Jjoints in the non-linear field. In this case, as
widely demonstrated in /2/, it is always possible to apply the
simplified rule for the evaluation of the design spectrum with a
fixed value of the "required ductility" u using the elastic
response spectrum devided by the "behaviour factor" g(T,u). This
coefficient is defined by the ratio between the collapse accele-
ration (A,) and the acceleration that produces the design stress
(AY):

q = Ay/By (3)

We underline that the structure is designed in such a way
that the sections reach the yield point when stressed by the
acceleration Ay.

This design criterion is appropiate for buildings prone to
seismic actions. This collapse acceleration value A, and the
structural behaviour factor value g related to the structure's
typology are defined by following the national seismic standards.

The design acceleration is then calculated as Ay = A,/4d,
then the elastic analysis of the structure is conducted. The
design of sections 1s then carried out so that the sections'
resistance to the yield point equals the stress calculated by the
above (2) formula.

When an earthquake's intensity is smaller than Ay, the
structural response obviously remains in the elastic Tield:
otherwise the plasticization effects the structure's response.

Following commonly used technical standards, the definition
of a (forfait) value for this reduction coefficient is based only
on the structural typology. This forfait value already presumes
an even greater ductility reserve.

2. OBJECTIVES

Timber used for construction, unlike small timber samples
which contain no faults, shows a linear-elastic behaviour when
stressed parallel to the fibers up to the point of collapse.

This linear-elastic response depends on the species and
quality of timber. Despite these two variables there is always a



brittle failure. On the other hand ductility and the capacity of
dissipating energy can be recuperated in the joints. The same
thing happens when the structure is stressed transversally to the
fibers.

Recently, GNDT Commission of CNR (Italian National Research
Council) submitted a new proposal for rules dealing with buil-~
dings in seismic zones to public scrutiny. Actually, the theore-
tical and experimental knowledge of timber structures is not
comparable to that of steel and reinforced concrete structures;
therefore choosing the behaviour factor values g has not been yet
standardized. - The same Commission that prépared the GNDT-CNR
standardized proposal for seismic zones, prudently chose a coef-
ficient value g = 1 for all timber structures, and g = 2 value
for timber and plywood frameworks.

In reality, the standard typologies for timber structures
show an efficient response to earthquakes. The Commission's cau=-
tious choice was based on two facts: the limited knowledge of the
joints behaviour under cyclic loads compared to that of other
materials, and the limited available data for a set of standards
based on the limit states design.

The objectives of the present research is to quantify the
variation of the structural behaviour factor using numerical
simulation methods (see /6/). Timber structures with simple sta-
tic schemes were tested. Different behavioural laws obtained
experimentally were given to the joints. Seismic actions with
different frequency content values, obtained from the same re-
sponse spectrum were simulated.

3. METHODS

3.1 The Geometrical Characteristics of The Model

Two types of simple glue-laminated portals: base restrained
(To = 0.26 sec) and base hinged (T, = 0.52 sec) were numerically
simulated. The sections dimensioning was conducted with a verti-
cal service load of 10 kN/m placed on the beam, and a horizontal
service load of 0.3 kN/m acting on the colums. The horizontal
load simulated the wind effect that, according to the actual
standards, is more dangerous than seismic actions. The DIN stan-
dard /7/ values for glue-laminated first class European whitewood
timber sections were used as reference values for the possible
service stress values. In order to use a one-dimensioning-design
for the two different structural schemes, the worst situation for



the two structures was considered section by section. Conseguen-
tly, the base restrained portal had over-dimensioned sections at
the beam-column 3joints, and the base hinged portal had over
dimensioned base sections. The final dimensions are shown in
Fig. 5.

The joints were: rigid-glued, or semi-rigid, assembled with
rmechanical fasteners like dowels. The dimensioning of dowels in
semi-rigid Jjoints was conducted following DIN standards. This
procedure was based on the service due to the load conditions
described above. The beam column was composed of about 60 dowels
of #8 mm with resistant double sections. The dowels formed a
double ring centered at the crosspoint between the beam and the
column's axis, Fig., 6. '
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Fig. 6 - Types of Joint with Dowels Used for The Beam Column
Connections



3.2 Mechanical Characteristics of The Model

3.2.1 - A series of experimental tests were previously con-
ducted, at the University of Florence Civil Engineering Depar-
tment (/8/), in order to assess the behaviour of the connections
and more specifically the behaviour of the dowels when stressed.
The tested connections were similar to designed connections but
reduced in size with single section resistant dowels. These
joints were stressed with displacement control cyclic loads. A
special test device (Fig. 7) was used to stimulate only the
bending action without the influence of the shear and/or axial
forces (/9/). Actually due to the large ratio between the full-
scale structure's and the section's dimensions the contribution
of the shear to the total load, supported by each dowel, is
negligible compared to that of the bending moment. The joint
"behaviour under cyclic quasi static actions is like the one shown
in Fig. 8 with the relevant skeleton curve. The behaviour of each
dowel, no matter its position, demonstrated nearly the same
behaviour due to the 90° crossed fiber arrangement. For this
reason the ratio between the dowel's load and the timber's rela-
tive local displacement can be considered invariable.

[ yood
= [ r

Fig. 7 - Load Device for Cyclic Testing (from /8/) and Relevant
Theoretical Scheme
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@

Fig. 8 - Moment-Rotation Law's Shape for Joint with Dowels (from

/8/)

3.2.2 -~ The skeleton curve relationship between the moment
and the designed joint's rotation was then constructed (Fig. 9).
The improving coefficients, described in the technical literature
(i.e. /7/) for the resistant dounble section dowels, compared to
those used in the tested joint were also taken into account.

The joints' behaviour under cyclic loads was described, as
in /6/, by a bilinear law (Fig. 10) that obviously can not ex-
press the real behaviour. Even if exact values can not be ob-
tained by this law, it allows one to have a reasonable idea of
the approximate values and above all of the general tendencies of
the structural behaviour. A rigid behaviour was chosen for the
glued joints (Fig. 9).

M (kNm) Rigid connection Semi-rigid connection
100 . ] —
i P
80—i ’_‘_,._.---‘
60_‘ r"—_.—’
;
40 /
;
204 /
o/.
T T 1 T bl
0.01 0.02 ¢ (rad)
Fig. 9 - Moment-Rotation Laws Chosen for The Studied Model's
Joints
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A linear-elastic law was chosen for the basic material and
used until the characteristic strength values under instantaneous
loads were reached: - 30 MPa for bending, tension and compres-
sion; - 2.4 MPa for shear stresses.

The elastic instability of the colums in the frame plane was
taken into account by means of an appropriate strength reduction.

The chosen value of 15000 MPa for the timber's elastic
modulus was higher than the usual one for static loads, as shown.
in /10/. The viscous damping coefficient of the basic material
was chosen 5% of the critical damping. The studied cases are
summarized in Fig. 11.

o

Fig. 10 - Behavioural Laws for Cyclic Loads, Used for Semi-Rigid

Connections
Q o
o] 5]
o v 7 rad
Rigid connections Semi-rigid connections
[ o

Fig. 11 - The Various Cases Studied
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3.3 Nunmerical Simulations

The numerical simulation was conducted with a non-linear
dynamic analysis computer program (DRAIN-2D) which uses the di-
rect integration method. The tested portals supported their own
weight and a vertical load of 10 kN/m applied to the beam. Six
accelerograms were applied to the base of the portals:

a. Two of them were the North-South, and South-Est/North-West
components of the Tolmezzo recordings, (Friuli, 1976).

b. Four of them were obtained using the SIMQKE program drawn out
from the elastic response spectrum which correspond to the Sq
ground as reported in the CNR-GND standards for zones prone to
seismic events.

These accelerograms demonstrate different frequency contents
as shown in the Fourier analysis of Fig. 12. The maximum accele-
ration values (Ay), that corresponds to the elasticity limit, and
the maximum acceleration value (Ay) that causes collapse, were
assessed for: each structural scheme, each type of connection,
and for each foreseen accelerogram shape. The occurance of the
collapse mechanism depended on the types of the connections:

a. In the case of structures with rigid joints, given the tim-
ber's elastic-brittle behaviour, this mechanism corresponded
to the collapse of the most stressed section.

b. In the case of smi-rigid joints plasticity is concentrated in
the connections; the collapse takes place when a section
breaks down and when the beam's displacement goes beyond the
fixed value of 1/20th of the portal's height.

The computer program takes into account the mechanical non-
linearities and the P-delta effect in the columns.

3.4 Agssessment of The g Value

The structural behaviour factor's value was calculated using
the formula g = Au/Ay: Ay indicates the acceleration correspon-
ding to the elastic response limit; A, represents the accelera-
tion that produces collapse.

u

4. ANALYSIS OF THE RESULTS

The most important results pertaining to Ay, A,, and g are
shown in Fig. 13-14-15-16. The reference frequency content, also
called dominant frequency (f), was assessed for each accelero-
gram's shape, calculating the weighted average of the three

13



.00 120,02
ST B S

AMPIEZZA LCM/S)
: ‘vl’).}ﬁ.}

in.G
i
.

|

/

|
|
I
\'t

I

ACCEL.TOL N-5

Y39.04
L

AMPIEZZA (CHM/S)
6.4 QA0

o
PRURY

M0 .00 0,00 1000

.0

AMPIEZZA (CHs5)
4355 e -

1.0 ng

. U

| 4

RLCLU A H—Z)

ACCEL.GEN1

Wik

I ——,

ACCEL.TOL SE-NW

/

i
b

' \hJﬂ

|
lm \l'ifJ’ fis Ji' WQ PJML Aﬂj’l\/

bt

)
LML IE L YT
) i

AMPIEZZA (CNsS
R

A .
——

9?‘___.

‘e 00 £.00 .90 wa0T Be00 o)
F5i C‘U ’\ZA {HZ}

TD IAES 130.20 168.80

ACCEL.GEN3

2.5¢ "

‘-RECLLI 2h- {HZ)

ACCEL.GEN2

E
'1 \l,' ~'l 1 a.\ Hn\\‘.'-z

S REGIENSA 1HD) "

ACCEL.GEN4

§

1 ;

i i

S B |

K‘;;'* ‘_{_‘g_ !jl ‘\

RN

H n

" kS i :

: g \ \.’I‘ f fL

: g‘ k t\ l‘ \‘ I
A ”lﬂ\ i\\\q IJV\EK%f

Fig.

RE8UENE A

600 8,00 W.0E 30
THE) !

14

sy D

12 - Fourier Spectra for The Chosen Earthquakes



frequencies whose Fourier's spectrum showed the highest energy
content.

In the case of rigid joints the break down occurred when the
most stressed sections (i.e. the beam's sections in base-hinged
portals and the columns' inferior sections in base-restrained
portals) collapsed. In the case of semi-rigid joints the collapse
occurred when the joints reached unacceptable large deformations.

4.1 The Influence of Different Accelerograns

The influence of the accelerograms's shape and frequency
content on the and A, values is fundamental. This confirms, as
already outline in /2/, the necessity to repeat this kind of
analysis for a wide range of different frequency content accele-
rograms.

4.2 The Influence of Different Types of Connections

4.2.1 The 8tructural Behaviour Factor - Given the kind of
law chosen for the basic material, the structural coefficient
value equals 1, for rigid joints schemes, but it is much greater
than 1 for semirigid joints. The coefficient's average value is
greater than 11 for schemes with two hinges at the base, it is
greater than 8 in the scheme with restrained joints at the base.

