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INTERNATIONAL COUNCIL FOR RESEARCH AND INNOVATION
IN BUILDING AND CONSTRUCTION

WORKING COMMISSION W18 - TIMBER STRUCTURES

MEETING THIRTY SIX
ESTES PARK, COLORADO, 11 - 14 AUGUST 2003

MINUTES
(B S Choo)

1 CHAIRMAN'S INTRODUCTION

Prof Hans Blaf§ opened the 36" CIB W18 meeting and Prof Richard Gutkowski of Colorado
State University, the local host, welcomed participants to the meeting and to Colorado. Prof
Gutkowski informed participants of the domestic arrangements and other technical activities
and visits arranged.

Prof Blaf3 thanked Prof Gutkowski for the local arrangements and informed participants of
the changes in the technical programme and visits.

2 TIMBER COLUMNS

36 -2-1 The Reliability of Timber Columns Based on Stochastical Principles -
K Rautenstrauch, R Hartnack

Presented by: K U Schober

Kay Schober’s presentation covered issues relating to actions in general and the material
properties. Results based on virtual experiments the work enabled the influence of
strength, modulus of elasticity, proportion of permanent actions and the slenderness ratio of
the columns to be analysed. He concluded that the model enabled verification of
experimental data and the adaptation of design concepts. It will also reduce the number of
experiments and experimental duration and enabled the use of user defined climatic
scenarios. He expects the work to lead to practical recommendations in a year or so.

3 STRESS GRADING

36-5-1 Settings for Strength Grading Machines — Evaluation of the Procedure
according to prEN 14081, part 2 - C Bengtsson, M Fonselius

Presented by: Charlotte Bengtsson

In her presentation, Charlotte Bengtsson described the requirements of the new standards,
prEN 14081, for strength grading and she also outlined the Nordic understanding of the
procedures implied in the standard. She recommended that a clear procedure for use within
the standard would both improve the standard and also facilitate the use of the standard and
answered questions on the reluctance of saw millers to use different settings for
combination grades outputs, the implications of the standard regarding use of factory tests
for confirming the 5 percentile requirements. She confirmed that for high strength outputs,
namely for grades C35 and above, some factory testing is required.



36-5-2 A Probabilistic Approach to Cost Optimal Timber Grading - J Kohler,
M Faber

Presented by: Jochen Kéhler

Jochen Kéhler described the issues surrounding the probabilistic modelling of timber
materials and the authors’ assessment of the optimal grading procedure. He also described
findings based on tests using 239 samples of Swedish and German spruce (58x120mm) in
which tests were carried out on strength, elastic modulus and density using regression
analysis. He concluded that the approach presented may be used for the optimisation of the
output from sawmills and answered questions regarding his use of the terms quality control
and grading.

4 STRESSES FOR SOLID TIMBER

36 -6-1 Characteristic Shear Strength Values Based on Tests According to EN 1193 -
P Glos, J Denzler

Presented by: Julia Denzler

In her presentation, Julia Denzler described the loading arrangement and testing
requirements needed to comply with EN 1193. The work is based on tests carried out on
118 test specimens. She concluded that the test results did not agree with the values in
EN338 and that fissures and knots cannot be accommeodated and reported bonding
problems between the test pieces and the steel plates. Regarding shear strength it was
reported that there is no significant influence of density on characteristic strength. The
presentation was followed by an interesting and detailed discussion regarding the various
test methods available and the implications of using clear samples versus realistic samples.
This included the use of torsion tests and practical issues and implications of the {findings.

5 TIMBER JOINTS AND FASTENERS

36-7-1 Shear Tests in Timber-LWAC with Screw-Type Connections - L Jorge, H Cruz,
S Lopes

Presented by: Luis Jorge

Luis Jorge described experimental work, test results and analysis regarding the use of
screws with washers to connect the timber to the concrete. He concluded that LWAC
specimens without an interlayer could lead to strength reduction but with similar stiffness
in comparison with NWC. His tests suggest that the use of LWAC could be a positive
alternative to normal concrete. e answered question relating to failure modes, slip and
slip modulus.

36-7-2 Plug Shear Failure in Nailed Timber Connections: Experimental Studies -
H Johnsson

Presented by: Helena Johnsson



Helena Johnsson stated that the purpose of her study was to evaluate existing predictive
formulae for plug shear failures and based on the analysis of her test data, she
recommended a formula provided the nail has not penetrated more than half the depth of
the timber. She plans to use fracture mechanics and finite element approaches to further
examine the issues involved and went on to answer questions relating to load duration and
growth ring orientation.

36 -7-3 Nail-Laminated Timber Elements in Natural Surface-Composite with Mineral
Bound Layer - 8 Lehmann, K Rautenstrauch

Presented by: Steffen Lehmann

Steffen Lehmann described the experimental setup and also discussed his test data as well
as the discrepancies between theoretical and measured tensile stresses. In summary, he
concluded that shear stresses can be transferred across saw-rough lamella surfaces. There
were questions and severe warnings relating to long term durability of the bond layers and
the timber species used as the natural bond characteristics could be related to the species
used. He also answered questions relating to the implications of the work to Eurocode 5.

36 -7-4 Mechanical Properties of Timber-Concrete Joinis Made With Steel Dowels -
A Dias, J W G van de Kuilen, H Cruz

Presented by: Alfredo Dias

Alfredo Dias described the test programme which employed dowel type fasteners of § and
10 mm diameters. Timber specimens included spruce, maritime pine and chestnut.
Comparisons were also made with reference to EC5. In general it was found that load
capacity increased with concrete strength. And that in general, load capacity is
conservative but that the slip modulus estimation is not conservative. He answered
questions relating to the failure modes of the interlayer and the value of the embedding
strength of the concrete and timber.

36-7-5 Comparison of Hysteresis Responses of Different Sheating to Framing Joints -
B Dujié, R Zarnié

Presented by: Bruno Dujic

Bruno Dujic discussed the need for the research presented and the two-stage mathematical
model of wood frame structures used. The experimental work involved 6 different joint
configurations employing 3 specimens for each configuration. He concluded that the
simulation of non-elastic behaviour of nailed connection is of crucial importance for the
successful prediction of the behaviour of timber framed walls and timber structures subject
to seismic excitation. Bruno’s presentation was followed by an interesting discussion
regarding to the use of the damping values obtained in relation to timber structures and
their implications for design codes.

[F]



36-7-6 Evaluation and Estimation of the Performance of the Nail Joints and Shear
Walls under Dry/Humid Cyclic Climate - § Nakajima

Presented by: Shiro Nakajima

Shiro Nakajima indicated that the main objectives of the research he presented was to
evaluate the effects of dry/humid cyclic climatic conditions of nailed joints in shear wall
panels as the shear walls installed in timber houses experience these climatic cycles. He
compared values obtained for plywood and OSB sheathed shear walls with those obtained
numerically. In his conclusion he observed that the condition of the test specimen during
the test affected the strength and stiffness of the joints. Questions were asked with regard
to more than one cycle of dry/humid conditions. Shiro indicated that he plans to perform
tests using multiple climatic cyclic conditions.

36-7-7 Beams Transversally Loaded by Dowel-Type Joints: Influence on Splitting
Strength of Beam Thickness and Dowel Size - M Ballerini, A Giovanella

Presented by: Marco Ballerini

Marco Ballerini introduced his presentation with a discussion of the issues relating to
tensile strength perpendicular to the grain and the existing code (prEN 1995-1-1 and E DIN
1052) formulae for designing the situation. He indicated that the aims of the experimental
studies are to obtain the actual influence of b on the splitting strength of the beams and to
demonstrate the influence of the failure loads of the bearing capacity. He concluded that
the thickness affects linearly the splitting strength of beams and that EC5 formula is able to
correctly predict the experimental data “when calibrated on each test series”. He then
answered questions relating to practical design situations.

36-7-8& Splitting Strength of Beams Loaded by Connections - J L Jensen

Presented by: Joergen Jensen

Joergen Jensen introduced his paper by discussing the need for this piece of research using
fracture mechanics approach. Comparisons were made using the formulae provided by
Jensen, Van der Put/Leijten and Gustafsson/Larsen using glulam and LVL beam examples.
He concluded that the inclusion of normal forces in the Van der Put/Leijton formula is of
limited practical importance. Jensen answered questions relating to the use of tensile
strength values perpendicular to the grain, especially for glulam and LVL beams.

36~7-9 A Tensile Fracture Model for Joints with Rods or Dowels loaded
Perpendicular- to-Grain - J L Jensen, P J Gustafsson, H J Larsen

Presented by: J Larsen

I Larsen explained that the authors used the updated approach based on beam on elastic
foundation approach using Timoshenko beam theory as published recently as a CIB-W18
paper. Comparisons were carried out using fracture mechanics and stress analysis
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approaches. Analysis was also carried out using a double symmetrical “plate joint” model.
Hans Larsen presented the experimental work used to verify the theoretical work described
in the paper. This included tests carried out by Yasumura, and Quenneville and
Mohammad, and Kasim and Quenneville. Comparisons of the test data with theoretical
work raised questions about the use of fitting approaches.

These 2 presentations were followed by interesting discussions relating to the theoretical
definition of stresses as well as the practical engineering design solution approaches to the
perpendicular-to-the-grain tensile fracture situations.

36-7-10 A Numerical Model to Simulate the Load-Displacement Time-History of
Mutiple-Bolr Connections Subjected to Various Loadings - C P Heine,
J D Dolan

Presented by: Dan Dolan

Dan Dolan introduced the paper by providing an overview of the problem of bolted joints.
The research was limited to single shear load parallel to grain situations. The research
looked at group action effects in both elastic and the inelastic range. Dan went on to answer
questions relating to the way the program dealt with load reversal situations and also about
the “black box” approach used versus the clarity of detailed engineering methodology
needed to understand the methodology used.

36 -7~ 11 Reliability of Timber Structures, Theory and Dowel-Type Connection Failures
- A Ranta-Maunus, A Kevarinmdki

Presented by: Alpo Ranta-Maunus

Alpo Ranta-Maunus explained that this research followed the collapse of 52m span glulam
structure in Finland in February 2003, The structure was desiganed to ECS requirements.
He informed participants that the paper covered the effects of grading on the strength
properties of timber structures and also about dowel joint design and manufacture. He
indicated that the reported effects of grading on strength distribution is based on numerical
simulation in accordance with PrEN 14081-2. He reported that the failure initiated at a
joint where there were only 7 dowels instead of the required 33 dowels. Other reasons
included poor manufacture quality and questionable stability supports. More importantly
he concluded that ECS provisions for multiple dowel joints are not adequate. A major
conclusion from the research is that design rules for tension in dowel type joints must be
revised for group effects and should also take into account block shear failure.

6 DURATION OF LOAD
36-9-1 Load Duration Factors for Instantaneous Loads - A J M Leijten, B Jansson

Presented by: Ad Leijten

Ad Leijten began his presentation by giving an overview of the need to consider impact
loading on guard rails and the choice of tropical hard wood. The research showed that the
variation of dynamic strength as compared to static strength is dependent on species types.
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He concluded that impact-bending strength depends on wood species and loading rate.
Discussions which followed related to the question of whether the effect is on a reduction
of strength or an increase in loading due to the impact loading and the parameters which
need to be considered in the research.

7 ENVIRONMENTAL CONDITION

36 - 11 -1 Structural Durability of Timber in Ground Contact — R H Leicester, C H
Wang, M N Nguyen, & C Foliente, C McKenzie

Presented by: Bob Leicester

Bob Leicester’s presentation began with engineering definitions of the terms such as decay
and decay front. He went on to describe the on-site tests carried out from which decay
attack patterns on treated and untreated heartwood, corewood and sapwood were observed
as a function of the maintenance procedure used. He went on to describe the model
developed to predict the service life and its applicability to other forms of decay such as
termite attack. He went on to answer questions relating to the current trend of not using
preservatives such as CCA and design life.

8 LAMINATED MEMBERS

36 -12-1 Problems with Shear and Bearing Strength of LVL in Highly Loaded Structures
- H Bier

Presented by: Hank Bier

Hank started his presentation by describing the background of the production of LVL in
Australasia and the need for research due to the relatively large volume of production per
capita. He went on to say that the aim of the research is to assess the reliability of the
published shear and bearing capacity of the engineered products. From the test he
concluded that only high grade specimens fail in shear, that shear characteristic based on
bending is too conservative and that bearing failure needed to be examined. As a result
follow on bearing tests were conducted from which he concluded that bearing deformation
is important and that further work is necessary.

36 -12 -2 Weibull Based Design of Round Holes in Glulam - L Hifflin, S Aicher
Presented by: Lilian Hofflin

Lilian began her presentation with an overview of the mechanical problem and also
commented on the requirements of DIN 1052 and ECS5. She went on to conclude that the
Weibull approach agreed well with experimental results which showed strong size effects
and moment influence,

She then went on to answer questions relating to the practical design use of the
methodology presented and its impact on ECS requirements. The methodology was well
received by the participants.
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TRUSSED RAFTERS

36 - 14 - 1 Effect of Chord Spiice Joints on Force Distribution in Trusses with Punched
Metal Plate Fasteners - P Ellegaard

Presented by: Peter Ellegaard

Peter Ellegaard began his presentation by outlining the reasons and methodology used for
the research. He also discussed the new guidelines given in ECS and in the Danish code for
the design of chord splice joints. The numerical aspects of the work is carried out using
TrussLab. The work also included tests on trusses without chord splice joints for
comparison purposes. He concluded that the influence on shear and axial forces is
insignificant. More importantly he concluded that the new guidelines are not necessary.

36 - 14 -2 Monte Carlo Simulation and Reliability Analysis of Roof Trusses with Punched
Metal Plate Fasteners - M Hansson, P Ellegaard

Presented by: Martin Hansson

Martin Hansson began his presentation by describing the principles behind the use of load
sharing system. He went on to describe the test data used in his research. He concluded
that the strength of a roof truss taking experimental data as input parameters could be
simulated. In the discussions which followed Martin clarified that by system he meant only
a single roof truss rather than the whole roof,

36-14-3 Truss Trouble — R H Leicester, J Goldfinch, P Paevere, G C Foliente

Presented by: Bob Leicester

Bob Leicester began his presentation by considering a recent structural truss rafter roof
collapse and nail plate pull out. He also described lateral stability issues related to truss
roofs and also discussed heel joint failure modes, buckling and local effects. His survey
showed that nail plate pull out is not uncommon. In a particular case 12 out of 18 trusses
had to be replaced due to nail plate pull out failures. From the study it is recommended that
the strength of complex truss systems be verified via laboratory tests, that formal stability
checks should be made for certain trusses and that special checks may need to be made for
focal grain slopes. Discussions centred on design code implications and the testing
procedure for the heel joints.