4.2.2 Collapse BAcceleration - In the case of semi-rigid
joints, the collapse acceleration ranges from one to six times

greater than in the case of rigid joints.

4.3 The Influence of Different Static Schemes

4.3.1 The Structural Behaviour Factor - The static scheme
with two semi-rigid joints and two perfect hinges demonstrates
tendencially greater "g" coefficient values compared to that of
the scheme with four semi-rigid joints. Despite this fact, the
ratio between the structural coefficients of the two schemes
showed a notable variability between 1 and 2.

This variability seemed to be essentially connected to the
accelerograms' frequency content.

4.3.2 Collapse Acceleration - The collapse acceleration
value of the structure with four semi-rigid joints was always
equal or greater than the case of the two semi-rigid joints and
two hinges. Apart from the different accelerogram shape and

15
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dimensioning, this result is due to the greater stress redistri-
bution capacity of the four-semirigid joint scheme. This capacity
increases the "final resistence" of the structure.

4.4 Considerations: Rigid Connections Response

Where g = 1, the collapse limit value was almost always much
greater than 0.35 g, except for the Tolmezzo SE-NW and GEN 3
accelerogram's shapes. However, in these cases the collapse limit
value was greater than 0.3 g. These results show acceptable
structural seismic resistance.

5. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

The conducted analysis clearly allows the assessment of the
variation tendency of some fundamental gquantities depending on
the most important constructive factors. More specifically, it
can be stated that, in the case of joints with nails or dowels of
simple frames, the structural behaviour factor can be ten times
greater than the case of glued joints. These results are just an
approximate indication of the structural coefficient values for
timber structures, because the conducted analysis was limited to
a few examples and the joints' behavioural laws were simplified.
The methods presented will provide more precise indications for
the behaviour factor if more realistic models of the joints'
cyclic behaviour are used. Following this procedure, significant
indications for the structural behaviour factor can be obtained
also for more complex static schemes.
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Lund, Sweden

INTRODUCTION '

The influence of environment on the performance of wood or wood
based materials is significant in many applications. The
mechanical properties of wooden materials depend on moisture
content and dimensional changes induced by moisture variation
often lead to displacements which are greater than those caused by
mechanical loading. Moreover, interaction of moisture changes with
mechanical loading can lead to excessive deformation of wooden

structures,

In composite structures like stressed skin panels, composite beams
and layered wooden products, differential swelling or shrinkage
produces internal stresses, which can cause degradation as well as
distortion of shape. Such effects may accumulate as a result of
repeated moisture cycling during the lifetime of the structure,

and may contribute significantly to reduce its durability.

In codes for wooden structures, e. g. Eurocode 5, design values of
strength and stiffness parameters are made dependent on moisture
class and load-duration class. This means that the effect of
moisture conditions on basic material properties during the
lifetime of the structure is considered in a simple way suitable

for practical design. Due to the complexity of the underlying



physical problems, however, a rational basis for description and
quantification of these effects is still lacking. Clearly, there
is a need for further research in this area, in order to establish

a more reliable knowledge base for code specifications.

In addition, environmental effects should enter structural design
not only on the "capacity" side, but also on the "loading"” side.
Moisture and temperature induced deformations are referred to as
indirect actions to be considered along with and in combination
with other types of loading. It is not quite evident, though, how
such actions should be considered in the analysis of wood
structures. For instance, if stresses due to restrained shrinkage
or swelling are calculated by normal engineering methods,

unrealistically high values are usually obtained.

Consider, as a simple example, a wooden element which is drying
with the shrinkage fully restrained, Fig. 1. According to linear

theory of elasticity, the stress change Aci due to restrained
shrinkage is given by

Ao, = Ede_ (1)

where E is the modulus of elasticity and Aes is the shrinkage

strain that would occur if the element were free to shrink.

Rl

git)

Fig. 1. Drying wood element under full restraint.



Using representative values for Aes in moisture class 1 and design
values for E it is found that Aai calculated from Eq (1) may be as
high as 50% of the design value of the tensile strength for wood
(parallel to the grain) and wood based products. It should be
noted that the design value of E is specified in codes under the
assumption that a low value of E is unfavourable. When F is used
to calculate restraint stresses the opposite is valid, implying
that a consistent choice of design parameters would give still

higher values of Aci.

Stresses due to imposed deformations may be neglected when they
contribute to ‘ductile’ types of failure as for wood in
compression. But for ‘brittle’ types of failure as for wood or
adhesive joints in tension and shear, such stresses can be
expected to contribute significantly. Accordingly, it is of
importance in many situations to be able to predict stresses
induced by moisture variations in an accurate way. A main purpose
with the present paper is to contribute to the solution of this

problem.

INTERACTION BETWEEN MOISTURE AND STRESS

One of the main difficulties in describing the behaviour of wooden
materials is the strong interaction effect between mechanical and
hygral loading. This kind of interaction has been found also for
other hygroscopic materials as for instance concrete, but it is
particularly significant for wooden materials. The term mechano—
sorption is often used to describe the phenomena related to com—

bined mechanical and hygral loading of wood [1].

Mechano-sorptive effects were first documented in the early six-
ties [2-5]. A number of studies of mechano-sorption have been re-
ported since then, dealing with various aspects of the problem.
Grossman [1] has summarized the experimental knowledge in a com-

prehensive review.



The major part of the experiments on mechano-sorption has been
performed in bending. These tests have the advantage of being easy
to perform and also that the bending mode is the most common one
in reality, but the results are difficult to interprete since the
stress varies over the cross section and both tension and compres-

sion are involved at the same time.

Studies made of the mechano-sorptive behaviour for australian wood
species in tension and compression [2], indicate that the
mechano-sorptive effect is of quite different magnitude for
different loading modes. Hunt [8] studied mechano-sorptive effects
in tension and bending on two species of softwood. His conclusion
was on the contrary that at low stresses bending and tension gives
similar results. This is also supported by recent results by
Mohager [7] on Scots pine, indicating that the behaviour in ten-
sion and compression is similar, at least for softwoods under low
stress. At higher stress levels when nonlinear behaviour can be
expected a distinct interpretation of bending tests becomes very
difficult.

Constitutive type models for description of the combined effects
of mechanical and hygral loading have been proposed by Leicester
[8]., Ranta-Maunus [9,10], Rybarczyk & Ganowics [11] and Bazant
[12], but the applicability of these models under general stress
and moisture variations has not yet been demonstrated. A major
problem is lack of systematic experimental information. Moreover,
experimental data from various sources are difficult to

synthesize, due to the large variability in material properties.

SCOPE OF THE PRESENT STUDY

The present paper is part of a greater study which has as its main
purpose to develop and evaluate a constitutive model for wooden
materials considering environmental effects. The idea is to test
the same material under various combinations of stress and strain

histories during moisture change. In this first part of the study



tests on structural hardboard in tension are made. In a later pa-
per similar experiments in compression will be reported. Some of
the tests were performed in a conventional way with constant load
during the test period (“creep”) while others were performed with
the strain of each specimen prescribed during the test period. In
one of the test series the strain was held constant, which corre-

sponds to the situation shown in Fig. 1 ("quasi-relaxation").

A constitutive model is suggested and quantified on the basis of
test data from the conventional constant load experiments. The
general validity of the model 1is then checked independently

against the other tests.

The choice of hardboard as a test material was mainly motivated by
the fact that various mechanical and hygroscopic properties of
that particular material including creep at different constant
moisture levels is very well documented through the comprehensive
work by Lundgren [13]. It was also presumed that it should be
easier to control the variability in hardboard than in wood. As
regards mechano-sorptive behaviour, though, only few studies are
found in the literature, all performed in bending., Armstrong &
Grossman [14] found very significant mechano-sorptive effects for
wet-processed hardboard prepared from a mixture of eucalypt
species, whereas Sauer & Haygreen [15] observed more moderate

effects of mechano-sorption in hardboard made from aspen.

e
50
e e

Fig. 2. Test specimen, thickness 6.4 mm.



The working hypothesis at the outset of this study was that the
mechano-sorptive effects should be qualitatively similar in
hardboard and clear wood, although quantitatively different. Thus

the principles of constitutive modelling ought to be the same.

MATERIALS AND METHODS

The tests were made on wet-processed hardboard (from Scots pine,
Pinus Sylvestris), which was delivered directly from the factory
and kept in a chamber with constant climate, 65 % RH 20°C, until
it was used in the tests. The test specimens which were of the
shape shown in Fig. 2, were cut from boards of regular size
{1400 x 3060 mmg). From each board 25 pieces were sawn and ten of
these were selected. The selection was made on the basis of
density and dynamic modulus of elasticity, see Table 1. The latter
was obtained by measuring the travelling time of a stress wave.
The ratio between the dynamic modulus and the wmodulus of

elasticity was determined to the value 1.1 in tensile loading.

Strain measurements were made by means of conductive plastic
resistance elements. Two gauges were placed on each test piece,
one on each side. The average of the reading from the gauges was

used as a measure of the deformation of the specimen.

Fig. 3 shows the experimental setup. The measurements from the
strain gauges and the load cells were recorded by a personal
computer. Loading was arranged with water—cans applied via
leverarms. The strain history of the specimens could then be

controlled by the computer, which was connected to the valves on
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Fig. 3. Experimental setup.

the cans. Whenever the strain reading tended to deviate from the
prescribed value the load was adjusted automatically by letting

water into or out of the cans.

The climate chamber in which the tests were made had a total
volume of 24 ms. In all tests the temperature was held constant at
24°¢ (£ O.BOC). The relative humidity in the chamber was
controlled by means of salt solutions. In this study two different
levels were of interest, 30 % RH and 88 % RH. The maximum

deviation from the desired values was of the order + 1.5 % RH.In



Table 1. Test plan

Mumber of Stress Density Dynamic modulus
Series specimens levels 3 of elasticity
(MPa) (kg/m™) (MPa)
Al 6 3.0
constant 975 - 990 5500 - 6200
stress 2 -
A2 3 3
constant 4 8.5 5948 - 962 5600 - 6100
stress 1 -
B 3 1.6
constant 4 8.5 949 - 965 5300 - 5800
strain 2 -
C 4 1.6
constant
stress 4 8.5 969 -~ 980 5500 - 6100
constant
RH 2 -

tests where the humidity was varied, each cycle comprised one week
at 30 % RH and one week at 88 % RH, a period which is sufficiently
long to approach equilibrium with the surrounding relative

humidity.

In Table 1 the different types of experiments are summarized. The
tests can be divided into three groups. In the first group (series
Al and A2) the load was kept constant throughout the test. At the
time when the load was applied the specimens were in equilibrium
at 65 % RH. The relative humidity was then changed to S8 % (series
Al) or 30 % (series A2). Following this the humidity was changed
two or three times between 88 % and 30 %. In series B the test

pieces were first conditioned to 88 ¥ and then loaded to 1.6 MPa



or 8.5 MPa. The strain attained immediately after this loading was
then kept constant for the rest of the four week test period. Also
immediately after loading RH was changed to 30 %. The humidity was
then changed each week between 30 % and 88 %. In series C both
load and climate were kept constant. Two stress levels were used,
one at 1.6 MPa and one at 8.5 MPa and the relative humidity was
88 %. One or two test specimens in each test series were kept
unloaded and pure swelling and shrinkage were measured on these.
One test specimen in each series was used to measure weight

changes during the test peried.

RESULTS

The main results are presented in Figs. 4 to 8. All graphs show
the mean value of measurements from 3-6 test pieces, see Table 1.
The variability in the measurements was of the order + 20 % of the
measured values. Despite this variation all specimens react in a

qualitatively similar manner.

Figs. 4 and 5 show the behaviour of the specimens in test series
Al and A2. Figs. 4b and 5b give the results of Figs. 4a and B5a
respectively, after zero-load correction. This correction was
obtained by subtracting the average strain of two non-loaded
specimens from the average strain of the loaded specimens. The
variation in free dimensional changes between different unloaded

specimens was generally small,

Features to note after zero-load correction, Figs. 4b and 5h, are
that the strain increases during the first sorption irrespective
of whether it is desorption or adsorption. At the beginning of all
the following sorption periods an immediate change in deformation
occurs, an increase if it is adsorption and a decrease if it is
desorption. At low stress levels the strain is then nearly
constant after that step change. At the higher stress level,
however, the deformation increases during the whole sorption

period.
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In test series C the creep was measured during a period of nearly
four weeks, with the specimens in equilibrium with a relative
humidity of 88 %. At both stress levels the rate of creep is low
after four weeks, see Fig. 6. If a comparison is made with the
zero—corrected creep curves in Fig. 5b, it can be seen that the

effect of mechano-sorption is small at both stress levels.

Fig. 7 shows how the free swelling and shrinkage occurs, and the
moisture content wvariation during the test B. This result shows
that the specimens are in equilibrium with the surrounding climate
when they reach a moisture content of 6 % at 30 % RH and of 13 %
at 88 % RH.

The results from the quasi-relaxation tests (series B) are shown
in Fig. 8. In this test series the specimens were loaded after
seven days conditioning in a relative humidity of 88 %. The
deformation was then kept constant as the humidity varied, cf.
Fig. 1. The mechano-sorptive effect is more evident in these
tests. An elementary elastic calculation according to Eq. (1)
predicts a total stress change of about 10 MPa (Ae = 0.2 %,
E =~ 5000 MPa), whereas the measured change in stress is only
2-3 MPa for the first desorption at both stress levels. In the
following re-sorption the change in stress becomes larger but not
as large as 10 MPa on any test specimen. During the second
desorption the stress level never reaches the magnitude achieved
in the first one. Note that during adsorption, the strain of the
specimens with low initial stress deviates from the initial strain
when the stress becomes zero, due to the inability of the loading

equipment to transfer compressive forces.
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CONSTITUTIVE MODELLING

In conventional engineering analysis the moisture induced strain

rate és is considered to be a function of the rate of change w of

the moisture content and possibly of the current moisture content

.

w, 1l.e. e, = es(w,ﬁ). This strain is then simply added to the
mechanically induced strain, assuming that there is no interaction

between hygral response and mechanical response.

Since such interaction has been shown to exist in the present
case, an alternative way of formulation is preferable. A simple
way to describe the interaction is to postulate that the moisture

induced strain rate also depends on the current stress state
[16,127, 1i.e. és = és(w,ﬁ,a) in the case of uniaxial stress.
Assuming that the total strain rate éx is given as the sum of
linear elastic strain rate 5X/E, creep strain rate éc and

stress—-dependent moisture induced strain rate €y the constitutive

equation for uniaxial stress becomes

€% E(w) c s (2}

L)
The creep strain rate €, represents basic creep, measured under
constant moisture conditions, and will be discussed later. Note

that £ is assumed to depend on the moisture content w.

To describe the moisture induced strain the following simple

formulation will be used.

UX
e = & + K e
o
u

e | (3)

S0

.
where €eo is the free moisture induced strain rate, which can be
measured on a non-loaded specimen, o, is the ultimate stress in
uniaxial tension and k is a material parameter describing mechano-

sorptive behaviour.
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The formulation of Eg.{3) cecincides in principle with the models
proposed by Leicester [8], Rybarczyk & Ganowics [11] and later by
Bazant [12]. It can be seen as a first linear approximation and
cannot be expected to be valid for general moisture and stress
histories. General wvariations of the moisture state may be
considered, however, by taking the coefficient k as a function of

the moisture history.

To describe creep, the linear theory of viscoelasticity is
employed, see e.g. Pipkin [17]. The creep strain under constant
stress and moisture conditions is then given by ec(a,t) = oJ(t}),
where J(t) 1is the creep compliance and t is the time since
application of ¢. When the moisture content varies, it is
important to notice that the higher the moisture content, the
faster the creep develops. The effect of moisture content on creep
can be described by introducing a wmaterial time § defined by
df = dt/a{w), and a reference moisture state w_, for which the
material time is equal to the real time, i.e. a(wr) = 1. Then, the
creep strain during arbitrarily varying stress and moisture is

described by the convolution [17]

t

e (t) = ({ JLE(R)-E()1do(x ") (4)

The compliance function J is described by means of a rheclogic
model consisting of N Kelvin elements, see Fig. 11. The compliance

is then given by

N
J{t)y = =2 Jn[l—exp(Ht/Tn)] (5)
n=1

where T is the retardation time of Kelvin element n and Jn is its

equilibrium compliance, to be determined from experimental data.
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THEORY VS. EXPERIMENTS

The model according to Eq.(2) was implemented in a finite element
program, which was wused for theoretical simulations of the
experiments. The reference moisture content W corresponds  to
equilibrium at 88 % RH, and the value of E(wr) was taken from the
measurements. The basic creep parameters Jn and T, Were determined
by fitting Eq. (5) to the basic creep curve for o = 8.5 MPa in
Fig. 6. The moisture dependence of the elastic modulus E(w) and
the moisture shift factor a(w) was determined from the
comprehensive test data published by Lundgren [13]. Finally, as
regards the mechano-sorptive parameter k, all calculations were
performed according to two alternatives. In one set of
calculations, mechano-sorptive effects are not considered at all,
i.e. k = 0 during the whole process. This will be referred to as

the conventional model. In the other set of calculations

mechano-sorption is included as described below.

Since the experiments indicate that the mechano-sorptive effect is
of major importance only during the first moisture cycle, it was
assumed that « # 0 only for the first change in moisture content,
irrespective of whether the moisture content increases or

decreases. Subsequent changes in moisture content will lead to
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mechano-sorptive effects only when the moisture content reaches
values not earlier attained. The value of k was therefore given a
constant value different from zero during the first sorption
period and was then taken to be zero until the moisture content
reaches values not achieved before. In this way mechano~sorption
is described by a single material constant, which was determined
to the wvalue 0.8 by f{itting the model to the test results for
o = 8.5 MPa in Fig. 5. The tensile strength o, was determined to
26 MPa.

The results from the calculations as well as comparisons with the
experimental data are shown in Figs. 10 and 11. Fig. 10a refers to
that particular experiment (Fig. 5), which was used to determine
the parameter k. When mechano-sorptive effects are included (MS) a
good correlation was achieved, showing that the proposed model is
able to describe the mechanc-sorptive behaviour under constant
stress. Comparing with the results from the "conventional model",
it is also found that the effect of mechano-sorption is

surprisingly small in this case.

Fig. 10b refers to a test under the same conditions as in Fig. 10a
but with a lower stress. The strains predicted by the model are
somewhat too large. This may indicate that the response is not

ideally linear with stress, as is assumed in the model.

Fig. 11 shows the results when the model is applied for the
quasi-relaxation tests, of Fig. 8. Evidently, the model predicts
too high restraint stresses during the desorption periods,
especially in the case with low initial stress (Fig. 10b). It is
surprising that a model, which describes the behaviour under
constant load in a reasonably correct way, gives such poor results
under similar climatic conditions, the only difference being that
the strain is prescribed instead of stress. The results indicate
clearly that the mechano-sorptive effect is much more significant

under relaxation type conditions than under creep type conditions.
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CONCLUDING REMARKS

The following main conclusions can be drawn from the present

investigation:

1) Tests on hardboard show that the effect of moisture varia-
tions on tensile creep is surprisingly small, in view of the very
significant wmechano-sorptive effects observed for other wooden

materials.

2) The mechano-sorptive effects in the tested hardboard was found
to be much greater in relaxation tests under moisture variations.
Typically, the initial stress was reduced to 1/3 at the end of the

first full moisture cycle.

3) The increase in tensile stress due to restrained shrinkage in
wooden materials can be expected to be very moderate and only a

fraction of that predicted by linear elastic theory.

4) When a full drying/wetting cycle has been completed, there will

be a significant stress change in the opposite direction.

5) A simple constitutive model taking into account mechano-
sorptive behaviour was found to give good agreement with creep

type experiments when calibrated against these.

6} When the model was checked against relaxation type experiments
(using the same material parameters), however, it showed poor

agreement.

Based on published experimental evidence, Grossman [17] has given a
number of requirements for a model which exhibits mechano-sorptive
behaviour. To this list can be added that the model shall be able

to predict both relaxation and creep behaviour under varying
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moisture conditions. Tests of relaxation type are almost non-
existent in the literature, and it would be of great interest if
experimentalists could perform such tests for different wooden
materials and for different loading modes. For instance, predic-
tion of drying stresses and cracking in timber requires such in-
formation for wood under tension in the radial and tangential

directions.
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ABSTRACT

The strength of lap joints in pure shear is studied
theoretically by a non-linear fracture mechanics approach, taking
into account the complete T-5 curve of the bond line, including
its softening branch. Bending effects and peel stresses are not
considered,

The purpose is to present a unified method of analysis which
incorporates more conventional methods as special cases and which
makes it possible to study the significance of various parameters.
A joint-characteristic brittleness ratic is introduced. Fracture
energy, Gf. defined as the area under the 1§ curve, is found to
be an important parameter. The significance of the shape of the
T~0 curve is studied and the optimal shape is deduced.

The range of application for more conventional methods of
analysis is indicated and limiting conditions for application of
1D analysis of overlap joints are proposed. A linear elastic
fracture mechanics strength expression is developed and a method
for simple calculation of the self-similar stress distribution is
proposed. For cases where adherend fracture may occur, it is found
that a small increase in adhesive strength may produce a drastic
decrease in joint strength.

ANALYSIS LAP JOINTS STRENGTH FRACTURE
FRACTURE MECHANICS FRACTURE ENERGY VOLKERSEN
BOND SHEAR JOINTS ADHESIVE SOFTENING



. INTRODUCTION

For theoretical strength analysis of adhesive joints, different
methods from the sciences of structural mechanics and strength of
materials may be employed. These methods include linear elastic
fracture mechanics (see e.g. Anderson et al., 1977), elastic and
elasto-plastic analysis together with some maximum stress or
strain criterion (see e.g. Adams and Wake, 1984), and limit load
analysis by means of the theory of ideal plasticity. The
applicability of these different approaches is known to depend on
the geometry and the physical size of the joint and on the
material properties of the adhesive and the adherends. The various
methods predict different strength and entirely different
sensitivity to changes in joint geometry and material properties.

The purpose of this paper is to present a unified method of
analysis which incorporates the above mentioned approaches as
different special cases. The approach presented below is
essentially inspired by methods for non~linear fracture mechanics
analysis of fracture softening solid materials (Hillerborg et al.,
1976), (Gustafsson, 1985).

Analysis of the single-lap joint in pure shear forms the base for
the study. In order to enable simple numerical calculations by
means of existing analytical solutions, (Ottosen and Olsson,
1986), and to facilitate a qualitative interpretation of essential
aspects of joint behaviour, some of the simplifying assumptions
used by Volkersen (1938) are adopted: the adhesive is assumed to
be in a state of pure shear and the adherends are assumed to be in
a state of pure tension without any bending effects. Accordingly,
peel stress is not considered in the present study.