STRUCTURAL STABILITY

36-15-1 Monitoring Light-Frame Timber Buildings: Environmental Loads and Load
Paths — I Smith et al.

Presented by: Ian Smith

Ian Smith made the presentation on behalf of 10 authors in 7 institutions in 3 countries. He
began by stating that the design of timber structures is basically subjective although the
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intention is to move towards a more performance/probabilistic approach. To be able to do
so it is necessary to have synchronous data from full-scale timber structures which are
complex. He went on to describe the various wooden buildings being monitored. The
overall aim of the exercise is to achieve better design codes and rules leading to better
building performance. He went on to inform participants of the expected project outcomes
and technical challenges. The presentation was followed by an interesting discussion on
the purpose, possible outcomes and implications for design of timber structures.

36-15-2 Applicability of Design Methods to Prevent Premature Failure of Joints at
Shear Wall Corners in Case of Post and Beam Consitruction - N Kawai,
H Isoda

Presented by: Naochito Kawai

Naohito Kawai began his presentation by stating that the objective of the research is to
confirm the adequacy of design calculation (empirical and rigid beam) methodologies
refating to the prevention of premature failure of joints at shear wall corners. He went on
to describe the test specimens used and compared the test data against the predictions from
both design methods. In conclusion he stated that both design methods give larger tensile
force values than that observed experimentally and although the methods are applicable
there are differences which will need to be verified using finite element methods.

36 -15-3 Effects of Screw Spacing and Edge Boards on the Cyclic Performance of
Timber Frame and Structural Insulated Panel Roof Systems - D M Carradine,
J D Dolan, F E Woeste

Presented by: David Carradine

David Carradine began his presentation by describing contemporary timber frame design
methodologies using SIP panels. He went on to describe the testing protocols and the SIP
roof panel configurations used in his experimental work. David went on to discuss the
design implications based on the findings of the research.

36 -15-4 Pseudo-Dynamic Tests on Conventional Timber Structures with Shear Walls -
M Yasumura

Presented by: Motoi Yasumura

Motoi Yasumura described typical 3 storey timber framed buildings using shear walls and
their ability to withstand seismic effects before going on to deseribe the test method,
specimens used in the pseudo dynamic testing conducted and the data obtained. He
concluded that pseudo-dynamic testing is a useful approach for assessing the ground level
storey behaviour and that the hysteretic model accurately predicted the first storey
behaviour but under-estimate the second storey behaviour.



36-15-35 Experimental Investigation of Laminated Timber Frames with Fiber-reinforced
Connections under Earthquake Loads - B Kasal, P Haller, S Pospisil,
I Jirovsky, A Heiduschke, M Drdacky

Presented by: Bo Kasal

Bo Kasal indicated that his presentation is a follow on from the presentation by Peer Haller
made in Kyoto last year. The problems with multi-storey heavy timber framed building in
earthquakes relate to the relatively low mass and high strength/mass ratios of the
structures. He went on to describe the full-scale and small (1:4) scale model tests
conducted. He concluded by raising the various issues which should be resolved before
composite reinforcements are used practically. Discussions on the paper included the need
to relate W18 papers to at least work reported in previous W18 proceedings.

36 - 15-6 Effect of Test Configurations and Protocols on the Performance of Shear Walls
- F Lam, D Jossen, J Gu, N Yamaguchi, H G L Prion

Presented by: Frank Lam

In his introduction Frank Lam discussed the possibility of an earthquake in Vancouver
before going on to describe the test protocol, specimens and results obtained. The aim of
the research is to investigate the influence of test configuration and protocols on the
performance of shear walls. He observed that hold-down devices allow full racking
capacity to be developed. He concluded that hold down devices have a strong influence on
the behaviour of the structure. More importantly a large number of load cycles in testing
may not truly reflect structural behaviour in an earthquake. Hence he recommended that
cyclic testing protocols should consider the total energy dissipation charactexistics of the
structure under expected earthquake excitation.

36-15-7 Comparison of Monotonic and Cyclic Performance of Light-Frame Shear
Walls - J D Dolan, A J Teothman

Presented by: Dan Dolan

Dan Dolan reported that the research, comparing the performance of shear walls
constructed with 4 different sheeting materials was carried out at the Brooks Forest
Products Research Centre at Virginia Tech. He then described the results obtained and also
discussed the design code implications as the test results showed that the design code
requirements gave values less than that obtained experimentally. In the discussion Dan
confirmed that he used 9mm sheathing with 24 inches stud spacing — this was sufficient to
prevent buckling problems.

11 STRUCTURAL DESIGN CODES

36 - 102 - 1 Predicted Reliability of Elements and Classification of Timber Structures -
L Ozola, T Keskkiila
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13

14

Presented by: Lilita Ozola

After acknowledging her co-author, Lilita Ozola discussed the approaches used to address
the issue of uncertainties in design parameters. She went on to describe her database of
timber framing systems, the sampling scheme used and the procedure used for determining
the 5" percentile strength values. She proposed 3 classes of timber structures for design
purposes, based on the required degree of reliability. Discussion centred on the relevance
of the research to ECS.

36 - 102 - 2Calibration of Reliability-Based Timber Design Codes: Choosing a Fatigue
Model - I Smith

Presented by: lan Smith

Ian Smith began his presentation by stating that although most engineers take “static”
fatigue into account they frequently neglect the effects of “cyclic” fatigue. He showed that
the choice of damage model is a major factor that controls reliability predictions and that
commion interpretation of static fatigue data does not match the expectations from
theoretical mechanics. He then went on to discuss the features which need to be taken into
account when choosing a damage model before suggesting a simple mathematical model.
He concluded that damage models should be consistent with experimental data but this
does not mean that they have to be complex. Discussion centred on the use of terms static
and cyclic fatigue and the relationship of the work reported to other standard fatigue work
on timber.

ANY OTHER BUSINESS

Hans Blal informed participants who presented that a paper version of the paper needs to be
sent to Rainer Goerlacher by end of September for publication purposes. Richard
Gutkowski suggested that a mechanism for taking suggestions made during the meetings
could be taken forward.

VENUE AND PROGRAMME FOR NEXT MEETING

Hans Blal informed participants that the next W18 meeting will be held in Edinburgh,
Scotland. The UK Centre for Timber Engineering (CTE) recently established at Napier
University in Edinburgh will host the event. BS Choo gave a brief presentation on the CTE
and informed participants of some of the many interesting activities and places of interest in
Edinburgh.

Hans Blaf} informed the participants that the venue of 2005 W18 meeting will be in

Germany.
Ario Ceccotti offered Venice as a venue for 2006 and Roko Zarnic offered Bled, Slovenia as

a venue thereafter.

CLOSE
Hans Blaf} thanked Richard Gutkowski for organising the 36" CIB W18 meeting in
Colorado and for the technical visits and social events before closing the meeting.
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7-4-4 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

8-4-1 Sampling Plywood and the Evaluation of Test Results - B Norén
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9-4.2 The Evaluation of Test Data on the Strength Properties of Plywood - L G Booth
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11-4-2 A Comparison of Plywood Modulus of Rigidity Determined by the ASTM and RILEM
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12-4-1 Procedures for Analysis of Plywood Test Data and Determination of Characteristic
Values Suitable for Code Presentation - C R Wilson

14-4-1 An Introduction to Performance Standards for Wood-base Panel Products -
D H Brown

1442 Proposal for Presenting Data on the Properties of Structural Panels - T Schmidt
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20-4-1 Considerations of Reliability - Based Design for Structural Composite Products - M R
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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
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On the Effect of Measurement Errors when Grading Structural Timber-
L Nordberg and B Thunell
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Fundamental Vibration Frequency as a Parameter for Grading Sawn Timber -
T Nakai, T Tanaka and H Nagao

Influence of Stress Grading System on Length Effect Factors for Lumber Loaded in
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Structural Properties of French Grown Timber According to Various Grading Methods -
F Rouger, C De Lafond and A EI Quadrani

Grading Methods for Structural Timber - Principles for Approval - S Ohlsson

Relationship of Moduli of Elasticity in Tension and in Bending of Solid Timber - N
Burger and P Glos

The Effect of Edge Knots on the Strength of SPF MSR Lumber - T Courchene,
FLam and J D Barrett

Determination of Moment Configuration Factors using Grading Machine Readings - T D
G Canisius and T Isaksson

Influence of Varying Growth Characteristics on Stiffness Grading of Structural Timber -
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Stresses for EC1 and EC2 Stress Grades - ] R Tory
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Evaluation of Lumber Properties in the United States - W L Galligan and
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W G Keating
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Timber. Part 1 - A R Fewell and P Glos

Shear Strength in Bending of Timber - U Korin

Size Effects and Property Relationships for Canadian 2-inch Dimension Lumber - J D
Barrett and H Griffin

Moisture Content Adjustements for In-Grade Data - J D Barrett and W Lau

A Discussion of Lumber Property Relationships in Eurocode 5 - D W Green and D E
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Effect of Wood Preservatives on the Strength Properties of Wood - F Ronai
Timber in Compression Perpendicular to Grain - U Korin

Discussion of the Fatlure Criterion for Combined Bending and Compression
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Effect of Within Member Variability on Bending Strength of Structural Timber -
I Czmaoch, S Thelandersson and H J Larsen

Protection of Structural Timber Against Fungal Attack Requirements and Testing- K
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Discussion and Proposal of a General Failture Criterion for Wood -
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Development of the "Critical Bearing": Design Clause in CSA-086.1 - C Lum and E
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Shear Strength of Canadian Softwood Structural Lumber - F Lam, H Yee and
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On the Influence of the Loading Head Profiles on Determined Bending Strength - L
Muszyifisky and R Szukala

Effect of Test Standard, Length and Load Configuration on Bending Strength of
Structural Timber- T Isaksson and S Thelandersson

Grading Machine Readings and their Use in the Calculation of Moment Configuration
Factors - T Canisius, T Isaksson and S Thelandersson

End Conditions for Tension Testing of Solid Timber Perpendicular to Grain -
T Canisius

Effect of Size on Tensile Strength of Timber - N Burger and P Glos

Equivalence of In-Grade Testing Standards - R H Leicester, H O Breitinger and H F
Fordham

Strength Relationships in Structural Timber Subjected to Bending and Tension - N
Burger and P Glos

Characteristic Design Stresses in Tension for Radiata Pine Grown in Canterbury - A
Tsehaye, ] C F Walker and A H Buchanan

Timber as a Natural Composite: Explanation of Some Peculiarities in the Mechanical
Behaviour - E Gehri

Length and Moment Configuration Factors - T Isaksson

Tensile Strength Perpendicular to Grain According to EN 1193 - H J Biall and
M Schinid

Strength of Small Diameter Round Timber - A Ranta-Maunus, U Saarelainen and I
Boren

Compression Strength Perpendicular to Grain of Structural Timber and Glulam -
L Damkilde, P Hoffmeyer and T N Pedersen

Bearing Strength of Timber Beams - R H Leicester, H Fordham and H Breitinger

Development of High-Resistance Glued Robinia Products and an Attempt to Assign Such
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Length and Load Configuration Effects in the Code Format - T Isaksson
Length Effect on the Tensile Strength of Truss Chord Members - F Lam

Tensile Strength Perpendicular to Grain of Glued Laminated Timber - HJ BlaB and M
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On the Reliability-based Strength Adjustment Factors for Timber Design- TD G
Canisius

Material Strength Properties for Canadian Species Used in Japanese Post and Beam
Construction - J D Barrett, F Lam, S Nakajima

Evaluation of Different Size Effect Models for Tension Perpendicular to Grain Design -
S Aicher, G Dill-Langer

Tensile Strength of Glulam Perpendicular to Grain - Effects of Moisture Gradients - J
Jénsson, S Thelandersson

Characteristic Shear Strength Values Based on Tests According to EN 1193 - P Glos,
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Test Methods for Wood Fasteners - K Mahler
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Influence of Loading Procedure on Strength and Slip-Behaviour in Testing Timber Joints
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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 Cominittee

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

Rules for Evaluation of Values of Strength and Deformation from Test Results -
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Comments to Rules for Testing Timber Joints and Derivation of Characteristic Values
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Testing of Integral Nail Plates as Timber Joints - K M&hler
Long Duration Tests on Timber Joints - ] Ktipers

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

CIB-Timber Code Chapter 5.3 Mechanical Fasteners;C1B-Timber Standard 06 and 07 - H
J Larsen

Design of Truss Plate Joints - F | Keenan
Staples - K Mdahler
A Draft Proposal for International Standard: ISO Document ISO/TC 165N 38E

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

Design of Bolted Joints - H | 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 Control of Finger-jointed
Structural Timber - B Norén

Design of Joints with Nail Plates - Calculation of Slip - B Norén
Design of Joints with Nail Plates - The Heel Joint - B Killsner
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 Plates"-
B Norén

Strength of Finger Joints - HJ Larsen

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

Design of Joints with Nail Plates (second edition) - B Norén
Method of Testing Nails in Wood (second draft, August 1980} - B Norén
Load-Slip Relationship of Nailed Joints - J Ehlbeck and H J Larsen
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The reliabilty of timber columns

based on stochastical principles

Karl Rautenstrauch, Ralf Hartnack

Bauhaus-University Weimar, Chair of Timber and Masonry Engineering, Germany

1 Introduction

As already mentioned in publication 35-2-1 of CIB [8], the reliabilty of timber columns
depends on a multitude of influencing variables and on the interaction of these variables.
Firstly, the sector of hygrothermal long-time effects and basic principles of the calculating
modell was specified in [8]. In addition to hygrothermal long-time effects described in [8]
the spreading of influences and of material parameters which are to be described on the
basic of probabilistic principles, have a decisive influence on the evaluation of the reliabil-
ity of timber columns.