The theoretical results obtained for the single-lap joint are
valid also for the double-lap joint and are also directly
applicable to the mechanically analogous joint consisting of
overlapping pipes exposed to torque. The substitutions of
variables required for application to analysis of overlapping
pipes in torsion or tension are given in (Gustafsson, 1987).

2.  GEOMETRY AND ASSUMPTIONS

The geometry of the single-lap joint is shown in Fig 1. The
adherends are regarded as linear elastic bars in pure tension and
the bond line is regarded as a shear medium in which influence of
normal stress is neglected. The modulus of elasticity of the
adherends is E, and E,, respectively. The change in geometry of
the joint during loading 1is assumed to be small so that
geometrical non-linearity may be disregarded. Please note the
convention t,;E./(t3E;}) = a ¢ 1.0. The mechanical constitution of
the bond line, Fig 2, is defined by a relation between the local
shear stress, 7, and the local shear displacement, &, across the
adhesive layer. This relation is regarded as a constitutive
relation and may depend on type of adhesive, bond line thickness,
curing, loading rate, surface preparation, interphase between



adhesive and adherend, and so on. It is of significance that the
constitutive relation comprises the sof tening branch of the +-5
curve. Existance of a softening branch has been experimentally
verified for various adhesives (Wernersson and Gustafsson, 1987).
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Fig 1. Geometry of single—-lap Fig 2. Constitutive relation
joint. of bond line.

t,E /7 (t2Es) = € 1.0,

3. FRACTURE ENERGY

Fracture energy, Gf, of a bond line is defined as the energy
required to bring one unit area of the bond surface from its
unloaded state to its completely fractured state. For the case of
pure shear, we get by definition:

G = [ T ds (1N
0

i.e. G corresponds to the area under the t-6 curve. This fracture
energy, G¢, must be distinguished from the eritical energy release
rate, G,, used in linear elastic fracture mechanics. While Gy
represents the energy required to bring a fixed unit area to
complete separation, G¢ represents the energy dissipated during
movement of a distinct tip of a sharp crach.

Gy may be determined from the 7T-6 curve and may also be
experimentally determined from the total work done by the external
load during testing of a joint. This latter method demands that
energy is dissipated only in the bond line and that a gradual and
stable performance can be recorded also when the load is
decreasing during increase in displacement. It is also required
that peel stresses must be avcided, but not that the shear stress
is uniformly distributed. It may also be possible to determine Gy
indirectly by fitting theoretical load carrying capacity to test
results,

4.  NORMALIZED CONSTITUTIVE RELATION

It is suitable to normalize the constitutive relation, + versus §,
by dividing 7 by T and & by Gf/q . with 7 defined in Fig 2. T-6
curves which after normalization to T/T; versus 6/{Gf/7*} coincide



are referred to as T8 curves with the same shape., This shape may
be described by a function g:

T o)
:,:f- = g [5;"77;] (2)

Thus the constitutive relation of the bond line is uniquely
defined by the two variables 7. and Gf and by the shape function
g. The significance of these variables shall be studied later on
in this paper. Idealized examples of normalized constitutive
relations are shown in Fig 4. The peak value of these curves is
1.0 and also the area under each curve is 1.0.

5. BRITTLENESS RATIO AND STRENGTH FUNCTION FOR JOINT

The load carrying capacity of a joint is defined as the maximum
load, P, , during gradual increase in joint displacement. This
means that no special fracture criterion for a jeint, based on for
instance stress, strain or energy release, is introduced in the
present analysis.

Prax ~May be influenced by the nine variables that define joint
geometry and material properties: E;, E,, t,, tz. b, &, 7., G¢ and
g. Thus a total of ten variables are involved. As E;, E;, t, and
tz enter the present one-dimensicnal analysis only through the
normal stiffness of the adherends, E,t;b and E,to,b, and as Prax
and normal stiffness must be proportional to b, the number of

variables is reduced from ten to seven:
Pnax t.E,, ty.E,, & G
b ' i+1 2+%21 -Tf’ f-g

During analysis of structures with insignificant change in
geometry during loading, similitude 1in the performance of
different structures may be utilized for generalization of
computational results. Keeping €, 7,, g and load, P/b, constant, a
proportional increase in strain and deformation in all parts of
the joint at unchanged force in all cross-sections of the
adherends and at unchanged stress in all parts of the bond line is
obtained if t,E,, t,E, and 1/G¢ are decreased proportionally. For
all values of the load P/b the absolute value of the global
tangential stiffness of the joint, d(P/b)/du, is decreased
accordingly and by the same factor of proportionality. However,
this also means that the value of P/b corresponding to
d(P/b)/du = 0, i.e. Py, /b, is not influenced by the proportional
change in t,E;, t,E, and I/Gf. Where calculation of P, /b is
concerned, consequently these three variables may be reduced to
two: txE;/(t,E,) and 1/{G¢t4E,) or alternatively a (= t4E,/(t:E2))
and 1/(t,E,G).

For further reduction of the six variables now remaining,
dimensional analysis may be applied. Two dimensions, force and
length, are involved resulting in 6 - 2 = 4 non-dimensional
variables. Defining normalized load carrying capacity as



Prax 7/(7; b€), the following general relation for the strength of
the lap joint is obtained:

Prax ezT? ]
T bE ~ f[tiEicf e 8 (3)

For joints with constant a and g, this strength function may be
written:

Poax _ [ezrf ] @

This relation shows that the normalized mean shear stress at
failure is governed by the ratio (Bszz)/(tiEin). This important
ratio is below called the brittleness ratio of lap joints, or more
briefly the brittleness ratio. High values of the brittleness
ratio correspond to brittle fracture and low values correspond to
ductile fracture. The transition from ductile to brittle
characteristics is gradual and it is probable that a majority of
joints may be referred to the transition region. It may be
instructive to note that the brittleness ratio of lap joint is of
similar character as the slenderness ratio of a column.

The ratio (227?)/(t1E1Gf ) depends on the absolute size of the
joint through €, 1its geometrical shape through ratio &/t
stiffness of the material in the adherends through E, and on the
properties of the bond line through the ratio T2/G, . For some
different bonds, experimental values of the ' bond line
characteristic ratio T2/G are given in {Wernersson and
Gustafsson, 1987). The material property ratio Ein/qf has the
dimension of length and for constant E,/E, this ratio may be
regarded as an intrinsic material property of the joint. The
corresponding material length parameter used in linear elastic
fracture mechanics analysis of solid materials is (K70 }?, where
K¢ 1is the critical stress intensity factor and o the yield
stress. Ratio £2%/t, can be directly compare with the
experimentally deduced "joint factor", v t/2, (Marian, 1954).

6.  STRENGTH ACCORDING TO LEFM AND SELF-SIMILAR STRESS
DISTRIBUTION

6.1 Strength according to LEFM

It is appropriate to develop a linear elastic fracture mechanics
(LEFM) expression for the strength of a one-dimensional (1D) lap
Joint as defined by the basic assumptions in section 2. LEFM
basically requires that fracture takes place as a progressive
movement of a fracture region of constant shape and size and that
this region is very small compared with relevant dimensions of the
structure. Presuming ¢ is large, during 1D analysis these demands
are fulfilled even if there is no pre—existing sharp crack in the
joint and even if no stress singularity is predicted. If £ is
large., only the ends of the bond line are active and during a
movement dx of the fully developed self-similar fracture region of



constant size the same amount of energy is dissipated as totally
required for complete fracture of a bond line of area bdx. This
means that the energy, G, . dissipated during movement of the
active fracture region of constant size is equal to Gf.

Assuming that the fully developed fracture region is very small
compared to £, the change in compliance of the joint, dC, during
movement of the fracture point from x = 0 to x = dx, Fig 1, is:

dx dx (5)

€ = 575 % " ETD + Eo0ob

The corresponding change in potential energy, dW, is:
1 52
dW = - 5 P“dC (6)

When the load, P, has reached the value necessary for movement of
the fracture region — dW = Gfbdx. giving:

P

max

=vV2 (1 +a) bV t,EG (7)

This LEFM expression for the strength of a 1D-overlap joint may be
written in the form of the general strength function, (3):

2_2
Poax. _ /5 T+ /v L (8)
Y € E.Cy

From {(7) and (8) it is evident that LEFM predicts no influence of
local shear strength, 7, , shape of 7-8 curve, g, and overlap
length, 2. Consequently the strength of a brittle lap joint is not
increased by increase in adhesive strength, 7, , but 1is instead
proportional to the square root of the area under the T-§ curve,

v Gy .

6.2 Stress distribution in progressively moving fracture region

The constant stress distribution within a self-similar fracture
process region moving along a crack path is in general governed
only by properties of the material and type of loading. However,
in 1D analysis of Jjoints this stress distribution becomes
dependent also of the thickness of the adherends. Starting from
Eq. (7) the gradient of the relative displacement, d&/dx, can be
found (Gustafsson, 1987}:

/5
mji e = J_Lgtlga [ T(5)ds (9)
11 o

This somewhat remarkably simple explicit expression for the
gradient of the relative displacement makes it easy to calculate
incrementally the self-similar stress distribution corresponding
to an arbitrary non-linear Tt-&6 curve. If the value of §
corresponding to v =0 is denoted §, {(see Fig 2), then, for
conveniency, one may assume X = 0 in the point were & = §,; and



T = O and use this point as the starting point for the incremental
calculation of the relative displacements. The corresponding
stresses may then be obtained from the actual 7-8 curve. Thus,
knowing 7(x)., T(x + Ax) is obtained from

T (x+ Ax) =71 (6 + AS) (10)
where
86 = ax 2 (11)

In Fig 3 an example of a self-similar stress distribution in a
brittle joint is shown. This example is valid for the shape of the
7-6 curve shown in Fig 4b). The diagram in Fig 3 indicates also
how the self-similar stress distribution may be normalized and
thus being made valid for. for instance, joints with different «.

Ty
10+
0.8 &
0.6 +

0.4 +

4.2 +

0.5 1.0 i 5 2.0 X/ T g6,
TG 2
Fig 3. Stress distribution in a fracrure region moving along the

bond line during fracture of a brittle joint. Const. prop.
according to Fig 4b),

From (9) it follows that for 7-5 vurves with a finite slope when
6-0, T reaches zero only asymptotically during increase in x. In
spite of this, for the actual bi-linear 76 curve Fig 3 shows that
the absolute length of the major part of the active shear stress
transferring area is about 2 JtiEicf/(Tf(1+a)/2) . The theoreti-
cally shortest possible length of a fully developed self-similar
shear stress transferring area is v&iEin/(Tf(1+a)/2). This
shortest possible length is obtained for the pile-shaped -8 curve
shown in Fig 4d). In addition to estimation of length of fracture
region, the self-similar shear stress distribution gives a
possibility to compare and illustrate the performance of different
types of adhesives.

7.  GENERAL PROPERTIES OF THE STRENGTH FUNCTION

Without need for numerical calculations, some general properties
of the general strength function, (3), for 1D lap joints may be



found by application of results obtained during non-linear
fracture mechanics analysis of fracture softening solid materials
(Gustafsson, 1985)., These properties also show hos more
conventional methods of strength analysis form special cases or
limiting values. In order to abbreviate formulas, -in this section
the notation T.,,, 1is used for Pmax/(T; b2} and the notation A is
used for the brittleness ratio Esz/(tiE,Gf). For all values of
the ratio a (= t;E;/t;E,  1.0) and for all shapes, g, of the -6
curve, the following is found:

Tmax ~ 10 when A -0 (12)
Toax =V 2(1 + a)7N when A = (13)
Q-igféal <0 for all A (14)
é—igﬁiLl > - 0.5 Toex for all A (15)

The numerical results shown in Fig 5 1illustrate the above
relations. From (12) and (13) it is evident that a small value of
the brittleness ratio corresponds to ductile fracture and limit
load analysis by ideal plasticity and that a large value of the
brittleness ratio corresponds to fracture through propagation of =a
fracture process region and limit load analysis by linear elastic
fracture mechanics. From {12) and (13) it is also evident that
entirely different material property parameters govern Pp,, when A
is small and large, respectively. Thus, for small A P,,, is
proportional to 7, but independent of G¢. whereas for large A Ppga,
is proportional to V Gf but independent of T,. It is also
interesting that the two assymptotical values of Prnax are both
independent of the shape, g, of the T-8 curve. In the region of A
corresponding to transition between ductile and brittle fracture,
both 7, G; and g has influence on Fray -
(14) and (15) may be derived from the trivial assumption, for
solid materials and joints verified by a large number of numerical
calculations, that Pn,, never decreases when T. or G, is increased
at constant values of all other variables. Validity of (12) - (15)
requires that failure takes place in the bond line and accordingly
net in the adherends.

As one result of (12) - (15) a theoretical upper bound for the
strength of the joint is found:

1.0

Tmax < Min { . (16)
v 2 (1+a)/A

This upper bound statement, illustrated by Fig 5, is valid for all
a, g and A. Thus, if a curve shape, g, can be found such that ?max
coincides with the upper bound for all a and A, then this shape of
the 7-8 curve must be optimal. In fact, such an optimal shape
exists and is found to be the pile-shaped curve shown in Fig 4d}.



A lower bound statement of equal simplicity as the upper bound
statement has not been found. Of course, if the ascending branch
of the 1-6 curve is known a lower bound of T,,, may be obtained by
numerical calculation of the load that corresponds to the first
occurrence of peak stress, T , in any point aleong the bond line.
Accordingly, calculation of P,,, by means of a maximum stress or
strain criterion, taking into account the actual linear or
non-linear ascending branch of the v-§ curve, gives a value of P,
which is less than or equal to the load carrying capacity of the
joint.

8.  CALCULATION OF STRENGTH AT DIFFERENT SHAPES OF 1-& CURVE

Applied calculations of the strength of lap joints are carried out
for the four shapes of the 7-§ curve shown in Fig 4. These four
shapes allow analytical calculation of strength and stress
distribution. For other curve shapes, calculations may be carried
out numerically,

T/Te T/Ts
Curve I Curve 11
10 10 (E=1.0}
al 20 B/{G4IT,) bl 2.0 5/1G¢/Ty)
T/Ts T/Ts
Curve LI] Curve 1V
10 {(£-0.02] -
i
c! 20 8/{GriTe) d) Vo BI(G/ Ty

Fig 4. Different shapes of 7-§ curve.

Curve I is linear up to peak stress and has then a sudden drop to
zero stress. Though Volkersen (1938) didn't define the properties
of the shear stress medium after peak stress, curve ] corresponds
closely to the assumption made by Volkersen. By substitution of
variables and introduction of fracture energy, G, the result of
Volkersen gives the following expression:

Prax _ (1 + @) sinh o
b€ ~ w (a + cosh w)

(17)

where



_/ 1+a e277 18
o=V p) V/ € E;Gq (18)

For bi-linear 7-8 curves, i.e. curves II and III, provided ¢ = 1.0
an analytical solution presented by Ottosen and Olsson (1986) may
be utilized. The shape of different bi-linear +-8 curves is here
defined by §, which denotes the normalized shear displacement when
/7, = 1.0. For curve II § = 1.0 and for curve III § = 0.02.
Substitution of variables and introduction of fracture energy in
the same manner as in the case of curve I gives the following
expression for joints with a = 1.0 and with a bi-linear T8 curve:

Pmax _ / 2 227}2 . / Xp ? 227'2 2
nbe =V @H /T, V@) TG T (19)

Xp is the point where 7 = T; and may obtained by iterative
solution of:

1 X 2 9242 2 V// X ]2 2242 2
==Xt 2 /£ Xp £ =
tgh v/T 577 ] tEG, € g-¢F & ? tEG; (2 - £) 0

(20)

For the pile-shaped 7-8 curve, curve IV, the following result can
be obtained (Gustafsson, 1987):

82T2
S —
1.0 when t.ECr €2 (1 +a)
max
wbe * (21)

v 2 (1+a) / / E:E?E;' when E:E?&? 22 {1+ a)

Comparison with (16) shows that Eq. (21) coincides with the upper
bound relation and from (21) it is also evident that the
pile-shaped 7-6 curve gives an abrupt transition between the
ductile or plastic relation (12) and the linear elastic fracture
mechanics relation (8) or (13). Relation (21) illustrates also
that an increase in adherend stiffness t,E, (2 t:E;)} at constant
adherend stiffness t,E, may result in a reduction of Prax

In Fig 5 normalized joint strength, Pmax/(rfbﬂ). versus
brittleness ratio, BZT?/(tiEin ), is shown for joints with
a = 1.0, The four curves in Fig 5 correspond to the four T-6
curves in Fig 4. Fig 5 indicates that the numerical results are
all in agreement with the general properties of the strength
function of 1D overlap joints, discussed in section 7. Fig 5 also
shows that the three apparently very different T-5 curves I, II
and IIT don’t produce very different joint strength provided that
the peak stress, 7,, and the area under the 7-5 curve, G¢, are the
same. Curve IV yields a more significant deviation in the
intermediate range of BZT?/(tlEin).

Although curves I-III don't produce very different joint strength,
it is important to note, as shown by Ottosen and Olsson (1986),



that gradual softening of an adhesive may have great influence on
the load carrying capacity of a joint. Thus, if T, would drop
abruptly to zero when peak stress, T, , is reached, for joints with
a high brittleness ratio, from (7) it is for the bi-linear +-6
curves found that the joint strength would be reduced by the
factor v £/2 . For curve II this corresponds to a 30 % reduction
in joint strength and for curve III to a 90 ¥ reduction.
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Fig 5. Normalized joint strength, Pn,. /(7 be) (= Tmax )» VETSUS
brittleness ratio, esz/(tEGf) {= A). Curves shown are
valid for joints with a = 1.0, i.e. with t,E, = tyE,.

By Fig 5 it is possible to approximately estimate when simplified
strength formulas may be expected to give engineering accuracy and
when it is necessary to apply the wmore general method of
calculation:

2.2
[ Prax ® T, be when %:%%6? ¢ 0.1 (1 +a)
e
. Prax = beB f [ ?:Erar . a, g] in general (22)
82_?_2
L Phax * vV 2 (1 + a} b v tiEicf when E—E.fﬁ? 2 10 (1 + a)

In section 9 requirements for the tacitly assumed validity of the
1D analysis are discussed.

In Fig 6 a comparison with test results from (Marian, 1954) is
shown. The test results are valid for Redux adhesive light metal
joints of various overlap length, &, and adherend thickness,
t (= ty, = ty). As T, and G, of the actual bond line are not
reported, these two parameters have been estimated from the test
results by means of a non-linear least square method. The



theoretical curve in Fig 6 corresponds to curve I in Fig 4a). With
slightly different values of T and Gf, one may expect -5 curves
IT and III to give almost the same good agreement.

1 10 100 £}
LEG

Fig 6. Strength of lap joints. Test results {Redux adhesive -
light metal joints) from (Marian, 1954) compared with theo-
retical curve valid for T, = 40 MPa and EGf/Tf = 22 mm.

©.  REQUIREMENTS FOR 1D ANALYSIS AND REMARK ON 2D ANALYSIS

In one-dimensional analysis of overlap joints, adopted in the
present study, it is assumed that peel stresses are negligible and
that the adherends are in a state of pure tension without any
bending or shear effects. This means that the length of the active
shear stress transferring part of the bond line must be large
compared to the thickness of the adherends. This infers two
requirements: one with respect to the geometrical slenderness of
the joint and one with respect to the length of the active part of
the bond line in the geometrically slender joints {compare Fig 3),
Thus, one may expect the 1D analysis to be accurate if the
following inequalities are satisfied for large values of the
numbers A and B.

£ > A (23)
ta

1L /__4EG, > B (24)
ta =

Tf (1 + a)/2

1D analysis, whereas a short and thick wooden joint with a strong
and brittle adhesive may not be suitable for quantitative 1D



analysis. However, even in cases where the requirements for
quantitatively accurate 1D analysis are not satisfied, qualitative
results and knowledge obtained by 1D analysis regarding for
instance the significance of different parameters may be very
useful,

In addition to the above important requirements, in 1D analysis it
mist also be assumed that the difference in lateral straining of
the two adherends is insignificant. When applied to overlapping
pipes exposed to tension or torsion, it must furthermore be
assumed that possible volume change of the bond line during shear
deformation is of minor importance.

In the case of 2D analysis, influence of geometrical shape of
joint, defined by &/t; and t,/t,, must be considered separately
and thus not only through the brittleness ratio and a,
respectively. Thus, in analogy with the strength function (3), for
the case of 2D analysis:

Proax. s £ E.L I
Tbe‘f[t_fﬁf(T'a’g'ti‘Ez (25)

f

Here g represents the shape of the 2D constitutive relation of the
bond line, which in the case of path independency may be written
(. 7} = g (6., 8) where o, and &, is the normalizied stress and
relative displacement, respectively, perpendicular to the bond
line. General properties of (25) are analogous to those of (3},
though not identical. In Eq. (25) geometrical non-linearity is not
considered and isotropic adherend materials with given values of
Poisson’'s ratio are assumed.

10. INFLUENCE OF SHEAR FRACTURE IN ADHERENDS

10.1 Discussion

For wooden adherends and fibre reinforced composite adherends,
failure may not develop in the adhesive but instead in a thin
layer of the adherend material close to the bond line. Such a
shear failure is assumed to develop if 7. is greater than the
shear strength, Tt » of the adherend material. Just as the bond
line, the adherend layer has a T-6 curve and accordingly a
fracture energy. For simplicity, in this discussion it is,
however, assumed that the fracture energy of the adherend material
is negligible as compared to the fracture energy of the bond line.
This may be a reascnable assumption for many adhesives and
non-metallic adherends.

The negligible fracture toughness of the adherend material means
that the local shear stress immediately drops to zero when + is
reached. If T, is greater than e this means, in turn, that only
a part of the ductility, and accordingly only a part of the
fracture energy, of the bond line is utilized. This is illustrated
in Fig 7 where the effective fracture energy is represented by the
shaded area and where the effective T-6 curve is represented by



the curve enclosing the shaded area. The reduction in effective
fracture energy that results from T > T, 1s of particular
signficance for brittle joints as for such joints Pa is directly
governed by the fracture energy. It can also be noticed that the
limit case T, = T, corresponds to an abrupt change in effective
fracture energy. Accordingly a small increase in T, may produce a
sudden and drastic decrease in load carrying capacity of brittle
joints.

From the above discussion one may conclude that adhesives stronger
than the adherend should be avoided in the presumably common case
when the fracture energy of the bond line is great as compared
with the fracture energy of the solid material in the adherends.
Taking into account alsc joints with a low brittleness ratio, the
ideal adhesive should be strong, but still not as strong as the
adherend with low fracture energy. At this point it must be
remarked that certain adhesives under the action of long-term load
lose a significant part of their strength. Of course, in this case
it may be favourable to choose an adhesive with a strength at
short time loading greater that the strength of the adherend
material.