Due to the multitude of influencing variables a procedure solely based on experiments is
hardly possible, so that the computer simulations of the structural behaviour presented in
this work represent a reasonable and an efficient alternative. Thus the parameter of the in-
fluencing sector and also the parameter of the resistance’s sector ([2], [7]) could be taken
into account, based on probabilistic principles. Consequentially the load-bearing capacities,
calculated by the software ISOBEAM are also distributed probabilistcally and they must be
analysed accordingly.

The concepts of modern standards are also based on semiprobabilistic principles, so that
the computer aided simulation models, presented in the following paper, could be made to
verify or calibrate the semiprobabilisitic methods of design.

2 Modeling

Without describing the model in detail, the following work is done, referring to the publi-
cations in the context of CIB in the previous years ([1], [8]).

In this publication the stochastic relevant influence parameters are only described in a short
and explicit way. First of all this has something to do with influences (load, climate, initial
deformation) and with resistance (strength, stiffness).



2.1  Action

2.1.1 static loads

First of all static loads are divided into permanent and non-permanent loads. Because hy-
grothermal long-time effects depend on the duration of a load, permanent loads are seen as
main causative for creep deformation and for the adherent reduction of the load-bearing
capacity. But the spreading of permanent loads is marginal, therfore a deterministic inves-
tigation is choosen for this consideration.

Non-permanent loads are further divided by differentiating the causes. In this publication
possible causes are live loads, snow loads and wind loads.

Live loads are usually caused by persons, furniture and the like. They could be hardly
summed up using probabilistic principles. Short-term acting loads as loadings by persons
do not produce a reduction of load-bearing capacity caused by creep. Mitchell et al. {10]
observed in an investigation of a large number of office buildings that part of the non-
permanent load could be considered as permanent acting, This loading is basically the re-
sult of furnishings which only change their place in huge intervals. More than ten years are
characteristic for these intervals. The loading which is caused by furnishings is investigated
by about 43 % of live load by German code. This part is added to the permanent loads as
quasi-permant part of live loads. As a result the remaining part acts in a short term and
thercfore the relevance of this part is negligible small for the creep process. The quasi per-
manent {oad is assumed as deterministic.

Whereas the load acting duration of snow-loads has another character than that of live
loads. If there appears snow-load according to the respective season and of the regional
boundary conditions, it permanently acts for the duration of load influence. But no signifi-
cant stochastic influence can be observed, if the equivalent water content of snow cover -
which actually appears (choosen climate station of German weather service DWD) - is in-
vestigated, Investigations of Mértensson [9] show that even if the snow load is present
during more than 40 % of a year it does not have a decisive influence on creep oriented on
the whole space of observation time. At the point of snow load action you can see a rela-
tively great influence on deformation in dependence of load value. For shorter periods of
time, own investigation (Fig. 1) show that the neglect of snow load is an acceptable simpli-
fication.
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Figure 1: Influence of snow load on creep deformations



Normally wind loads have a very short duration of action. Therefore an influence on the
long-term load bearing capacity can be excluded.
2.1.2 Imperfections

Beside the static load each installed structural member made of wood shows imperfections
which brings the stressless prebend or the oblique position into account. In doing so pre-
bend is the parabolic deflection of a beam. All kinds of columns are affected by prebend.

Ehlbeck et al. [6] investigated a multitude of installed columms to find out whether they had
deflections. From their results you can derive the following formulas for prebend and
oblique position:

prebend: Yo =(o,11501'10‘3 i§,05381-10“3)-L (1)

(0,22138‘10"3 i4,82253-10“3)
Jh

)

oblique position: y=

2.1.3 Moisture Distribution

A further significant influence on the reliability of wooden columns is the surrounding cli-
mate and the moisture of the wood produced by it. The influence is described in more de-
tail by Hartnack et al. [8]. Service class 2, which is defined in the mentioned publication, is
used in the subsequent work.

2.2 Material parameters

2.2.1 probabilistic determination

The material properties of wood spread very strongly, because of the structural configura-
tion of wood [5]. To determine values of resistance, especially the modulus of elasticity
and strength, you have to analyse regression equations of Colling [2]. Becker [1] also used
this procedure, but in a slightly modified way. Thereby specifying parameters of input are
the bulk density of the material and the knot density, which are choosen at random on the
principles of the so-called Monte-Carlo simulation.

For non finger-jointed areas Colling [2] states the following equation:

ln(Yi):ln(YReg,i)nLAB +X; (3}

Y is the resistance value to be determined, Ap is the random distance of the treated struc-
tural member to straight regression line and X; is the rest spreading. The index i shows the
corresponding cell, for which the resistance value is determined. A cell comes into being
by the regular dividing of the structural member along its longitudinal axis. The cell length
is about 15 cm.

The equations (4) to (7) gives the allocation of each addend of equation (3) for the modulus
of elasticity. It is acted on the assumption of a normal distribution with the form mean

yvalue * standard deviation:

in (Epegiension ) = 8:20+3.13-107 - pg ~1.17-KAR 4)



In (Ech,i,comprcssion ) =8.2242.994-107% . py - 0.76- KAR (5)

Ap =0.00£0.16 (0)
X; =0.00£(0.079£0.027) (7)

The equations (8) upto (10) allocate the addends for strength:

In (fRegension ) = —422 + I (E; epgion )(0,876 - 0,093- KAR) (8)
19 FRog,i conpression ) = 2386+ 2.80-107 -pg —0.825-KAR (9)
Ap =0.00%0.13 (10)
X; =0.00£0.13 (11)

The so determined resistance values are allocated to each cell of the longitudinal discre-
tisized structural member.

2.2.2  Test Diagram

Strength and modulus of elasticity, determined on stochastic principles, are assigned on the
test diagram of Glos [7]. More detailed information could by taken from the paper 35-2-1
[8] or from [11].

3 Application flow of virtual experiments

First there are 1000 elements chosen as random samples from the basic population with the
aid of the Monte-Carlo simulation. For this choice the stochastic basics as desbribed in
section 2.2.1 are used. All elements of this random sample are loaded and the load 1s n-
creased until the element fails. Hygrothermal long-term effects do not play any role so far
i.e. the load is put on in a very short period of time. The element fails, if either the maxi-
mum of tension at the outer layer is reached or if no balance appears.

To investigate the reliability regarding hygrothermal long-time effects a further selection of
random samples is made. With a possible load-bearing capacity after short-term loading ten
columns from the region around the 5-%-fractiles and ten columns from the region around
the mean value are choosen for further investigations. This procedure was verified as per-
missible in study with 1000 random samples which were investigated over a long-term
period.

After choosing 22 elements these are investigated in connection with hygrothermal long-
time effects. For that the characteristic load, which just meets the requirements of German
Code, is put on. It is assumed that the modifying factor kneg is 0,8. This is true, if at least
one of the influences can be put into class “medium-term”. This assumption is actually not
true for the load degree 1,0, whereas it is right for each load degree, which is incrementally
smaller than 1,0. Therefore this assumption is approximately permissible for the load de-
gree 1,0, too. With it the load degree is the permanent load share of the whole load. This
load is put on immediately after the beginning of the virtual experiment and it stays there
for the whole period of time (about 20 years) without being changed. In this phase the ad-
ditional deflections and stress redistributions arise as a result of creep. After this phase the
load is increased until there is a failure as described by the first phase.

Beside the reduction of load-bearing capacity an increase of deflection can be observed.
This fact, however, does not lead to failure.



4 Results

The virtual experiments are investigated for four cases of support following the classical
Euler cases. But the analysis of the results shows that the reduction of the load-bearing ca-
pacity of different support cases does not significantly vary. Therefore just one representa-
tive case of support is chosen for the following results. Especially the influences of the de-
gree of loading, of the slendemness ratio, of the strength and of the modulus of elasticity are

investigated. Finally, the results are compared to characteristic load-bearing capacities by
standard compared to safety values.

4.1 Influence of strength and modulus of elasticity
Before the running of the virtual long-term load-bearing capacities experiments are ana-
lysed first with the scope of correlation between the input parameters strength, modulus of

elasticity and initial deflection. There was, however, no significant relation between the
load-bearing capacity and the initial deflection.

If you compare the smallest strength of a test piece to the load-bearing capacity, you can

observe a clear correlation as far as compact columns (figure 2) are concermned. On the
other hand there is no correlation of strength as far as very slender columns are concerned.

Very slender columns show another picture. There a significant correlation between load-
bearing capacity and modulus of elasticity can be observed (figure 3). Correspondingly, the
load-bearing capacity of compact columns do not correlate with the modulus of elasticity.

These connections, which can also be derived from mechanical principles, are also shown
in the presented simulation model and they can therefore be used for the verification of the
model, Furthermore, the laod-bearing capacity of a column with the theoretical slender
ratio zero only must depend on the weakest part which is represented by the smallest
strength of a virtual test piece. On the other hand, the balance failure is decisive with in-
creasing ratio of slenderness. This is directly proportiontal to the modulus of elasticity.

pearing capacity [kifom®

initial load-

Figure 2: Correlation between mininum of strength and load-bearing capacity {slenderness ratio = 20){11]
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Figure 3: Correlation between middle moduins of elasticity and load-bearing capacity {slenderness ratio N=200){11]

4.2 Influence of slenderness ratio
As already mentioned stress redistributions and increases of deflection arise as a result of
hygrothermal long-time effects. If the reductions of load-bearing capacity are plotted
against the slenderness ratio, first of all there will hardly have an influence on hygrothermal
long-time effects on the load-bearing capacity for compact columns. As to very slender
columns the influence can be actuaily classified as marginal. But in the region of middle
slenderness ratios the influence is significant. Actually one exception has to be mentioned.
The jong-time effects also lead to significant reduction in the load-bearing capacity for high
slendemness ratios, if the load degree is 1,0, that means permanent loads only act. Figure 4
shows the quotient of load-bearing capacities of the 5-%-fractiles of short-term load-
bearing capacity. The quotient of the load-bearing capacity is defined as the quotient be-
tween the capacity after the virtual experiment and the capacity before the virtual experi-
ment.
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Figure 4:Quetient of load-bearing capacity Euler case 3 [11]

4.3 Influence of load degree and fractiles

Figure 4 already indicates that the load degree (portion of permanent load) also has signifi-
cant influence on the reduction of the load-bearing capacity. In figure 5 the load —bearing
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capacity of a column with the theoretical slenderness ratio zero is plotted in dependence of
the load degree and the fractile. The significant influence of the laod-degree on the 5-%
fractile could well be seen in figure 5. But it can also be observed that the influence on the
mean value of the load-bearing capacities is much less. To show the effects clearly a slen-
der column was used. Columns with middle slenderness ratios produce similar effects as
well. As shown in figure 5, a significant and a designing relevant influence of hygrothermal
effects can be constituted for load degress of 0,5 or higher.
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Figure 5: Reduction of lovd-bearing capacity (Euler case 2, =180}

4.4 Comparison to German Code DIN 1052

The results of the virtual experiments could now be compared and contrasted with the val-
ues of the standard. Results from the computer simulation (before and after the virfual ex-
periment) and resulls from calculation for the model column method of German Code DIN
1052 (October 2002) and for the non-linear elastic method (by [3] and [4]) are plotted in
figure 6. The differences of the non-linear elastic method between the two drafts result
from the fact that 5-%-fratiles of modulus of elasticity which are divided by the partial
safety factor y, are used by [3]. [4] on the other hand uses mean values of modulus of
elasticity which are divided by the partial safety factor yu. The influence of the two differ-
ent assumptions could decisively be seen in figure 6. In the region of compact columns you
can hardly observe any influence. Slenderness ratio 60 or higher shows a significant differ-
ence. This formation could be expected, because it is a change of modulus of elasticity. For
this reason the modulus of elasticity is multiplied by factor {1/(1+kyer)] in a further calcula-
tion
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Figure 6: Comparison between the characteristic laod-bearing capacity by DIN 1052 and by computer simulations



For the further comparison between load-bearing capacities of the standard and of the
computer simulation design values of standard are used. This facilitates to a better compa-
rability between ecach of load degrees. On the principles of German Code DIN 1052 ([3]

and [4]), you have to keep the safety margin y/kymoa between the design value of action and
the design resistance.
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Comparison between the lavd-bearing capacity by computer simulatons and the model columns method by DIN 1052
for the example Euler case 3

Figure 7 shows the comparison between the load-bearing capacity of the computer simula-
tion (after the virtual comparison) and the model column method according to German
Code DIN 1052 [4} for the example Euler case three. [t can be realised that design values
of action are always conservative for modifying factors kmes equal 1,1 resp. 0,9, but they
are not conservative for modifying factors kyeq equal 0,7 resp. 0,6. The region changes in
high dependency of the slenderness ratio and in slight dependency of load degree for modi-

fying factors kyeq equal 0,8. The black regions of figure 7 show the non-conservative areas,
but the grey ones show the conservative areas.

To investigate the non-linear elastic method, the characteristic values of the load-bearing
capacity is faced to the computer simulation (after the virtual experiment). To get a better
overview, the axis of load degree is eliminated and in each case one diagram for load de-
gree zero (figure 8) and one diagram for the load degree one (figure 9) is plotted. In de-
pendency of the modifying factor kg horizontal lines represent the ranges of the postu-
lated safety by German Code DIN 1052 (10.02) [4]. The postulated safety can be calculated
by the equation (12).

Yoobar = h,; Te

(12)

According to this four safety ranges (is equal to four horizontal lines in figure 8) arise for

load degree zero (modifying factors Kmee = 0,7 ... 1,1) and five safety ranges (is equal to
five horizontal lines in figure 9) arise for load degree one.
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If the accordant postulated levels of safety are taken as basis, the analysis of both diagrams
show that design procedures are conservative or non-conservative in dependency of the
modifying factor Kuee.

S Summary

A tool has been created which is in a position to calculate the load-bearing capacity of
wooden columns with the help of virtual experiments, The material parameters of wood are
determined on pure probabilistic principles and they are respectively allocated to the
structural member. Action is treated in the same way, but it is partly estimated as determi-
nistic on the basis of reasonable simplifications. According to measured values of German
climate stations the climatic boundary conditions are taken into account by approximated
cyclic specifications.

The chosen approach by using computer simulations makes a confrontation and a compari-
son to the load-bearing capacity of standard possible, so that you are able to state facts as to
the actual safety. Furthermore, the influence of creep on the reliability of timber columns is
investigated in this study. Especially in the constructional convenient regions of slender-
ness ratio you can see a high influence. The influence of the load degree and the fractile are
also investigated. The influence of hygrothermal long-time effects increases with an in-
creasing load-degree and with a decreasing fractile value.

9



To evaluate the laod-bearing capacity of timber columns, the presented procedure on the
basis of a probabilistic simulation model is excellently suitable for an economic supply of
results, because such investigations are always based on a long-term observation period.
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1 Abstract

This paper presents experience gained during the application of the new standard prEN
14081-part 2. The standard contains a procedure for derivation of setting values for
strength grading machines. The standard was applied for representative raw material from
the Nordic countries (Sweden, Finland and Norway). Consequences when the raw material
properties are better than those of the required grades and the importance of the choice of
representative raw material data for derivation of settings are discussed. A “method for
calculation” which would facilitate the use of the standard is suggested.

2 Background and introduction

A new standard “prEN 14081 Timber structures — Strength graded structural timber with
rectangular cross section” is under development. This standard will harmonise the
procedures for calculation of strength grading machine settings in Europe and results in the
possibility to CE-mark structural timber. The standard consists of four different parts:

s  Part 1: General requirements

e  Part 2: Machine Grading — Additional requirements for initial type testing

e  Part 3: Machine Grading - Additional requirements for factory production control

e  Part 4 Machine Grading — Grading machine settings for machine conirolled systems

In part two the procedure for calculating settings for strength grading machines are
described. Settings determined according to part two are presented in part four separately
for different machine types as well as for different growth areas of the timber to be graded.
Settings approved by CEN/TC124/WG2/T (2 are included in part four of the standard.

The procedure for calculating the settings is denoted the “cost matrix method”. The method
was presented by Rouger (1997). The present version of the standard (dated February 2003)
deviates from earlier versions concerning the sampling procedure and the procedure when
the characteristic values of the material to be graded are higher than those required for the
actual grade.



The standard requires that settings are calculated separately for raw material from different
countries which means that raw material from one origin must be graded with the same
settings independent of where it is graded. Restricting the use of settings to one country is a
topic that has been discussed a lot. The Nordic countries (Sweden, Finland and Norway)
have produced a document (Brundin et al. 2002) showing that raw material (spruce and
pine) from these three countries has very similar relationships between modulus of
clasticity and bending strength. As most grading machines measure stiffness it is
appropriate to use this relationship as comparison. The variability within each country is as
large as the variability between the countries. Hence, it was accepted by
CEN/TC124/WG2/TG2 that Sweden, Finland and Norway can use the same settings.

2.1  Objectives of this paper

The objectives of this paper are to present experience gained during the application of the
standard and to discuss some possible improvements.

This paper does not present a full evaluation of the standard but it focuses on some
experiences found when applying it for a representative raw material from the Nordic
countries (Sweden, Finland and Norway). The methodology used is based on a common
understanding of the method for calculation of settings achieved within a Nordic project
(Nordtest project number 1616-02).

3 Analysis

3.1 Methodology

The methodology for calculating settings (interpreted from the standard) can briefly be
described as follows (references given in this section correspond to clauses in prEN 14081
part 2):

1. Establish a database containing the test data (ID number, bending strength (fi,),
modulus of elasticity (E), density and indicating property (IP) measured by the
machine). f, shall be corrected to h=150 mm and E and density to 12% moisture
content according to EN 384. Number of specimens and sub-samples shall be
arranged according to 6.2.1. The sub-samples shall consist of at least 100 specimens
and contain material from one growth area or source of production. A minimum
number of four sub-samples must be included and at least 900 specimens are
required.

2. Optimum grading according to 6.2.4.3. The “1,12 factor” according to EN 384 shall
not be applied for grades above C30 and the 95% factor shall be used on E. The
optimum grading shall be carried out by maximising the number of specimens in
the highest grades for which settings are required.

3. Establish a model relating strength to IP measured by the machine. In the analysis
presented here a model of the following form was used:

t° By .
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8.

9.

10.

Leave out one sub-sample and determine settings for actual grade combination so
that the required characteristic strength (fi), E and density are fulfilled. Repeat for
all sub-samples.

Determine the “production settings” as the average of the seftings obtained under
point 4. Check that the difference between the average and the most conservative
sub-sample setting is less than 15%. Otherwise correct according to 6.2.4.4.

Grade the whole raw material by using the production settings determined under 5.
These grades are called “assigned grades”.

Collect optimum grades and assigned grades in a “size matrix” according to 6.2.4.5.
Example of a size matrix is shown in Table 1.

Table 1. Example of a size matrix for the grade combination C35-C24-C18-reject.

Optimum | Assigned grade

grade C35 C24 Cl18 Reject
C35 554 894 13 0
C24 34 414 60 0
Ci8 1 27 6 0
Reject 0 74 28 2

Determine the elementary cost matrix according to 6.2.4.6. An example is shown in
Table 2.

Table 2. Example of an elementary cost matrix.

Optimurn | Assigned grade

grade C35 C24 C18 Reject
C35 0 0,57 1,3 0
C24 1,53 0 0,69 0
C18 3,15 1,11 0 0
Reject 5,418 2,025 0,685 0

Determine the “global cost matrix” as described in 6.2.4.6. Each value in the global
cost matrix is obtained by multiplying the number in each cell of the size matrix by
corresponding value in the elementary cost matrix and then dividing by the total
number of pieces in the assigned grade. For example see Table 3.

Table 3. Example of a global cost matrix.

Optimum | Assigned grade

grade (35 C24 Ci8 Reject
C35 0 0,362 0,158 0
C24 (34*1,53)/589=0,088 0 0,387 0
C18 0,005 0,021 0 0
Reject 0 0,106 0,179 0

Check that none of the cells in the global cost matrix which indicate pieces wrongly
upgraded contains a figure greater than 0.2 (the cells with bold text in Table 3),
6.2.4.7. Otherwise, correct the IP (point 5) for actual grades and repeat until the
requirement is fulfilled.



11. Check that the characteristic values are fulfilled (fi, E and density) for the assigned
grades, according to 6.2.4.8.

The above given interpretation of the standardised method was worked out by
representatives for the Nordic countries. The standard would be considerably improved if
such an interpretation was included in the standard.

3.2 Raw material used for the analysis

Test material from Norway Spruce (Picea abies) representing six different origins in
Sweden, Finland and Norway, see Table 4, are used for the analysis presented in this paper.
The material data are representative for spruce raw material from these countries. The
whole material has a characteristic bending strength of 24,8 MPa, a mean modulus of
elasticily of 12400 MPa and a characteristic density of 364 kg/m’.

Table 4. Spruce material used in this paper. The different sub-samples represent different
locations in Sweden, Norway and Finland.

Sub- Dimensions | No. specimens | Mean bending Mean Mean
sample strength modulus of density
No. [MPa] clasticity [kg/m’]
[MPa]
1 34x95
34 x 145
45 x 145
45 % 195
70 x 220 395 43.0 11341 407
2 40 x 145 97 50,1 12789 466
3 40 x 145 683 45,3 12804 447
4 40 x 145 100 43,5 11330 437
5 40 x 145
45x 120
35x 55
35 x 60 522 46,5 12354 477
6 58 x 120
45 x 145 310 47,9 13138 419
Total 2107
4 Results

To “speed up” the calculations according to the procedure described above a computer
programme was developed. Our experience so far is that the procedure in prEN 14081, part
two in general works well. However, during the forthcoming revision period the topics
presented in this paper should seriously be analysed and discussed.

The examples given are valid for a bending type grading machine, in this case a
Computermatic. This machine measures the deflection of a piece of timber when a constant
bending stress is applied.



4.1 Influence of quality of the raw material

As shown above the “typical” raw material from the Nordic countries fulfils the
requirements for C24 without grading. If settings for C24 or below are wanted the usual
“cost matrix” procedure can not be used. The standard prescribes two ways of dealing with
this case:

6.2.4.9 a) “The setting shall be derived from the model for a strength value of 0.5
times the required strength for the grade”, or

0.2.4.9 b) “The setting shall be derived from the model for the worst indicating
property value in the sample”.

“If there is one or more test specimens in the sample with a strength value lower than 0.5
times the required value of the critical strength property for the grade, then case a) shall be
used, otherwise case b) shall be used.”

The consequences of these two cases are illustrated by examples below. For C18 the
required strength is 16,1 MPa. Inserting 0,5 times this required strength (8,05 MPa, case a)
in the model relating strength to indicating property results in unreasonable settings for the
Computermatic grading machine. It is easily realised that this limit value is not realistic in
the case of Computermatic when a bending stress of 13,8 MPa is applied when running the
machine. The result is that settings 5-6 times less conservative than today will be accepted
(this comparison is valid for C18 with a cross section of 50 x 150 mm). The allowed
deflections to be measured by the Computermatic grading machine will be so high that they
are not possible to measure.

Case b prescribes that the indicating property resulting in the lowest modelled strength
within the sample should be used. For the data used in this paper the accepted deflection
will be increased by 44 % compared to the deflection accepted today in Sweden (for C18,
50 x 150 in cross section). This value may be reasonable but it is not pleasing to base the
setting on one single IP-value within the sample. Additionally, in case b the rule will give
exactly the same setting for C16, C18 and C24.

To achieve more reasonable settings when the material quality is too good or the grades to
be graded are too modest the following procedure is suggested:

If the lowest grade to be graded is so low that the characteristic values of the grade
determining properties for the total sample (excluding those pieces in any higher grade)
exceed those required for the grade, the production setting for the grade shall be derived
following the method below:

1) Determine the setting for the lowest possible single grade by using the cost matrix
method

2) For this grade establish the relationship: setting/required strength
3} Use that relationship for determining the setting for the actual grade

Example, deriving setting for grading C24 as a single grade (this example is not valid for
exactly the same raw material as used otherwise in this paper):

1) The lowest single grade to be graded is C27. The “setting” for that grade, here denoted
finoa 18 34,5,

2) Relationship setting/required strength: 34,5/(27/1,12)=1,43.
3) Setting for C24=(24/1,12)*1,43=30,6



The Figure below illustrates case a in the standard and the new proposal given here. The
values above C24 are calculated according to the cost matrix method.
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Figure 1. Hlustration of two methods for calculating setting values when the characteristic
values of the test material exceed those required for the actual grade.

It is obvious that the cost matrix method works well in the cases where the test material has
properties corresponding to the properties of the required grade/grades. The main
motivation for the proposal above is to use the mathematical model also for the lower
strength classes and apply the same “level of safety” achieved by the cost matrix method
also for lower grades. The mathematical model is based on several hundreds of test values
and much more reliable than one single test value.

For the cases where the raw material is too good compared to the grades wanted a more
conservative setting can be chosen. This is of course one option that is available, however
it 1s not pleasing to have a standard permitting unreasonably liberal settings.

It may seem strange to grade good timber, as the Nordic one, to strength classes well below
the strength of the timber itself. However, this is the need for many sawmills in the Nordic
countries and is therefore an important topic to deal with.

4.2 “Upgrading” one case

The results when calculating settings for the combination C30-C24-C18-reject can be seen
in Table 5. When the combination C30-C24-reject was chosen, the same settings were
achieved, sec Table 5. However, the requirement on the global cost matrix was not
fulfilled, see Table 6. In the first case, both rejects and C18-pieces were wrongly upgraded
to C24. In the second case only rejects are upgraded to C24, which is recognised more
severe by the cost matrix method.

It 1s reasonable to think that the combination C30-C24-reject is derived directly from the
combination C30-C24-C18-reject without a special calculation. The fact that the cost
matrix is not fulfilled is then never discovered.



Table 5. Settings for fwo grade combinations.

Settings fied
Combination C 30 C24 C18

C30-C24 40,2 34,0

C30-C24-C 18 40,2 34,0 23,0

Table 6. Global cost matrix for a) grade combination C30-C24-C18-reject, b) C30-C24-

reject.
a) b)
Optimum | Assigned grade Optimum | Assigned grade
grade C30 | C24 | CI18 | Reject | | grade C30 C24 Reject
C30 0 0,22 | 0,576 0 C30 0 0,22 0
C24 0,009 0 0,006 0 C24 0,009 0 0
CI8 0,096 | 0,173 0 0 Reject 0,104 0,248 0
Reject 0014 10,157 10116 0

4.3 Influence of using different sub-samples

Using representative raw material is an absoluiely crucial point for having correct and safe
settings. In prEN 14081, part 2, it is prescribed that sub-samples shall be selected
representing one growth area or source of production and that the minimum number of
pieces in one sub-sample shall be 100. At least four sub-samples must be included and the
total number of pieces must be at least 900. A test was made by using the raw material
presented under point 3.2 in this paper. Onc sub-sample was left out and setlings were
calculated for the combination C30-reject. The results are presented in Table 7. It can be
seen that the setting drops substantially when sub-sample 1 is left out. The difference
between the least and most conservative setting for C30 is around 25%. Sub-sample 1
contains most of the dimensions and the material with the lowest density (for C30 the
density is sometimes the governing parameter). The effects of location and the effects of
timber size are not separated. In a coming version of the standard this must be cleared out.

Table 7. Settings for C30 when different sub-samples are included.

Sub-samples included | Setting {f,.q) for C30
2-6 32,5
1, 3-6 39,5
1-2, 4-6 41,5
1-3, 5-6 39,0
1-4, 6 40,0
1-5 36,8
All (1-6) 38,2




4.4 Different settings for the same strength class

According to EN 338 a timber population may be assigned to a strength class if the
following three criteria are fulfilled:

o The characteristic value of bending strength, fix, 15 equal to or exceeds the
corresponding value of that strength class.

e The mean value of modulus of elasticity, E, is equal to or exceeds 95 % of the
corresponding value of that strength class.

» The characteristic value of density is equal to or exceeds the corresponding value of
that strength class.

For strength grading machines the settings are determined in such a way that these three
criteria are fulfilled. Additionally, the requirement not to wrongly upgrade too many timber
pieces 1s checked.