10.2 A test

¥here wooden joints are concerned, the above conclusion may seem
remarkable since fracture in the wood is usually taken as a
positive sign of a good and suitable adhesive of high quality.
However, in order to attain some verification of the theoretical
conclusion a small test series was carried out. 3 x 3 centrically
loaded single-lap joints with wooden adherends (Pinus Silvestris)
and with 2 = 160 mm and t, = t, = 20 mm were tested. Three of the
specimens were joined by polyurethane and three by
resorcinol/phenol and three specimens were made of solid wood
without any bond line. The solid specimens were sawn in one piece
from larger pieces of wood and accordingly, in contradiction to
the first 2 X 3 specimens, not sawn 1into two adherends
subsequently joined by adhesive. The 7-5 curves of the actual bond
lines, see (Wernersson and Gustafsson, 1987), are shown
schematically in Fig 8: the two bond lines have approximately the
same Gi, but in the event of adherend fracture the effective
fracture energy of the weak polyurethane bond line may become
significantly greater than that of the strong resorcinol bond
line. In the present tests, in all cases adherend fracture
developed and in Table 1 the results are indicated. Clearly, the
actual very limited test series appears to support the above
discussion. The weaker polyurethane bond line with a greater
effective fracture energy produces a stronger joint than the
resorcinol bond line which has negligible effective fracture
energy in the case 7, » T., and produces about the same joint
strength as the solid type of specimen. The theoretical discussion
as well as the test results also suggest that in certain cases a
structural member can be made stronger if sawn into two pieces
which then are joined together by means of a suitable adhesive.



a/Resorc;nolfphenol

Polyurethane
7 Y

6 I U=2 , 014 & mm
Fig 7. Simplified effective Fig 8. Schematic 7-5 curves for
fracture energy when two adhesive bond lines.
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Solid wood 1.4
Resorcinol/phenol 1.3 Table 1.
Strength of joints. Mean
Polyurethane 2.1 values from three tests.

[1. CONCLUSIONS

From the above study of 1D Joints in pure shear, the following

conclusions may be drawn.

* By means of a non~linear fracture mechanics approach, taking
inte account the complete 7-5 curve of the bond line, it is
possible to analyse the strength of joints with different
characteristics in a unified manner. The joint strength may be
described as a function of a brittleness ratio which also

characterizes the joint and its fracture performance.

¥ Fracture energy, Gf, is an important parameter which depends

on both the ascending and descending branch of the 78§ curve.

* For ductile joints the strength, 7., of the bond line is the
governing strength parameter while for brittle joints the
strength is determined by Gs. In the intermediate range both

T¢+ G; and the shape of the -6 curve have influence.

* The unified theory makes it possible to estimate when more
conventional methods of strength analysis are applicable. It is

also estimated when the 1D analysis is applicable,



¥ A linear elastic fracture mechanics expression for the strength
of 1D Joints can be obtained. The self-similar stress
distribution in the fracture process region can be calculated
for an arbitrary non-linear 7-5 curve in a simple manner.

% If adherend fracture may occur, a small increase in adhesive
strength may produce a drastic decrease in joint strength.
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ABSTRACT

A test method and test results regarding the complete stress-—
slip curve of adhesive bond lines in pure shear are presented. The
test program concerns the bond between wooden adherends (Pinus
Silvestris) and comprises the adhesives PVAc, pelyurethane and
resorcinol/phenol, tested after different curing time, 4 and 16
days, and at various rates of deformation, 1 mm/min - .0695 mm/min.
The test set-up might be described as a further development of the
thick adherend test and is designed in order to enable a stable test
performance also during strain softening and fracture. The test
set~-up is also designed at the purpose of achieving pure shear, i.e.
zero peel stress, uniform stress distribution and avoidance of
adherend fracture.

It is found possible to obtain a complete T-5 curve of a bond
line. The deformation capacity of a bond line during plastic
hardening and softening is found to be very large as compared with
the first linear elastic deformation. From the test results, 7-&
curve, peak shear stress, % , fracture energy, Gt, and a bond line
characteristic ratio, T /Gf, is evaluated. Characteristic
differences between the performance of the different adhesives are
found. In some cases, curing time and rate of deformation are found
to have a significant influence on the performance of the bond line.

JOINTS ADHESIVE STRENGTH FRACTURE ENERGY
STRESS-SLIP SHEAR WOOOD TEST RATE OF LOADING
CURING TESTMETHOD SOFTENING BOND FRACTURE



1. INTRODUCTION

Within the field of adhesive science a number of theoretical models
for strength evaluation of joints has been proposed, see ¢.g. {Adams
and Wake, 1984). These models, whether they are based on continuum
mechanics or fracture mechanics, numerical or analytical, all demand
relevant material properties.

The test method to be described in this paper can be regarded as a
further development of the thick adherend test. The aim is to
determine the complete stress-slip curve of adhesive jeints in
shear. A test program including PVAc, polyurethane and resorcinol/
phenol is carried out to find some typical properties of adhesives
used as wood connectors.

When testing lap joints, load and sometimes also relative motion of
the adherends are recorded. These tests are usually simple to
accomplish but the test result is valid only for the specific test
piece and it is difficult to make conclusions about the behaviour of
a joint with different geometry.

To make more general conclusions from a test and to estimate the
response of other joints, information about fundamental material
properties of the different parts of the joint is required.
Different methods for evaluating these properties of an adhesive are
conceivable. One is to measure the strain distribution along the
bond line followed by a backward calculation of a likely material
model. This method may seem difficult to use as it is complicated to
make accurate strain measurements in the very thin glue line (Sharpe
and Muha, 1974, Asundi, 1987).

Another method is to cast blocks of the adhesive from which bulk
specimens can be machined. This is, however, a doubtful method if
the curing process is dependent of the adherend material or if the
interface between adhesive and adherend may influence the properties
of the bond line. Where the elastic properties at small strains are
concerned, recent research (see e.g. Jeandrau (1986)) has shown that
adhesive properties in a thin film and in bulk are similar, but it
is still very uncertain whether the properties are similar in a
state of large strain, shear slip and fracture. Hence, it may seem
more appropriate to determine the properties of a bond line rather
than the properties of the adhesive in bulk.

To evaluate the shear properties of a bond line the two most common
methods are the napkin ring test ({ASTM E 228-70} and the thick
adherend test (ASTM D 3983-81). If the adherends are isotropic the
napkin-ring test gives a fairly uniform stress distribution around
the glue line. For testing of the complete stress-slip curve of the
bond area between wood adherends, the method is believed to be less
suitable due to difficulties in specimen preparation, and alsc due
to the possibility of fracture in wood and also due to the demand of
a stable preformance of the test set-up especially during fracture
and softening of the bond line. The thick adherend test may be more
appropriate for determination of the actual stress—~slip curve and
the test method described below may be regarded as a further
development of the thick adherand test.



2. TEST METHOD

The aim of the test is to determine the shear stress, T, as a
function of shear deformation, &. Special effort is made to
determine the complete -8 curve of the bond line, i.e. also the
softening or descending branch when the stress is decreasing as the
deformation increases. Testing brittle adhesives this infers special
requirements on the test set-up and the testing machine. It has to
be stable and stiff and, if it is a closed-loop machine, it must
also be fast. The machine used is a servo-hydraulic, cloosed-loop,
MIS 810, a testing machine primarily constructed for advanced
dynamic testing.

The test set—-up is shown in Figure 1. It consists of two steel parts
connected by the wooden test specimen and a steel ball placed in a
notch. The width of the steel parts is 20 mm.

As the aim of the test is to load the glue line in pure shear,
consequently peel stresses must be avoided. This is achieved by
anti-symmetric loading on the symmetric wooden test piece. Perfect
anti-symmetric loading requires that the steel parts are infinitely
stiff compared with the wooden test piece and that the connection
between steel and wood is perfect. If ideal anti-symmetry could be
achieved, the peel stresses would be identically zero along the bond
line. The possibility to achieve peel stresses identical to zero
represents a fundamental difference between the present test method
and the thick adherend test,

Loading is done in compression to simplify the test set~up and to
avoid lashes which can induce instabilities during testing.

e e e ey A
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Figure 1. Test set-up.



Moment across the glue line is avoided primarily by letting the line
of action of the force act through the symmetry axis of the glue
line. To reduce any influences of excentricities a steel ball is
placed in a notch in the steel piece and a rubber band is tightened
to keep it steady. The ball counteracts bending, torsion and peel of
the bond during testing as well as during previous handling.

The slip 1is measured by two clip-gauges placed according to
Figure 1. The deformation of the clip~gauges also controls the
testing machine, i.e. the tests are carried out at constant rate of
deformation. Notice that the recorded deformation is not the shear
deformation of the bond line but that of the whole joint.

As shown in Figure 1, the glue line is only 5 mm. Besides that a
short joint gives a uniform stress distribution, the purpose is to
reduce the possibility of wood failure. To control the length of the
glue line a 0.1 mm PTFE- film is used. The film is removed just
before testing.

To reduce influence of possible boundary effects, e.g. due to lower
hydrostatic pressure at the edges of the glue line during curing,
the test piece is made with duble length and after curing it is cut
to desired test size, 20%20%22 mm°.

The test pieces are prepared as follows:

a. Two wooden pieces with dimension 11%20%40 mm® is sawn and the
surfaces toward the glue line is polished with sand paper.

b. The PTFE-film is attached.

¢. The adhesive is applied according to instructions from the
manufacturer and the pressure is applied with lever and
weight.

d. The test pieces are cured in climate room of 20°C, 65% RH.

e. The test pieces are cut te required size, with a bond area of
5%20 mm?.

f. The test pieces are attached to the steel parts with fast
curing epoxy.

g. The test set-up is placed in the testing machine, the PTFE-
film is removed and the two clip-gauges are attached.

k. The test is run.

Quality and characteristics of a bond line depends of a number of
different factors. The variables studied in the test program are
type of adhesive, curing time and rate of deformation. The adhesives
tested are l-component PVAC (CASCO 3304), l-component polyurethane
(CASCO 1809) and 2-component resorcinol/phenol (CASCO 1703). The
curing times are 4 and 16 days. Rates of deformation are 1 mm/ min,
I mm/ 4 min and 1 mm/ 16 min. For each testing condition six tests



are made. Properties the wood ({Pinus Silvestris) like density,
moisture and angle to the R- or T-direction of the fibres, are
recorded but has not been attemted to be held constant. Further, the
curing condition and amount of glue are noted.

The choice of adhesives is no attempt to find the most common glues,
However., as regards essential features of their mechanical
behaviour, they are believed to be representative for various kinds
of wood adhesives on the market.

3. EVALUATION

A typical test result is shown in Figure 2. The curve does not show
the load versus deformation for the bond line but for the total
Joint. Deformations outside of the bond must be subtracted. It is
also seen that the very first part of the curve is vertical and that

the load does not reach zero at the end of the curve. This is due to
the force in the clip-gauges and must also be corrected for.
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Figure 2. Example of recorded load versus displacement in the
clip-gauges.

To estimate the additional deformations, six comparative tests were
made on specimens of solid wood, i.e. a solid wood piece were cut in
half except for a lap of 5 mm in the middle. A typical result from
these tests are shown in Figure 3. As the ascending branch of the
T-6 curve must be corrected for the additional deformations ocutside
the bond line during loading while the descending branch must be
corrected for the additional deformations during unloading, the
preformance of the solid specimens were recorded for both loading
and unloading. The mean values of the stiffness of the solid
specimens during loading and unloading, respectivly, were used for
correction of the deformation recorded during test of the bond line
specimens.
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Figure 3. Loading and unloading of test-piece of solid wood

The force in the clip-gauges is easiest measured by the test machine
when they are adapted and removed. As the test results are recorded
digitaly, the compensations for the above mentioned effects can be
done on a personal computor.