Hence, the requirements are given for f,x, E and density representing all the timber pieces
in the same class. This means that the amount of timber pieces with a strength less than the
required class strength can be increased by adding timber pieces with a strength above the
class strength to the sample. (It may be wise in the forthcoming revision process to discuss
an additional requirement to ensure that the weakest timber piece in each strength class is
not too weak.)

Table 8 shows setting values for different grade combinations achieved by analysing the
raw material presented in Table 4 (prEN 14081, part 2, version February 2003 was used). It
can be seen that the settings for grading for example C24 on its own differs considerably
from the setting for C24 when it is graded together with C30 and C18. Indeed the setting of
21,3 for C24 alone is considerably less restrictive than the setting of 34,0 for C24 but also
less restrictive than the setting of 23,0 for C18!

Table 8. Settings for different grade combinations achieved when analysing the raw
material presented in this paper.

Settings fiod

Combination C40 C35 C 30 C27 C24 C18 C 16
C24 21,3
C 27 30,8
C 30 38,2
C 35 50,0
Cc27-C16 32,3 23,0
C30-C18 38,2 21,3
C30-C24-C18 40,2 34,0 23,0
C35-C24-C18 50,0 34,0 23,0
C 40 C27 57,6 32,3

Although, it is in accordance with the European requirements it is confusing to have
different settings for the same strength classes depending on the way the good material is
handled. This may also be a problem for the quality control to be carried out, partly by the
producer and partly by a third part body. If a producer uses the settings determined
assuming saw falling material to be included in the class, it is of main importance for the
quality control to ensure that nothing of that material has been creamed off before grading.



Although the three criteria presented above are also valid for visual grading it has in
Europe been agreed to use some well defined national grading rules for assigning timber to
the European strength classes. This means that the grading requirements are given for each
individual timber piece instead of for a population of pieces. There are no possibilities to
include low graded timber to a better class whatever high graded timber is included.

4.5 Use of the ’1,12-factor”
According to EN 384 the characteristic value of the strength, f;, is given by

o = Jos koK,

where

fus 1s the 5th percentile of the strength taking into account the different samples, clause 5.4
of EN 384.

ks is a factor to adjust for the number of samples and their size.

k, is stated to be a factor taking into account the lower variability of fp; values between
samples for machine grades in comparison with visual grades. k, is equal to 1,12 for
machine grades with f; equal to or less than 30 MPa. For all other machine grades and all
visual grades £, is equal to 1,00.

A discussion related to the k, factor has been ongoing for several vears and the factor
included in the standard is a compromise that can not be defended statistically. At least not
if the intention is to determine the characteristic value defined as the fifth percentile value
for a certain confidence level on equal basis.

For timber machine graded to strength classes above C30 the variability of fps values
between samples is smaller than for machine grades to lower classes as well as smaller than
for visual grades. Consequently, the &, factor of 1,12 should be used also for these high
grades but it is not the conclusion wriiten down in the standard.

If the raw material used in present paper is graded to C30 and reject by using k&, = 1,12 as
prescribed by the standard, then 1782 of the 2107 pieces are assigned to C30. The non-
parametric 5th percentile value for these 1782 pieces is 28,9 MPa while the mean modulus
of elasticity is 12900 MPa and the density is 380 kg/m3 (the density was the governing
factor). If the k, factor 1,00 instead of 1,12 is used then only 1293 of the 2107 pieces will
be assigned to the class C30. The non-parametric 5th percentile value for these 1293 pieces
is 30,1 MPa while the mean modulus of elasticity is 13400 MPa and the density is 387
kg/m3 {bending strength was the governing factor).

Lamellas to be used in the production of glued laminated timber can be either visually or
machine graded. For machine graded lamellas the %, factor shall be taken as 1,00 for all
classes, according to EN 1194,

5 Conclusions and recommendations

During the work in CEN/TC124/WG2/TG2 by formulating and applying the suggested
procedure for calculating settings different interpretations and understandings have come
up. A clear procedure with examples, as presented under section 3.1 in this paper, would
improve the standard considerably and facilitate the use of the standard.



The procedure for derivation of settings when the raw material is too good or the wanted
grades are too modest need to be revised. A suggestion is given in this paper.

In the paper it is illustrated that the raw material used when deriving the settings must be
representative for the material to be graded in production. It is shown that by deleting one
of the sub-samples used in the present analysis the setting for C30 can vary by around 25%.

Further, consequences by deriving combinations of settings from already existing ones are
pointed out. It is also pointed out that the methodology can result in considerably different
settings for the same strength class.
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1 Introduction

Timber is by nature a very inhomogeneous building material. On a large scale the material
properties are a product of e.g. the specific wood species and the geographical location
where the wood has been grown. The material properties of timber may be ensured to
fulfill given requirements only by quality control procedures — hereafter referred to as
grading. For mechanical grading various schemes have been developed using different
principles, however, the basic idea behind them all is that the relevant material properties
such as, e.g. the bending strength, are assessed indirectly by means of other indicative
properties (indicators) observed during a grading procedure such as e.g. the density or the
modulus of elasticity, see also Madsen (1992) and Walker et al. (1993). The allocation into
different grades is takes basis in acceptance criteria, which formulated in terms of the
indicators. An acceptance criterion can be implemented by means of the settings of a
grading machine, whereby a given grade is allocated to timber for which the indicators
have values belonging to defined intervals. The timber graded in this way has to match
given requirements implicitely defining the indicator value intervals. As an example, the
European standard EN 338 defines grades in terms of the lower 5% fractile value of the
graded timber bending strength, the mean value of the bending modulus of elasticity and
the mean value of the density. These requirements can be implemented by adjusting the
settings of the applied grading machine, The acceptance criterion, i.e. the grading machine
settings, leading to normative grades are normally obtained and calibrated by performing
many test of the graded timber.

Due to the special way timber material properties are ensured by means of grading in the
production line, special considerations must be made when modeling their probabilistic
characteristics, Previous work on this subject is reported in e.g. Glos (1981) and Rouger
(1996). In Pohlmann and Rackwitz (1981) a bi-variate Normal distribution model is
suggested in order to describe the probabilistic characteristics of the graded timber. In
Faber et al. (2003) a Bayesian approach is proposed allowing for a generalization of the bi-
variate Normal distribution model such that the prior probability distribution function of
the un-graded timber material properties may be chosen freely in accordance with statistical
evidence.



The selection of a grading procedure, i.e. the type of grading machine and the acceptance
criteria, could be made based on cost benefit considerations. Different procedures have
different costs and different efficiency characteristics. In the present paper it is
demonstrated how an optimal (in terms of monetary benefit) set of timber grades can be
identified. Therefore, the approach suggested by Faber et al. (2003) is utilized to identify
timber grades and quantify the probabilistic characteristics of their relevant material
properties. This requires that the probabilistic characteristics of the relevant material
properties of the ungraded timber are known together with their correlation to the indicator.
An optimization problem can be defined for identifying the grading procedure, leading to
the optimal set of timber grades.

2 Probabilistic Modeling of Timber Material Characteristics

In structural refiability applications it is necessary to be able to assess the probability
distribution function of the relevant material properties. In the following the results of
Faber et al. (2003) are summartized for easy reference. Assuming that a sufficiently large
number of experiments have been performed regarding the relevant material property, it is
in principle a straightforward task to select a probability density function and to estimate
the parameters of this correspondingly. The resulting density function might be considered
as a prior density function f; (s), L.e. the probability density function, which might be
assumed if no grading procedures are invoked. However, when a grading procedure has
been applied the prior density function is no longer representative for the graded timber
specimens. In order to assess the representative probability density function use may be
made of Bayes’s rule yielding the posterior probability density function /) (s), i.e. the
probability density function, which can be assumed for the material properties, categorized
into a particular grade by application of the test acceptance criteria.

fots)=Ploc =54, )= %f;(, (5)- P(Alo = 9) (1)

where ¢ = P(4,.).
It is seen from Equation (1) that it is necessary to estimate the likelihood of the implemen-
tation of the selection acceptance criteria, i.e. P(A(f|a(, =,5‘) as a function of the specific

value of the material property o,.. This likelihood may, however, be assessed if test results
are available from timber specimens tested both, in regard to the indirect characteristic, e.g.
the {latwise bending stiffness, and the relevant material property, e.g. the edgewise bending
strength. Assuming that such test results are available a regression analysis can be
performed based on which the statistical characteristics of the indicator, e.g. the flatwise
bending stiffhess can be assessed for a given value of the relevant material property.

The regression analysis takes basis in # simultaneous observations of the relevant material
property o, = (0'(;’],0'(‘.,2 pes Oy )T and the indicator/ =(/,,1,,...,1,) . Assuming that at
least locally a linear relationship between o, and / exist the regression may be performed
on the basis of

I=a,+a o, +¢ @



where a, and ¢, are the regression coefficients and where ¢ is an error term. Assuming

that the error term & is normal distributed with zero mean and unknown standard deviation
o, the maximum likelihood method, see e.g. Lindley [7] may be used to estimate the mean

values and covariance matrix for the parameters «a,, a,, ¢

s

The acceptance criteria applied for the categorization of timber into different grades may be
formulated in terms of the values of the indicators. Typically the criteria have the following
appearance

Ao = {b;. <Is bu} (3)
where &, and b, are lower and upper bounds for the indicators for a particular grade.

Having performed the regression analysis, it is possible 10 assess the acceptance probability
ie. P(4.Jo. =5) by

PAloe =s)=P(b, <a,+a, 0, +£<bylo. =s)=P(b, <a,+as+e<h) 4)

which is straight forward to assess recognizing that the indicator / s normal distributed.

It is well known that especially the behavior of the probability distribution functions in the
regions of the tails is of importance in reliability assessments. For load variables the upper
tail is normally the most important whereas the lower tails are the important for resistance
parameters,

One approach to estimate the probability distribution in the lower tail domain is by means
of a censored Maximum Likelihood estimation where only observations in the lower tail
domain i.e. below a given predefined threshold value are used explicitly. The other
observations are only utilized implicitly to the extent that it is recognized that they exceed
the threshold.

In this special case of a censored Maximum Likelihood estimation two different
contributions to the likelihood are considered, i.e.

J 5
“:Eﬂ%@ )

and

szﬁ—FuGbﬂ”"f (6)

where L1 represents the relative likelihood of the j observations with values below or
equal to the threshold value x,. L2 represents the likelihood of the observations with
values exceeding the threshold value x,;. 1- F(x 0) is the probability that a value exceeds
the threshold value x,; given the parameters of the probability distribution function 0. If »
is the total number of observations »— j is the number of observations exceeding the
threshold value x,;.

The parameters are casily estimated by the solution of the optimization problem

mglx(Li - 12) (7)



The parameters are estimated as normal distributed random variables with means and
covariances quantifying the statistical uncertainty due to the relative small number of
observations below the threshold.

3 Assessment of the Optimal Grading Procedure

The selection of a grading procedure can be made based on cost benefit considerations,
Based on the proposed statistical modeling of timber properties as a function of the type
and efficiency of the grading procedures, a cost optimization scheme may be formulated for
the identification of optimal grading. Therefore, the cost of the control and the benefit of
fulfilling the requirements set for the material characteristics belonging to different pgrades
have to be given.

The benefit of a set of timber grades identified by the grading procedure GP may be
written as

By (fo (), A4.,GP)=V".C (8)

grode

where V is a vector of volumes of particular grades, which can be identified depending on
the prior probability distribution of the relevant material property, the set of acceptance
criteria and the grading procedure. C is a vector of the (monetary) benefit of the timber

grade
grades per unit volume. If the prior probability distribution of the relevant material
property, the grading procedure, the set of timber grades and their monetary benefits are
known, the optimal set of acceptance criteria A. may be found by solving the following

optimization problem

max By (f5,(8),4-,GP)

subject tor N, Corape

9

subject to normative requirements which have to be fulfilled by the grades, N, , and the

reg ?

cost vector C Involving the investment, maintenance over lifetime costs, costs for

grade *
personnel, etc. of a particular grading procedure by the function C,(GP) the optimal
grading procedure may be identified by solving

(10)
max| | max Br(fo (), A, GP) | = C(GP)

subject 160 Ny Copne

3 Example

Consider as an example the case where the grading of the timber material is performed
using the Computermatic grading machine. A data set from Johansson et al. (1992) is
considered concerning the bending strength of 239 timber specimens of European spruce.

The Computermatic grading machine is a widely used grading machine, which considers
the flatwise bending stiffness as an indicator of the bending strength. The stiffness
characteristic is obtained through a measurement of the deflection under a fixed load
applied at the centre of a span of 914 mm. The bending strength is obtained in four-point
bending tests according to the European standard prEN 408 (1994). The entire population

4



of the 239 timber specimen is assumed to be un-graded. The probability distribution
function of the bending strength, i.e. the prior probability distribution function, is assumed
to be 2-parameter Weibull min distributed. The 2-parameter Weibull min distribution
function is defined as

;
F(x)=1—-exp —(i)

W

(11)

where w is the location parameter and £ is the scale parameter.

In the data from Johansson et al. (1992) not only the bending strength of the 239 specimens
but also the Computermatic based indicator, the bending modulus of elasticity and the
density for each specimen has been observed and recorded prior to or during the bending
strength tests. By regression analysis of simultaneously measured bending strengths and the
observed Computermatic based indicators the regression coefficients have been estimated
according to Equations (2-4).

Using the Method of the Maximum Likelihood, both, the parameters of the prior
probability distribution functions and the regression parameters are estimated as normal
distributed random variables with mean values, standard deviations and correlations as
given in Table 1. Neglecting the statistical uncertainty associated with the estimated
parameters, which for the present case has been found to be insignificant, the acceptance
probability may thus be assessed directly from Equation (4).

Table 1. Mean vaiues, standard deviations and correlations of the parameters of the prior probability distribution

function (w, k see also Equation (11)) together with the estimated parameters for the regression between
bending strength and the Computermatic indicator.