A crucial step in the evaluation process is the calculation of the
local stress in the bond line. The present test method has been
designed at the purpose of achieving an almost uniform shear stress
distribution along the the bond line and during the evaluation it is
assumed that the local shear stress can be calculated as the load
divided by the bond area. This assumption is further discussed
below,

4. RESULTS

As a major result from the test program it was found possible to
obtain the complete 7§ relation of an adhesive bondline. The
results from the test are summarized in Figures 4, 5, 6 and in Table
1. Except for resorcinol/phenol, Figure 6, the curves represent mean
curves of six tests. Som of the resorcinol/phenol specimens
fractured in a sudden and brittle manner and consequently the
complete 7-6 curve could not be recorded. Occurrence of brittle
failure may be due to limited performance characteristics of the
testing machine.

In Table 1 the parameter Gy is specified, Gy is the fracture energy,
i.e. the area below the 7-5 curve. The fracture energy must be
distinguished from the critical energy release rate, used in linear
fracture mechanics, see e.g. {(Gustafsson, 1987).
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Figure 4. 7-6 curves for PVAc, tested at different rate of
deformation (R} and after different curing time (C).

All curves show a very stiff behavior at small stresses in the
elastic region. Due to the uncertainties in subtracting additional
deformations, the slope of the first steep part of the T-6 curve is
difficult to determine accurately and the test method is not
suitable for determination of the elastic shear modulus of
adhesives. On the other hand, the linear elastic deformation of a
bond line seems to be very small as compared with the deformation
during plastic hardening and sof tening.
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Figure 5. T-8 curves for polyurethane, tested at different rate of
deformation (R) and after different curing time (C).



In Figure 4-6 the deformation is given as relative motion of the
adherend surfaces. If this would be transformed into shear strains,
it is notable that the strains at the peak shear stress are of a
magnitude of 100% for PVAc and polyurethane.

Figure 7 shows normalized +-8 curves for the three different
adhesives with equal deformation rate and curing time. It is shown
that the predominant deformation occurs in the plastic region and
for PVAc and for resorcinol/phencl the major deformations ogccurs in
in the softening region.

Like for most polymeer materials, properties of adhesives may be
dependent on the rate of deformation. A decreased deformation rate
was expected to give a lower strength and increased deformation at
peak stress. The tests confirmed this behaviour, except for the
curves A and B of PVAc. The two curves are similar and any
significant difference is hardly possible to confirm statistically.

The three different adhesives have different curing mechanisms. FVAc
cures by emitting solvents to the wood material, polyurethane cures
by a reaction with moisture in the adherends and resorcinol/phenol
cures by a chemical reaction between the two components. This may
explain the different response on increased curing time. PYAc shows
a tougher response and lower strength, polyurethane indicates no
difference in toughness but in strength while resorcinol/phenol
indicates no difference in strength but a more brittle behaviour.

In Table 1 the standard deviation of each test series is given. For

peak shear stress, 7. as well as for fracture energy, Gf. the
coefficient of variation is of the magnitude of 10 % for PVAc and

T.MPq &
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B R=00625 mm/min £ ¢ days
C: R=0.0625 mm/min C:4 days
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0 0 0z Q.3 04 1A 0.6 a7 08 & mm

Figure 6. 7§ curves for resorcinol/phenol, tested at different
rate of deformation (R) and after different curing
time ().
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Figure 7. Normalized -8 curves for PVAc, polyurethane
and resorcinol/phenol adhesives. R= .0625 mm/min,
C= 4 days.

resorcinol/phenol and of 35 % for polyurethane. Here it must be
noted that the sensitivity in load carrying capacity, B,,, ., of a lap
Joint to deviations in T and Gy, respectivly, 1is different.
According to the analysis presented in {Gustafsson, 1987), if
failure occurs in the bond line, Brax 1is at the most propotional to
T and vV G, repectively. Consequently the effect of a deviation in
Gf 1is much less than the effect of a deviation in . a 20 %
deviation in G; corresponding to a Vv 1.2 -1.0 = 10 % deviation in
T

The controled size of the bond area and the presumably very small
peel stresses in the bond line implied that the failure, with a few
exceptions, occured within the bond line. In a few cases, i.e. at
the brittle failures of resorcinol/phencl and for PVAc tested at the
highest rate of deformation, the failure occured partly in the wood
adherends. In those cases the wood fajilure was limited to late wood.

Ratio Tf/Gf, indicated in Table 1, has the dimension of stress/
deformation and may be interpreted as a general measure of the
stiffness of the bond line, a high value corresponding to stiff and
"brittle"” characteristics and a low value corresponding to a ductile
performance. Table 1 shows that resorcinol/phenol has brittle
characteristics, in particular after a long time of curing. The
polyurethane bond lines are much more ductile, in particular at the
lower rate of deformation. While the value of ratio T2/G, is found
to be about ten times higher for resorcinol/phenol than for
polyurethane, PVAc is found to be in the intermediate range of
ductility. For PVAc the test result suggest that a long curing time
and a low rate of deformation produce a decrease in the general
stiffness of the bond line. However, decrease in the rate of
deformation from 1 mm/min to 0.25 mm/min was not found to have any
significant influence on the Tf/Gf. Ratio Tf/Gf forms a part of the



Adhesive | Conditions T, [MPa] I G [Kim/m?] 7§/Cy[GPa/m]
PVAc R= lmm/min| g 35 4 87| 2.04 ¢ .56 42.9
C= 4 days
R= .25 mm/min| ¢ o6 4+ 62| 1.82 + .23 44.1
C= 4 days
R=.0625 mm/min| 7 g4 + .01] 2.36 + .44 26.0
C= 4 days
R= .25 mm/min
C- 16 days 7.46 + .89} 1.92 + .27 29.0
——t e T e
Poly- R= 1 mm/min
urethane | C- 4 days |4-21 * 1.43| 1.01 % .39 17.5
C= 4 days
R=.0825 mm/min
C= 16 days | 3-83 % .98| 1.04 1 .28 14.0
£ s —— —— ———
R/P Re .25 mm/min) 44 50 o4l 1.08 + .17% 100. 1
C= 4 days
c=-00% m/min| g 51 4 .65] 0.71 & .068™*| 102.0
C= 4 days
£=-0025 mn/min\g o3y 1.37] 0.36 + .02 | 202.1
C= 16 days

Table 1. Tf and Gf for different adhesives at different rate of

deformation (R) and after different curing time (€).
%, Only 2 stable tests.

*%, Only 3 stable tests.
¢, Only 4 stable tests,

brittleness ratio of lap joints, (q?/G )/ (tE/E€%), see {Gustafsson,
1987),where the numerator characterizes the bond line and where the
denominator characterizes joint size and geometry and stiffness of
the adherends.



5. CONCLUDING REMARKS AND CONCLUSIONS

It is important to state that the adhesives tested are not
comparable in a design situation as they have totally different
creep properties and strength in long—term loading.
Resorcinol/phenol is a structural adhesive whereas the other two are
usually not regarded as structural adhesives in wood design. On the
other hand, the parameters tested are important for strength
evaluation of joints. Knowledge or consideration of the complete T-6
curve is believed to be essential when new or improved adhesives are
to be developed.

In the evaluation of the test results a uniform shear stress
distribution was assumed. A non-uniform stress distribution may
influence the recorded v-6 curve and the value of T . G s
calculated from the total work of fracture and should not he
influenced by a non-uniform stress distribution. It is probable that
the stress distribution along the bond line is significantly
non~uniform during its first linear elastic deformation. Therefore
and also by other reasons, see above, the present test method is not
estimated as suitable for determination of slope of the first steep
part of the r-§ curve. Where PVAc and polyurethane are concerned
there is little doubt about the accuracy of the assumption of a
uniform stress distribution after start of plastic yielding. For
resorcinol/phenol the presented method might have underestimated +

and the steepness of the first part of the descending branch of the
7-0 curve. However, if the specimen is analysed as a one~dimensional
lap joint and the brittleness ratio of the joint calculated, being
less than about 0.1 for all specimens tested, the computational
results presented in Figure 5 in (Gustafsson, 1987) suggest that T

may be accurately determined also for the resorcinol/phenol. On the
other hand, it is of course very doubtful whether the present
specimen can be analysed as a one-dimensional lap joint. For a
brittle adhesive such as resorcinol/phencl it would therefore be
appropriate to verify the method of evaluation by a finite element
analysis of the performance of the specimen.

From the test series several conclusions can be drawn:

* Adhesive bond lines expose gradual softening, i.e. the stress does
not drop abruptly to zero when peak stress is reached, and it is
possible to obtain the complete 1-5 curve of an adhesive bond
line.

* The deformation of the bond lines in the elastic region appears
negligible as compared to the deformation after start of yielding,
see Fig 7.

* For PVAc and polyurethane the shear strains are very large at
peak stress and may be estimated to be in the order of 100 %.

* Characteristic differences in the preformance of the adhesives
tested are evident bhoth through the shape of -5 curve and
through the bond line characteristic ratio q?/Gf.



* For all adhesive tested it appears that a decrease in rate of
deformation gives a decrease in peak stress, T; . For polyurethane
and resorcinol/phencl the same is found with respect to both the
fracture energy, Gf. and ratio ﬁz/Gf.

* For resorcinol/phenol an increase in curing time gave a decrease
in G; and increased "brittleness” of the bond line, Tf/Gg. For
PYAc and polyurethane the influence of curing time is less
significant.

# The fracture energy of wood adhesive bond lines appears to be in
the order of magnitude of 1 kNm/m?.
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Page 2

1, Introduction

Mhe sitate of the resecrch work performed with rejard to the
future timber desirn code by adapting the limit staltes method
has been reported hitherto by the authors in references /1/
and /2/.

The papers as to /1/ and /2/ include ~ inter elia - vhe
research nrogram for the period from 1386 to 1988 as well

as first results and findings concerning the standard strength
of visually sorted structural timber end glued laminated tim-
ber and concerning the adaptation factors.

In compliance with the objective of fhe research program,

the work performed in 1986 (see reference /3/) has been fo-
cussed on studies end investigations concerning the strength
of mechanicelly sorted glued laminated timber and structural
timber., Other activities were accomplished to examine the
influence of the moisture and of the depth of girder on the
flexural strength of zlued laminated timber.

The report following hereinafter covers the resulis and Tin-
dings of said studies and investigations.

o, Strencth of lechenically Sorted Glued Ieminated Timber (311)

2.1. Test Procedure

Tew grades of glued lamineted timber have already been de~
scribed in /1/ and /2/. The layers have been sorbed mechani-
celly according to the modulus of elasticity (bending) and
to the knottiness. The timber was clasgified into three
strength grades.

Figure 1 shows the general design of fthe glued laminated
timber,

The design of the individuel grades of glued laminated timber
which have been sorted visually and mechanically is shown

in Table 1.

The investigations covered 5 test series (see Table 2) of
mechaenically sorted glued laminated timber, Each test series
included 12 beams.

oo
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With the exception of the test series V, and V5’ the key-
dovetailinz of layer 1 was located ov the tension side of
the beams within the test zone. The test series V2 and V5
did not have any ley-dovetailing within the test zone. The
key~dovetall skew notch (in German: KZV) between the ist
end 2nd layer amounted to = 250 mpa. With oll other layers
it was at choice (see also Table Z).

With a view to providing a zone being free Iron transverse
forces, a four-point loading was selected for the test de-
sign of the glued laninated timber girders (see Table 2).
The ratio of the effective span to the test-sanple height
was 15. The length of the test zone wes about four times
the height,

Peking into consideration the stipulations included in /57,
the tests have been performed under the following conditions :-

relative air humidity: Y o=65%5%
temperature: T = 20 % 2%
time of loading until faillure: tB = 5 % 2 min.

T™he loeding was effected continuously until failure.

The dimensions of the beams are included in Table 2,

As a result of the individual tests, the following particu-

lars (parameters) have been deltermined :-

1) moisture of timber u of the corresponding glued laminatad
timber beam by means of a moilsture nmeter

2) apparent specific gravity % of the beam by weighing eccord-
ing to /11/

3) flexural strength Rm

4} deformation u, at mid-beam (see Tadble 2) by meaans of
measuring rod and level

5) modulus of elasticity in bending E_ with a ratio of

m = 15 according to the data included in /6/ .
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2,2, Test Bvaluation

The results and findings of the tests swmerized in Table 2

can e derived from Table 3, Inter alia, mean values and 5 %
quantiles of the flexural strength and the modulus of elasti~
city in bending of the GLT girders are being indicated there,

The quantile velues are devived from Weibull distributions
sccording to /9/. One can see that the flexural étrength and
the modulus of elasticity in bending increase with an in-
creasing GLT quality (Table 3: see the results of V,, Vi, V1).

Thus, the incresse in strength for Rm,S% amounts to i~
19 % with GLT 5 (VB) as compared with GLT 6 (V4)
42 % with GLT 4 (V1) a2s compared with GLT 6 (V4)
19 % with GLT 4 (Vj) es compared with GLT 5 (V3)'

The increase in flexural strength with an increasing GLT qua-
1ity is more significant than the increase of the modulus of
elasticity in bending, In this connection, the kev-dovetailing
doesn't have any disedvantageous influence on the Increase.

By a conparison of the tests performed with and withcut key-

dovetailing in layer 1, information can be provided concern-

ing the effect of the key-dovetailing on the flexural strength

of glued laminated timber {see Table 3: conpere V2 with V1

end Vs with V4).

As compared with the tests performed with key-doveteiling (V1),

the tests performed with GLT 4 without key-dovetailing in

layer 1 of the test zone resulted in increagsed strength velues
- :

which are higher by 34 % for R and by 12 % for Ry, 560

When using GLT 6, the tests withoul key-dovetelling (V.) as
compared with those performed with key-dovetalling (V4 re-
sulted in increased strength values being higher by 35 ¢ for
R, end by 11 % for R, sz (see Table 3).

The strength of mechenically sorted glued laninated timber
is higher than with comparable visually soried glued leminated
timber (see Pigure 2) as follows :-

of s
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-~ flexural strength being higher by 6 ¢ as related %o Fﬁ
- flexural strength being higher by 19 % as related to

R, 50

Me failure of the GIT girders is initiated by the rupture
of the 1st laoyer in the key-dovetalling area fto an extent of
sbout 80 % and in *he layer cross-section with large lmiwots
only to an extent of about 20 7, '

3, Strencth of Fechanically Sorted Siructural Timber

Reference /4/ deals with the investiigations performed by
Apitz as a bending test until fallure by using 354 test
sanples of structural timber with various cross=gectional
neights selected from various quality grades. In this con~
nection, the author has determined the knottiness and the
modulus of elasticity in bending with each board. These tests
were statisticelly interpreted and eveluated according to /S/
with regerd to a mechanical sorting by three strength grades.

The result of said evaluation is included in Table 4.

Ahs compared with the sorting according to visuel criteria,
mechanically sorted structural timbexr provides minor scatter=
ing in terms of the sirength and increased gtrengith values
(see Fimpure 3). However, in the case of mecharically sorted
timber the increase in strength diminishes with a reduction
of the quality grade and/or strength grade; this phenomenon
must still be further studled end investigated.

4. Standard Values of the Design Strength

Teking into consideration the latest results and findings of
recent tests and experiments, the standard values of the de=-
sign strength end of the modulus of elasticity in bending of
structural timber and glued laminsted timber indicated in

table 7 of reference /1/ have been further exactly defined

(see Table 5). In this comnection, the velues for the flex-
ural stress and strain are verified by our ovm separate tesis.
411 other values have been defined Tfor the time being in accor-
dance with the internationzl steote of mowledge and informetion,

a/vc
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in particular according to /12/ and /13/. With resard to the
other stresses and strains, specific studies and investiga-
tiong will be accomplished as well within the next years,

A comparison of the vzlues for mechanically sorted timber
with the values for visually sorted timber demonstrates an
inerease in Tlexurel sirength by 14 to 33 % with structwral
timber end by 20 to 28 % (33 %) with glued laminated timber.
The mean modulus of elasticity is higher by 4 %o 12 % with
mechanically sorted vimber.

The quantities of timber to be economized as a result of this
will still be determined by accomplishing separate investi-
zations after having defined the material factor ’X; 0

iy

5, Tnvestigations Concerning the Adaptation Factors "Depth
of Girdexr" and "loisture of Timber® with Glued Laminated
Timber Subjected to Bending Siress and Strain

Tn the case of the adantation factors "cross-sectional height"
and "moisture of timber! as indicated in /1/, the international
stete of knowledge and information has been followed.

The adaptation factor “cross-sectional height" B:n,2 for glued
lamineted timber subjected to bending stress and strein cor-
responds to the applicable code /14/ as well as to the Swiss
Code /15/. Concerning glued leaminated timber, the decrease in
strength commences beyond h = 300 mm. -

In reference /1/, three moisture grades are indicated fox
structural timber and glued laminated timber, A reduction of
the strength occurs from a timber moisture rate of =18 %

The stipwlations indicated hereinbefore should be verified
. or possibly corrected accordingly for bending stress and
strain by performing appropriate tests and experiments.

5.1. Test Procedure

The load scheme and the test procedure corresponded to the
particulars indicated in para 2.1. hereinbefore., The tests

of s
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have been performed by using fest beans of grade 6 of slued
lesinated timber (in German: BSH 6 - see Table £Y, The adap-
tation fachtor "cross-sectional height" was verified with
depths of girder h = 192, 288 and 608 mn (see Table 2, V,,
and Table 6, V4and V7)o

Due to the connection or relation between moilsture of timber
and flexural strencth which is still obscure, in’particulax
within the range of the moisture of timber of u =215 %, the
euthors investigated the strength of GLT sirders with a
moisture of timber of u = 15, 18, 24 % (sece Table 2: V4, and

Teble 6: Vs Vg)'

The moisture of timber was achieved by storing the GLT girders
in a humidity chamber.

A typical distribution of molsture over the crosg~section is
demonstrated in Figure 4.

411 values are formed from mean values of 12 test samples.,

One can see that after 146 days of storage with a climete of

T = 20°C and &jm 95 % only the boundary zones ere contain-
ing the required moisture of timber. “ithin the heart, the
mean moisture of timber is about 138 %.

The loading until failure was only performed when the layer 1
of the GIT zirder concerned had achieved the required moisture
of timber,

5.2, Test Bvaluation

Mie results and findings are shown in Table 7.

The tests performed for determining the adaptation factor
noross-cectional height® with the depths of glrder of h = 192,
288 and 608 mm (Table 3: V4, and Teble T: Vg, VT) do not re~
veal any decrease in sirength for Rm,S%'

Accordingly, thus the adaptation factor - up %o a depth of
gll‘der Of h = 608 mn - LSt a"m,z = 1.

The tests performed for determining the adaptation factoxr
Umodsture of timber" with the moistures of timber of u = 15,
18 and 24 % (Table 3: V,, and Table T: Vg, Vg)do not reveal

o/
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any decrease for R, o~ with u = 18 ¢ as comprred with u = 15 5,
chy

/

tut they reveal a decrease of T35 with u = 24 9,

The adeptation factor for a molsture of timber of u £ 13 % 4

.
&)

?r% 11 7 1 whereas for a range of the noisture of vinber
‘:, , . i i fal
Sf u= 18 % up to u = 24 % 1t is as follows :-
¥ OBy (Yo 23,6 | 4o
a, 191 7 . T 25 . ‘-
y a1 Ry 5y Wy 25,5

& conmparison of the test series V4 (16 girders) with the com-
bined values of the test series V,, Ve and Vg (36 zirders of
grade 6 of zlued laminated timber vith h = 298 m1 end <18 %)
shows that the Rm,5%~va1ue of the combined series deviates
only by 1 % from the Rm’S%-value of the series V,.

The density distribution according to Yeibull for GLT 6 (36
zirders) is shovm in Figure Se

Thus, the values indicated in /1/ are verified (see Table 7%

However, e new classification of the categories of structures/
buildings end of the pertinent climatic conditions has been
sccomplished which considers the adaptation inexrtia of cross
sections of different sizes and/or the influence of certain
types of utilization on %he moisture of timber accordingly
(see Table 8).

6. Swmary / Purther Research Activities

Girders of structural timber and of glued leminated timbex
sorted mechanically according to the modulus of elasticity
in bendinz and to the knoitiness have been investigated and
tne standard strength was determined.

The comparison of mechanically sorted timber with visually
sorted timber shows increased stréngth values being higher
by 14 to 25 % (33 %) for mechanically sorted timber, The
meen modulus of elasticity is by 4 to 12 % higher with me-
chanically sorted timber.

S
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Furtierrmore, investizations have been accompliched concarning
the inTluence of the depth of zirder and of the molsture of
timber with zirders of zlued laninated timbter bvelng subjacted
to flexure (bendinz).

Yo inTluence on the flexural strength was detarmined with
denths of zirder up to 600 mm. ;

ilo decreese in flerural sirength can be determined with a
moieture of timber up to 18 %. The flexural strength decreases
vy 7 % within the range of the molsture of timber between

18 and 24 %.

Future research sctivities will be focussed on -
1) The influence of the key-dovetail skew notch on the flex-
ural strength of glued lamineted timber.

2) The influence of the key-dovetail length cn the tensile
strength of layers of boards.

3) The possibilities of increasing the strength of glued la-
ninated timber girders.

4) The determination of the material factor for glued lanmina~
ted timber end structural timber.

At the same time, the reelization of the researcia program as
described in /1/ will be continued,

ofoe
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Figure 1: Design of glued laminated timber
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GLT grade GLT 1|GLT 2 |GLT 3|GLT 4{GLT 5{GLT6
- chani-|mechani-mechani-
sorting of visually |visually|visually | o
layers Y y Y |cally cally cally
kind of NSH | NSH | NSH | NSH | NSH | NSH
. timber | 6KIT | GKI | GK FI FI FI
exterior
layers ;
KZVimm) | 2250 | 2250 | 20 | 2250 | 2250 | 2250
kind of NSH | NSH | NSH | NSH | NSH | NSH
o timber | 6KT |GKM {GKT | FII | FXT | FIC
interior
layers '
KZV(mm) | 2250 | 20 | 20 2 0 20 20
designations: BSH = glued laminated timber {GLT)

Table 1+ Design of the grades of glued laminated timber

NSH
KZV
CK
F

1 I T N T 1 B 1]

sawn coniferous timber
key-dovetail skew notch
quality grade acc. to / 10/
strength grade acc.to / 1/
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