Prior Distribution Parameters (bending strength) Repression Parameters {Computermatic)
Weibull parameters as llmnna} distributed correlation as novinal distributed random variables correlation
random variables
w [MIPa) k [MiPa) P agfComp) aComp/MPa) o{Comp) P
s 480 =432
All data (we k)= 0.33 (cto, ay) = -0.02
o= 0.76 o=021 f=40673 =986 #=1073
(ou ) = 0
u=439 2 6.4 o= 291 g=6.45 o= 40.08
Data lower 30% (w. k)= -0.00 (ow d) ~ 0
o=0.02 o= 0.49

In Figure 1 the acceptance probability for three different types of indicators 1s illustrated.
The Computermatic based indicator is compared with the case when the timber density and
edgewise bending modulus of elasticity are used as an indicator. The acceptance criterion
for each probability curve is chosen such that the mean value of the expected bending
strength is the same in all three cases. It is not surprising that the ‘better’ the linear
regression is between the indicator and the relevant material property, the steeper is also the
corresponding acceptance probability curve.

Assurning that the timber specimens are categorized in three grades of same volume
according to the observed Computermatic indicators, i.e. 1) 4000 — 8100 MPa, 2) 8100 —
9650 MPa and 3) 9650 — 15000 MPa, the probability density function for the graded timber
can be obtained directly from Equation (1).

In Figure 2 the prior probability density function of the bending strength for the un-graded
timber (2-parameter Weibull min distributed with mean value 43.7 MPa and standard
deviation 11.4 MPa) is shown together with the probability density functions for the three
timber grades in accordance with the abovementioned acceptance criteria. Note that the
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grading is performed using the prior probability density function with parameters estimated
based on all data.
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Figure 2. THustration of the probability density functions
for the bending strength for un-graded and
graded timber specimens.

Figure 1. Acceptance probability of different indicators.

In Figure 3 the probability distribution function representing all data is compared to the
probability distribution function estimated by using the censored maximum likelihood
estimation according to Equation (5) and Equation (6) with a threshold value
corresponding to the lower 30 % quantile. For purposes of comparison the sample
probability distribution function using all observations is also illustrated. It is seen that a
significant refinement of the representation of the strength data in the lower tail domain can
be achieved, by using the distribution model fitted to the lower data set domain.
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Figure 3. Z-parameter Weibull min probability distribution
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data and data < 30%, compared with the sample
probability distribution function (Sample PDF}.
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Figure 2. Probability distribution functions for the bending
strength for three different grades togetherwith
the corresponding, sample probability
distribution functions.

In Figure 4 the probability distribution functions for the different grades are shown in
comparison with the sample probability distribution functions (sample PDF’s) established
from the experimental data fulfilling the respective acceptance criteria. The prior
probability distribution function fitted to the lower 30% of the data was used to identify the
posteriori distributions of grade 1 and 2. The data, which fulfills the grade 3 acceptance
criteria, 1s mostly taken from the middle and upper part of the prior distribution. For that
part the prior probability distribution function modeled under consideration of all data can
be used.

From Figure 4 it is seen that a great benefit may be obtained by estimating the prior
probability distribution with special consideration of the tail domain before the probability
distributions of the graded specimens are evaluated.
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Whether a prior fitted with special emphasis to the goodness of fit in the lower tail domain
has to be preferred or not, depends on the domain for which the posterior is of special
interest. It is thus difficult to provide any generally applicable rules for this selection.
However, in most normal cases the selection would follow naturally from the available
data on the simultaneous observations of an indicator and the bending strength together
with previous experience to judge which approach is appropriate.

Considering the data and the inference from the foregoing, it can now be demonstrated how
an optimal set of acceptance criteria for the considered grading procedure of the
Computermatic grading machine can be found by applying Equation (9). The intention is to
set up three different acceptance criteria to select three different timber grades. The grades
have to fulfill the requirements for the grades according to EN 338 in terms of the 5%
fractile value of the bending strength and the mean of bending modulus of elasticity and the
density. The prior population is assumed to be checked according to visual defects of the
timber as warp, insect damage etc. Five different grades according to EN 338 are selected
to be possible grades and a reject domain is defined for timber, which not has to fulfill any
requirements. They are shown together with example values for the monetary benefit and
the material requirements in Table 2 therefore the vector C (units : monetary unit per

grade
volume) becomes
Couwe =05, 1.0, 1.4, 1.6, 1.8, 2.0)".

To identify three different Grades, three different acceptance criteria have to be defined,

A, ={a<i<b}, A, ={p<l<c}, 4, =le<I<d}. (12)
Table 2. Monetary benefit (example values) and requirements for grades according (o EN338.
‘reject’ Clé C24 C30 C35 C40
Monetary Benefit 0.5 1.¢ 1.4 1.6 1.8 20
Bending strength, 5%-trac [MPa} >16 >24 >30 >35 >40
Modulus of elasticity, mean value [MPa] >8000 =1 1000 >12000 >13000 >14000
Density, mean value [kym]] - >310 >3350 =380 =400 =420

In addition to the posteriori distributions of the ultimate bending strength for these three
acceptance criteria P(o, < S|A . )» the posteriori distributions of the bending modulus of

elasticity P(E, < s|AC ) and of the density P(p < S|AC )} have to be assessed, according 1o

the prior distribution parameters and the regression parameters given in Table 1, 3 and 4,
These posteriori distributions are representing timber sub-populations with the property
I'e 4. and can be checked in regard to the requirements in Table 2.

The three acceptance criteria are defined through the values of a, &, ¢ and d in Equation
(12). The value & is fixed to an upper threshold value, namely 4 =16000 MPa. The
optimal values of @, b and ¢ are then found by solving Equation (9} using the simplex
algorithm, see e.g. Nelder and Mead (1965), for which differentiability of the objective
function and constraints is not required. The applied algorithm does not allow for the
definition of the constraints explicitly. Therefore the the constraints have been included
directly into the formulation of the objective function B,(/, (s),4.,GP) in line with the

requirements given in EN 338. Due to the discrete character of the objective function the




simplex algorithm is applied in conjunction with a random search to facilitate the
identification of the optimal solution over the set of discrete optimization variables. In this
search it has been found that 100 simulations provided stable results.

Table 3. Mean values, standard deviations and correlations of the parameters of the prior probability distribution

function together with the estimated parameters for the regression between bending modulus of elasticity and
the Computermatic indicator.

Prior Distribution Parameters (bending modulus of elasticity} Regression Paramelers (Computenmatic}

Log-normal parameters as nonnal

distributed sandom variables correlation as normat distributed random variables correlation
& [MIPa] & IMiPa) P aa[Conap) afComp/MPa) aiComp} P
13 - (g, ay} ~ -0.02
pi= 127401 #=0.1949 g+ 2892 4= 0,469 £ 9617
Ea=0 (0w @) ~ 0
o= 1607 o= 0.0089 o=13321 o=10.023 o=359

(op ag) = &

Table 4. Mean values, standard deviations and correlations of the parameters of the prior probability distribution
functien together with the estimated parameters for the regression between density and the Computermatic

indicator,
Prior Distribution Parameters (densily) Regression Parameters (Computermatic)
Jar oy e e el
Normat ;m:‘l‘mcrus as |-!omml distributed Correlation as nonnal distributed random varfables correlation
random variables
Hikam] &g’ o ag[Cormnp] [ Comp/ kgin'] g {Comp] P
(ag, ag) =-0.02
H= 4063 #3347 152 1063.6 1951 g 13410
(&5 =0 {gs a) =0
B o=997.24 o =244 o=501
o= 2295 o= 1.622 (Ot 0
Table 5. Optimal set of timber grades, limiting properties are shaded and framed.
bending mod. of rupture Bend. mod. of clasticity densily Grade
J {MPa] V; 8 i Y ¥ )
$%-fractile value [MPa) mean vahic [MPa) 5%-fractile value [kg/m3) IiN 338
A, [6,5255) 0.5% reject
/1(_" [5235,8004) 29.5% 26.0 11000.4 336% C24
A(; 18004,10161) 49% 30.3 12652.34 351.6% €30
A(-} f10161,16600) 21% 40.1 15738.9 366% Cad

*Ydensity is not taken into account as a requirement

Subject to the given conditions summarized in Table 2, the optimal set of acceptance
criteria is given in Table 5. From the assumed set of data the grades C24, C30 and C40
have been identified, where for the grade C24 the mean value of the bending modulus of
elasticity is the limiting property. For the grades C30 and C40 the bending strength is
limiting. The relationship between the computermatic indicator and the timber density is
too weak 1o make any quantitative prediction about the density based on a computermatic
indication. Therefore, in this example the density is not taken into account as a requirement
for assigning grades.

As the Computermatic grading procedure apart from values of the flat wise bending
stiffness (Indicator) also provides values of density, the parameters of Table 4 can be
updated continuously. By doing spot test, e.g. for every 100th timber specimen, of the
bending strength and the bending modulus of elasticity the parameters of Table 1 and 3 can
also be updated continuously.



4 Discussion and Conclusions

It has been demonstrated how an optimal (in terms of monetary benefit) set of timber
grades can be identified through the solution of an optimization problem. The objective
function of the optimization problem is defined based on the findings reported previously
by the authors where the statistical assessment of timber material properties has been
considered with special emphasis on the modeling of the grading of timber. The identified
timber grades can be described by means of the probabilistic characteristics of the relevant
material properties as e.g. the bending strength, the bending modulus of elasticity and the
density of the timber. The simplex algorithm for the optimization of non-differentiable
object functions in conjunction with a simulation procedure has been applied for the
identification of the optimal grading procedure. The constraintsto the optimization
problem, in terms of the requirements for timber grades according to EN 338 have
been incorporated directly into the objective function.

An example has been presented illustrating the suggested approach to optimal timber
grading. The assignment of monetary benefit to the different grades of timber has, however,
been  based on judgement rather than true values. In  practice the
benefit associated with timber of a particular grade would depend on a number of factors
such as the size of the individual timber specimen, the total amount of available timber for
a given grading, the production capacity of a given sawmill, the available grading machines
and not least the market price for the different timber grades. The implementation of the
proposed approach in practice would have to incorporate these and other factors more
accurately into the formulation of the benefit function. Further studies in close
collaboration with the timber industry should be undertaken and discussed to clarify these
aspects and to set up a rational basis for their assessment. However, according to the
preferences of a sawmill owner the proposed approach facilitates the identification and the
calibration of a grading procedure and thus an increase in the overall production benefit.
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Characteristic Shear Strength Values Based on

Tests According to EN 1193

P. Glos, I, Denzler

Wood Research Munich, Germany

1 Introduction

Until today the effect of wood properties on shear strength of softwood is not completely
understood. The European standard EN 384 (prEN 384:2002-10) assumes a direct

relationship between shear and bending strength: f,, = 0,2 (fm_k )0'8 .

The strength properties proposed for the strength classes according to LEN 338
(prEN 338:2002-10) arc based on the same relationship. This means that the characteristic
shear strength values are increasing with higher strength classes i.e. with increasing
bending strength and density.

Inn contrast to this, the German standard E DIN 1052 defines a constant characteristic shear
strength value for all strength classes. Up to strength class C 24 this value is higher than
the corresponding values in EN 338 and for strength classes C 30 and above the value is
lower than the values in EN 338. This is justified by the fact that so far a positive influence
of density on shear strength has not yet been established and that the greater knot-ratio in
the lower strength ciasses has a positive effect on shear strength.

Moreover, the different characteristic shear strength values may be explained by the fact
that so far no satisfactory test method is available covering all strength influencing factors
such as the cross sectional dimensions, the sawing pattern and fissures. Meanwhile a
European standard for the determination of shear strength exists. Originally, this method
was given in EN 1193, By now this method is transferred to EN 408 (prEN 408:2003-02)
without being changed. However, in this paper we refer to EN 1193,

This test method was agreed upon after EN 338 and EN 384 had been drafted. Therefore it
seems necessary to carry out tests according to EN 1193 in order to find out whether the
test results are in accordance with the characteristic values as given in EN 338 and
EN 384,



2 Material and methods

2.1 Material

Shear strength values are determined from 140 test pieces made of spruce (Picea abies)
according to EN 1193, The pieces are cut out of glulam laminations parallel to the grain.
One objective is to find out the effect of density, growth ring orientation and knots on
shear sirength values. 118 test pieces are defect free with varying density and growth ring
orientation. The density varies from 330 to 590 kg/m®. Following EN 338 the test pieces
are subdivided into five groups (Table 1). Figure 1 classifies four groups of growth ring
orientation into which the test pieces are divided.

45 degrees

<L 30-60°

e

a b c d

Figure 1: Delinition of sub-groups with different ring width orientation.

radial

L 60-90°

tangential

L 0-30°
Il

I

In relation to the growth ring orientation test piece la will fail in radial direction with a
fracture surface perpendicular to the growth rings. In contrast to this the test piece 1b will
fail along a growth ring usually in the eartywood area. In this case the fracture surface is
smooth and follows the curvature of the growth ring. Table 1 shows the distribution of the
118 defect free test pieces within the different sub-groups.

Table T: Assignment of test pleces into sub-groups of density and growth ring orientation,

330 <p), £350| 350 <p, £380| 380 <py, £420| 420 <p), £450] 450 <p,, 5908 L

radial 3 5 8 3 11 30
langential - ] 10 7 12 30
45 degrees 5 2 7 7 9 30
pith - 7 5 7 9 28
z 8 15 30 24 41 i18

In addition to the 118 pieces without defect, 22 pieces containing knots are tested to find
out the influence of knots on the shear strength values. Each test piece with knots is
matched with a test piece without knots in the way that both of them were cut out of the
same lamination directly one after another. The small cross section of the timber test piece
(Figure 2) does not allow to cover the full range of knot types and knot sizes. Therefore the
presented results are not sufficient to explain the effect of knots totally but give some
provisional arientation.



2.2  Loading arrangement

Figure 2 shows the loading arrangement according to EN 1193 and the small cross section
of the timber test piece (32 x 55 m?).

steel plate timber test piece

/
7

timber test piece:
w =32 mm= lmm

h=55mm% lmm

¢ =300 mm+ [mm

steel plates:
Wwe = 35 mm £ 1lmm

he = 10 mm + Imm

fs =300 mm £ Imm

ts
adhesive: Terokal-221

solvent free two part

epoxy adhesive

Figure 2: Timber test piece and loading arrangement according (o EN 1193,

It is difficuilt to achieve a sufficient adhesion between the timber test pieces and the steel
plates (Brnnam et. al., 1997). A failure in the glued area of the test piece/steel plate
interface would result in invalid shear strength values. In preliminary tests at the Wood
Research Munich good results were obtained when the two-part epoxy adhesive called
Terokal 221 was used.

Moisture content, growth ring orientation and density are measured according to ISO 1030
and ISO 3131, resp., using a 2 cm thick fest slice of full cross section cut from one end of
the test piece after planing prior to cutting it to the required length.

The average moisture content of ali 140 test pieces is 8.3%. According to Seencrer (1982)
there is no significant effect of moisture content on shear strength. Therefore, no correction
factor is applied to the strength values.



The density values are adjusted to a reference moisture content of 12% using the
adjustment factor given in EN 384 in order to make the values directly comparable with
the values given in EN 338.

The steel plates were glued to the test pieces with a pressure of approximately 1,5 N/ecm?®.
To allow sufficient time for curing the adhesive the pieces were glued together at least four
days before the shear test was carried out.

3 Results

3.1  General results

Table 2 shows the shear strength values of the 118 defect {ree test pieces separated into
sub-groups of density and growth ring orientation.

Table 2: Shear strength results.

f. IN/mm? 330 <p,; £350| 350 <py, <380| 380 <p), 420 420 <p|, £450| 450 <p;, £590|| =
raclial number 3 5 8 3 11 30
average 4.9 5,0 6,4 6.4 7,6 6,5
stand. dev. 0,56 0,25 1,25 0,62 0,93 1,36
minimum 4,4 4,8 4,4 5,9 6,1 4.4

Sth percentile 4,4

tangen number - ! 16 7 12 30
il verage 4,9 5.4 5,5 5,5 5.4
stand. dev. 0,00 0,62 0,57 1,15 0,83
minimuim 4.9 4.5 4.8 3,8 3.8

5th percentile 4,0

45 pumber 5 2 7 7 9 30
degree average 4,3 5,6 52 5,5 6,0 5,4
stand. dev. 0,45 0,56 0,51 0,53 0,62 0,70
minimuin 3,6 5,2 4.3 4.6 4.8 3,6

5th percentile 4,0

pith number - 7 5 7 9 28
average 53 4.9 6,0 5.8 5,0
stand. dev. 1,01 1,43 0,96 1,18 1,15
minimum 3,6 33 49 3.6 3.3

5th percentile 3.4
b number 8 15 30 24 41 118
average 4,6 5,2 5,5 5,7 6,2 5,7
stand. dev. 0,54 0,72 1,07 0,74 1,30 1,13
minimum 1,0 3.6 33 4.6 3,0 33

5th percentile 3,6 3.6 3.5 4,6 3,8 3.8




3.2 Influence of growth ring orientation

Figure 3 shows the influence of growth ring orientation and density on the shear strength
values. The horizontal lines indicate the average shear strength values of the ring-
orientated sub-groups. Test pieces with radial growth ring orientation show the highest
shear strength values, whereas for the remaining three sub-samples a similar lower strength
level was obtained.
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Figure 3: Shear strength as dependant on density divided into sub-groups of different growth ring
orientation,

The higher average shear strength of the test pieces with radial growth ring orientation is
correlated with the irregular fracture surface of these test pieces. The energy required to
divide a piece of softwood perpendicular to the grain across latewood and earlywood areas
is higher than the one for dividing a piece of softwood parallel to the grain. The fracture
surface for radial failure is not plane whereas the one with tangential growth ring
orientation or with 45 degrees is mosily smooth along an earlywood area. Two typical
fracture surfaces are shown in Figure 4. On the 5th percentile level this influence is less
pronounced.

The fact that radial growth ring orientation results in higher shear strength values than
tangential orientated growth rings should be considered when fixing the characteristic
shear strength values of glulam. Failures within glulam beams caused by shear loading
usually have a tangential direction due to the typical growth ring orientation in
laminations. Therefore the characteristic shear strength values for glulam beams should not
be significantly higher than the ones for structural timber.



G2

Figure 4: Fracture of a test picee with radial growth ring orientation (No. 1101) and a test piece with
45 degree ring width orientation (No. 1246).

3.3 Influence of density

The average shear strength increases with increasing density (Table 2, Figure 5). This
influence is not obvious on the level of the characteristic strength values. The test pieces
with radial growth ring orientation are the only sub-group with a significant increase of
shear strength with increasing density as shown in Table 2. The other sub-groups do not
show this tendency.
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Figure 5: Shear strength as dependant on density separated for densily sub-groups.



Table 3 shows the density values for the 118 defect free test pieces divided into the density
sub-groups. The small standard deviation results from of the small range of each

sub-group.

Table 3: Distribution of density in density sub-groups.

Pz 330 <pys £350| 350 <p;, 380 380 <pjs 4205 420 <py, £450| 450<p, €590 =
{kg/m?
number 8 15 30 24 41 118
average 342 367 40 437 562 435
stand, dev. 7,2 8,1 11,6 7,5 354 59,3
minimum 330 352 381 424 450 330
Sth percentile 330 352 381 424 454 346

Table 4 compares the characteristic shear strength values of the shear tests with the values
specified in EN 338 and E DIN 1052. Figure 5 shows this comparison graphically.

Table 4: Comparison of characteristic shear strength values according to EN 338, E DIN 1052 and
strength test according to EN 1193,

poplar wood and softwood Cio C18 (C24 C30 C40 CS50
EN 338 [N/om?} } 1,8 20 2,5 30 38 38
Pk [kg/m?} ¢ 310 320 350 380 420 460
Pmean  Lkg/m®] | 370 380 420 460 500 550

EDIN 1052 f., [N/mm?] | 2,7 - 2,7 27 2,7 -

Dk [kg/m?®] | 310 - 350 380 420

test results n /] - 8 15 30 24 41
fx [N/mm?) - 36 36 35 4,6 38
Pk [kg/m?®] - 330 352 381 424 454
Omean Tkg/m?] - 342 367 401 437 502
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Figure 5: Characteristic shear strength values as dependant on characteristic density separated for test values
and characteristic vatues according to EN 338 and E DIN 1052.

3.4 Influences of knots

Figure 6 shows the shear strength values of the matched test pieces with and without knots.
The test results show neither a significant positive nor a significant negative effect of knots
on shear strength values. Consistently higher shear strength values as expected for the test

pieces with knots could not be confirmed by our tests.
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Figure 6: Shear strength and knot-ratio of matched test picces with and without knots.
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Conclusions

The influence of the density on the characteristic shear strength as given in EN 338 is
not confirmed. A constant characteristic shear strength value independent of density as
given in E DIN 1052 seems to be more appropriate.

The test results do not match with the shear strength values given in both standards.
The test results are generally higher. Basically this difference seems justified because
EN 1193 does not contain all negative influence factors on shear strength such as
fissures. However, the values specified in a product standard must correspond with
test results based on the test standard referenced in the product standard. To overcome
this discrepancy, the product standards should consider these additional effects by
applying an appropriate reduction factor.

According to the test results, the shear strength values of glulam beams should not be
much higher than the shear strength values of structural timber because of the mainly
tangential growth ring orientation of the laminations. At present the characteristic
shear strength value for glulam beams in E DIN 1052 is 30% higher than the one for
structural timber.

With regard to size effects on shear strength the test results according to EN 1193
were compared with results in the literature of test pieces with bigger cross sections
(SeencrEr 1982), SpencLEr tested the shear strength of test pieces with cross sections
from 22 x 80 mm? to 32 x 140 mm?. His results ranging from 3 to 7 N/mm?. Therefore
based on the data presently available no size effect on shear strength values can be
noticed.

The test method according to EN 1193 does not include all influences on shear
strength. The small size of the test pieces does not allow to cover all kinds of fissures
and knots. In order to avoid glueline failures in the test pieces/steel plates interface
special attention has to be payed on the ghlueing process and to the appropriate
selection of the adhesive. With the two-part epoxy Terokal 221 used in this study
hardly no glueline failures were observed.
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1 Introduction

The use of timber-concrete slabs has been considered as a suitable alternative to traditional
fimber pavements, in terms of structural behaviour, acoustic and thermal insulation and fire
resistance.

Typically these structures are made with normal-weight concrete (NWC), very seldom
using light-weight aggregates concrete (LWACQC),

The use of LWAC will most likely imply a different performance of the timber-concrete
slab, due to the expected different short term and long term behaviour of the joints.
Although the accepted failure modes for the joints with NWC would involve fasteners and
timber only, it should be checked whether the same is valid when LWAC is used. The
interest and relevance of developing further research work on the use of light-weight
concrete in composite timber-conerete slabs has been pointed out by several authors [3, 6].

The lower modulus of elasticity of this concrete, directly related to its lower density, will
imply a higher global deformation of the composite structure, which has to be
counterbalanced by its lower self weight.

The self-weight reduction has other advantages, like less needs for prop, a better fire
performance and a higher acoustic insulation to impact sounds as compared to NWC
composite slabs,

With the purpose to study the suitability of using LWAC in timber-concrete slabs,
composite shear tests on composite specimens were carried out. Special screws were used
to connect timber to concrete as described below.

2 Test specimens

This paper presents the test results of eight different test specimen configurations,
corresponding to combinations of concrete propertics, screw type and also the presence or
absence of an interlayer simulating the presence of floorboards in a real application.



The chosen fastener, a special screw - SFS VB 48x7. 5x100, has been used before in several
studies and a number of practical applications (site jobs), allowing an effective comparison
with normal concrete composite test results referred in [6] and [5]. Two versions of this
screw were used in the present study: the standard one and a modified version resulting
from fixing a washer underneath the screw head thus increasing its contact area (Figure 1).

2

i AR ;‘g‘. a: S S iR L S
ew 1n both versions: with and without the washer

5 s il
Figure 1 — Used scr

This option resulted from perceiving that the pull-through resistance of the original screw

embedded in LWAC might be quite different from that of NWC. The motivation was

therefore to produce a wider bearing area to average the different resistance to pull-through

from mortar and light-weight aggregates. This situation has also been exploited by Selle

[4].

Table 1 — Characteristics of light-weight aggregates, LECA® used in this work [7].

apparent water
oven-dry compression absorption
‘ particle size density strength over 30min.
assignment [mm)] Tke/m’] [MPa] 1%]
Leca 2/4° 1.6-3 415 1.4 23
Leca 3/8F® 5-11.2 322 0.9 32

Two different admixtures were adopted for the concrete used in the experimental
programme, made with the aggregates identified in Table 1, leading to the concretes shown
in Figure 2. Thus, the concrete assigned for LWAC I was produced with resource the
aggregate Leca 2/4® while concrete LwAC 1I included the two types of aggregate: Leca
2/4% e Leca 3/8F°,

These have quite distinct characteristics, namely strength and density, being identified as
LWAC T (fun>30MPa, p>1500kg/m®) and Lwac I (f4,<25MPa, p<1500kg/m>).



LWAC I

T

U g
Figure 2 — Appearance of light-weight concretes used in the study.

Table 2 summarises the characteristics of the eight composite test specimen types produced
for shear tests. Each specimen had two pairs of screws (one pair per shear plane) driven at
an angle of £45° to the shear plane.

Table 2 — Summary of shear test specimens.

batch concrete SCrew 25mm interlayer

A with
LWAC ] :

B with a without

C washer with
LwAC Il :

D without

E with
LWAC I -

F without a without

G washer with
LwAC 11 :

H without

Timber blocks of (glued laminated) spruce were used. The interlayer consisted of a 25mm
thick maritime pine timber (Pinus pinaster, Ait.) board.

Around 20 replicates were tested for each specimen configuration (batch).

3 Preparation of test specimens and test procedure

Every piece of timber used was measured and weighted for density evaluation. Sampling
evaluation of timber moisture content was also done (in 4 specimens per batch).

When producing the composite sheer tests, timber blocks were wrapped in thin
polyethylene foil prior to concrete casting in order to prevent moisture take up in the
timber and to reduce friction between timber and concrete.

(FS]
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Figure 3 — Shear test set up.

Figure 3 illustrates the test specimen and set up used. The test specimen consists of a
160x160x300mm timber piece and two blocks of LWAC connected with one pair of
screws per shear plane. The compression load is applied to the specimen through a steel
device that provides load distribution over the timber piece and is free to rotate during the
test. Four LVDT s are used (two on each side), to account for any specimen twist. These
were placed in such a way that they measured only the slip between timber and concrete,
disregarding any compression deformation. Measured slips and applied load were recorded
continuously (every second readings).

An universal testing machine was used (Figure 4), programmed to apply a load history as
described in EN 26891 (IS0 6891) [1].

igm'e 4 — Shear test.



4 Results

Table 3 presents, for each test batch, mean load capacity (£} and mean slip modulus (&),
as well as the corresponding coefficients of variation.

Table 3 — Test results.

@ JOINT CONCRETE TIMBER
8 § strength, Fuu slip modulus, ks . . dei:;ial{ «
S| B | eanvaie  vanetion | meanvalie saniion | svengin | densty | eomont | comen:
e g [KN] [%] | [KN/mm]  [%] [MPa] | [kg/m’]| [%] |[kg/m’]
A 20 14.9 10.4 17.4 13.2 279 1539 |+ 138 426
B 19 16.9 7.2 26.0 9.7 30.8 1595 13.9 428
C i8 14.6 9.0 14.8 19.7 255 1480 i4.2 434
b 20 17.6 9.5 26.1 i1.4 22.5 1485 3.8 436
E 24 15.9 6.6 19.5 9.0 31.3 1561 3.0 431
F 20 16.8 8.1 28.7 11.7 296 1533 14.8 430
G 24 15.6 8.2 18.4 11.7 22.6 1477 12.6 428
H 240 14.6 12.1 31.1 4.2 24.6 1461 12.6 433

Concrete mechanical properties (compressive strength and density) were determined
simultaneously to the corresponding shear tests, between 28 and 35 days after casting of
both specimens.

5 Analysis of results

S.1. Influence of concrete quality

5.1.1 Light-weight concrete type

Figures 5 and 6 present some typical load-slip diagrams obtained for composite shear
joints tests on specimens with standard screws, for both LWAC concrete types, in the case
of specimens without and with interlayer, respectively.
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Figure 5 — Load-slip diagrams of typical specimens from batches F (LWAC I) and H (LWAC I)

(no washer, no interlayer).
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Figure 6 — Load-slip diagrams of typical specimens from batches E(LWAC 1) and G (LWAC 1)
(no washer, with interlayer).

When comparing the two LWAC used (Table 4), the biggest difference is found for the
specimens without interlayer (F e H) — the higher strength and density concrete producing
15% stronger but 8% less rigid shear joints.

For batches E and G made with the standard screw and with interlayer, the influence of
concrete quality is not so obvious. This may be due to the fact that the shorter penetration
length of the screws in the timber is controlling the joint performance in these specimens.

Table 4 — Strength and slip-modulus ratios (specimens made with LWACII / made with LWAC I},

batches in comparison| batches differential [%]
strength slip modulus
LWAC | LWAC 11 s ks
A C 2 15
B D -4 0
E G 2 6
F H 15 -8




5.1.2. Comparison with NWC composite joints performance

In order to assess the influence of using LWAC, as compared to NWC, in the performance
of timber-concrete joints, the results from the present study were compared with test data
(batches LI - no interlayer; LII ~ interlayer 19mm thickness; LIII — interlayer 28mm
thickness) reported by Mario van der Linden {6], who used similar standard fasteners in his
work (Table 5). Similar test results to the above had been obtained with normal concrete
with the same type of screw by Timmermam and Meierhofer [5], as referred by van der
Linden.

Table 5 — Test results obtained by Mario van der Linden [6].

" JOINT CONCRETE TIMBER
5 density at
= E strengih, Fo slip modulus, kg u:;laf ‘
[E'i 3 coef of coef of jcompression| oven-dry |moisture] moisture
« S | mean vaiue variation ;| mean value  variation | strength density | content | content
(=]
£~ = [kN] [%%] [kN/mm] [%] [MPa] | [kg/ m']| [%] [kg/m’]
LI 5 22.0 5.0 29.2 20.5 - -
L1l 10 15.3 20.3 12.9 14.1 33.5 2320 14.4 393
LI | 16 15.0 11.7 15.6 8.1 15.5 438

As compared to the use of NWC, LWAC leads to a strength reduction of the shear joint
between around 30% and 50%, for joints without interlayer. In the presence of interlayer,
this difference is not so evident.

On the contrary, the use of LWAC does not clearly alter the joint stiffness for joints
without interlayer, but it increases the slip modulus by about 15% to 35% in the presence
on interlayer.

Table 6 — Strength and slip-modulus differences (specimens made with LWAC — made with NWC)

batches in comparison batches differential [%]
strength  slip modulus
L. Jorge  van der Linden Foay ks
F B -31 -2
H LI -51 6
E LI, LII 4,6 34, 20
G LI, LI 2,4 30, 15

5.2. Influence of interlayer

Figures 7 and 8 present some typical load-slip diagrams obtained for specimens made with
standard screws, with and without interlayer, for both LWAC concrete types, respectively.
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Figure 7 — Load-slip diagrams of typical specimens from batches E (with interlayer) and F (without
interlayer) - (no washer, LWAC 1).
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Figure 8 — Load-slip diagrams of typical specimens from batches G (with interlayer) and H
(without interlayer) - (no washer, LWAC II).

When analysing the effect of the presence of interlayer only (Table 7), it can be seen that it
lowers significantly the slip-modulus (between 50 and 75%).

As concerning the load capacity, only in the joints with the modified screw (with washer)
the presence of interlayer makes some difference, by reducing strength by 15 to 20%. This
situation is quite different from the one reported for shear tests with NWC [6], where the
presence of the interlayer introduces much higher strength decreases, despite different

interlayer thickness.

Table 7 — Strength and slip-modulus ratios (specimens made with interlayer / without interlayer).

batches in comparison batches differential %]
with without strength slip modulus
interlayer  interlayer Foo s
A B -13 -49
C D 21 =76
E F -6 -47
G H 6 -69




5.3, Influence of washer

The washer fixed underneath the screw head does not seem to increase the joint strength,
except for batches D and H (with the less strong, less dense concrete). This may indicate an
increasing effect of the washer for decreasing mechanical properties of concrete.

However, concerning to slip modulus, standard screws (without the washer) exhibit a (10%

to 25%) better performance.

2‘18"5

slip mm]

Figure 9 - Load-slip diagrams of typical specimens from batches C (washer) and G (no washer)
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Figure 10 - Load-slip diagrams of typical specimens from batches D (washer) and H (no washer)

(LWAC I, without interfayer).

Table 8 - Strength and slip-modulus ratios (specimens made with washer / without washer).

batches in comparison batches differential [%]
without strength slip modulus
with washer  washer P ks
A E -7 -12
B F 1 -10
C G -7 =24
D H 17 -19




6  Concluding remarks

The tests carried out indicate that the use of LWAC, in timber-concrete joints without
mterlayer lead to a strength reduction of the joint capacity but to a similar stiffness than the
use of NWC.

On the contrary, in the presence of the interlayer, the use of LWAC conducts to higher slip
modulus and to similar strength than the use of NWC. This is particularly promising for
repair works since the studied interlayer simulates the floor boards existing in most old
buildings that would generally benefit from reduced dead loads.

The modification of the screw (by introducing the washer) did not work as expected.
However, the results suggest that this may be of some help in the case of using concrete
admixtures even less dense and less resistant than the ones considered in the present study.

For standard screws (no washer), the presence of interlayer did not affect joint strength.
Although resumed to one type of fastener only, test data suggest that the use of light-
weight aggregates concrete may be suitable for fimber-concrete composite slabs and a
perfectly competitive alternative to the use of normal-weight concrete, Nevertheless,
further research on the behaviour of timber-concrete slabs with LWAC should be carried
out, namely by extending the focus to concretes of lighter density (class D1,4 [2]) and to
the use of other fastener types.
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Abstract

Brittle faitures in mechanical timber joints should be avoided, because this often results in
low resistance and brittle failure of the structure. Nailed joints experience three ultimate
failure modes: embedding, splitting or plug shear failure. Plug shear failure is limiting for
large nailed connections loaded in tension parallel to the grain. To avoid plug shear failure,
short and wide joints are preferred, minimising the number of fasteners in line with the
load and grain direction. The aim of the study is to evaluate existing prediction formulas.
Furthermore, knowledge of the parameters governing the plug shear failure is sought. Plug
shear failure was examined in short-term experiments on nailed steel-to-timber joints in
glulam loaded in tension parallel to the grain with varying joint geometries. Test results
from four different test series are presented. Using hypothesis testing, a suitable prediction
formula 1s derived based on more than 70 experiments. It is concluded that for engineering
purposes the existing modelling approach is sufficient and plug shear resistance for the
shear failure mode is modelled by the shear resistance of the bottom area of the joint.

Kevwords.  shear-plug failure, plug shear failure, block shear failure, timber
connections, timber joints, nailed joints

1 Introduction

When timber is stressed by a group of
fasteners loaded in tension parallel to the grain
it results in both tension and shear stresses

parallel to the grain, Fig. 1, where the bottom . Tensic  sidoof
. . . i : area joint
and side areas are in shear. The resistance of _ : o
A . . I . Bottom
the joint is the lowest value of the nail _ A ot joint
embedding and the plug shear resistance, S j
which involves tensile, R,, and shear, R,, * \

capacities. In Kangas and Vesa (1998) a model
is proposed for predicting the plug shear
resistance, Eqn. 1. In Eqn. 1 t. is the distance
between the two plastic hinges and is calculated according to Eurocode 5 (2003) assuming
failure mode II1, tr= 2(My/(ﬁ,d))”2, Kangas and Vesa (1998). M, denotes the yield moment
of the nail, f}, the embedding strength of wood and d the diameter of the nail. The effective
width ber 1s the width b reduced by the edge distances dy and the nail diameters in one
column, n.. All other parameters are defined in Fig. 2.

Figure 1: Schematic plug shear failure
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Figure 2: Definition of parameters (after Foschi and Longworth (1975)).

Timber 1s described through its tensile strength parallel to grain, f;, and its shear strength,
f,, which also appear in Eqn. 2 proposed by Foschi and Longworth (1975). The numerically
derived factors K, B, o and 7y account for the number of nail rows and columns, nail
spacing, timber thickness and penetration depth, h, respectively. Finally, Eqn. 3 is a
proposal for Eurocode 5 (2003), Annex A. In Eqn. 1 the tensile and shear capacities are
assumed to be additive, while Eqn. 2 and 3 separates them and 1t 1s natural to speak about a
shear failure mode and a tensile failure mode. In Eqn. 1 the shear area along the bottom of
the joint is assumed to carry the shear load, while in Eqn. 2 it is the side areas of the joint.
Eqn. 3 assumes both shear areas to be effective. The phenomenological difference between
the models in describing the plug shear failure is apparent. The aim with this paper is to
compare the models in Eqn. 1, 2 and 3 using a statistical approach and propose a suitable
prediction model.

2 Materials and Methods

Full size joints in glulam (Picea Abies) were tested in tension parallel to grain. The timber
member cross sections were 90 x 225-360 mm® from glulam of strength class G132, Euro-
code 5 (2003). The timber member length varied between 650 and [100 mm. In the
RECTX series the thickness of the specimen was varied between 66, 78, 90 and 140 mm.
In the ASP series one joint consisted of two 5 mm thick nail plates with annular ringed
shank nails pressed into them welded back-to-back to form a Multiple Nail Connector, Fig.
3b. In the other series, one joint consisted of one steel plate 5 or 10 mm thick with a yield
strength, f, = 355 MPa, and annular ringed shank nails with diameter, d = 4.0 mm, and nail
penetration depth, t = 35 or 40 mm respectively. Nail holes were pre-drilled in series
RECT-, GRP-, SPREAD and NORM. The investigation comprised 14 series with a grand
total of 74 specimens. The nail patterns varied between the different series, Table 1. The
GRP- series had nails placed in groups with a distance e between them. The basic nail
pattern is designed with distances between nails parallel to grain of 10d and perpendicular
to grain of 5d (10d/5d). A reduction of the distances with a factor 0.7 was also tested
(7d/3.5d). The P2, L6, T3 and T5 series in Table 1 were conducted by Bark and Martinsson
(1991) and the ASP series by Burstrand and Salmonsson (1996). The specimens were
conditioned to a temperature of 20°C and a relative humidity of 65 % according to ISO
6891 (1983). The tests were conducted with a time to failure between 8 and 15 minutes
using a servo hydraulic testing machine with a maximum load of 600 kN and a maximum
error of 1 % over the entire measuring range.
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Figure 3: a) Experimental set-up and b) Multiple Nail Connectors.

Table 1: Specimen characteristics (b, includes/excludes the nail diameters, I includes the edge distance)

Series No. of n, n, No. of Bree I t for Nail
specimen nails [mm] [mm} [mm] [mm]  pattern
P2 2 3 7 12 60/48 a0 55 20 5d/2.5d
L6 6 10 14 70 130/102 240 55 20 10d/5d
T3 i 10 5 25 40/32 240 55 20 10d/5d
T5 5 10 7 35 60/48 240 55 20 10d/5d
ASP80 3 24 7 84/side 60/48 540 35 19 10d/5d
ASP120 4 15 11 82/side 1G0/80 360 35 19 10d/5d
RECTS 5 14 9 59 56/40 248 40 16-17  7d/3.5d
RECTL 5 15 19 143 126/90 276 40 15-17  7d/3.5d
RECTX 20 29 19 276 126/90 452 40 16-18  7d/3.5d
GRPS 5 15 19 143 126/90 337 40 16 7d/3.5d
GRPL 5 15 19 143 126/90 412 40 16-17  7d/3.54
GRPX S i5 19 143 126/90 482 40 16-18  7d/3.5d
SPREA 5 15 19 143 126/90 336 40 15-16  10d/3.5d
NORM 3 21 i5 157 136/108 460 40 16-17 10d/5d

During the tests, displacements were measured by displacement transducers (LVDT, 0 - 50
mm, Vishay) placed centrally in the joint region. Data was sampled with a frequency of 2
Hz. The density and moisture content of the wood were determined according to ISO 3131
(1975) and ISO 3130 (1975) respectively. Measurements were made on two samples taken
in the inner lamellas of the joints. The size of the samples was 40 x 40 x 40 mm”.



3 Results

The ultimate load from all 14 test series are presented in Table 2 together with results from
the determination of density and moisture content.

Table 2: Test results (values are placed in corresponding order within cells)

Series Ultimate Ult. displace- Density, p Moisture Note
load, R [kN] ment [mm} [kg/m3 ] content, w %]

P2 33.1,345 82,12 480 13.6

L6 170, 181, 191, 9,9.5,124, 480 13.6 Samples
195, 197, 200 12, 11.8,17 taken

T3 60.5 8.0 480 13.6 randonily

T5 75.5,78.6,88.6, 92,11.5,9.2, 480 13.6
90.0, 94.6 7.5, 12.7

ASP30 158, 163, 166 32,7.0,50 458,-, - 8.6, -

ASPI120 154,155,167, 4.5,4.0,2.0, 533,-, -, 93, -
172 4.0 437 8.9

RECTS 76.2,84.5,92.1, 17,14,1.5, 473,392,425, 11.2,11.0,10.3,
94.1,94.9 1.8, 1.5 -, 413 -, 10.6

RECTL 150, 158, 162, 1.2,1.2, 1.8, 467,450,415, 1i.1,10.7,105,
167, 171 1.7, 1.3 488, 431 10.7,11.3

RECTX0 224,233,252, 29,22, 1.8, 441,431,456, 10.0,9.3¢,10.0,
2062, 281 23,24 420, 455 9.44, 10.1

RECTX1 169,184,203, 2.2,2.6,2.0, 418,382,448, 103,102,108, c=066mm
222,224 3.0,2.1 454, 366 10.7, 101

RECTX2 214,231,248, 1.9, 1.5, 1.8, 436,476,457, 10.2,10.5,104, c=78mm
285, 306 22,19 471,432 10.6, 103

RECTX4 238,244,247, 2.9,1.3,2.0, 412,396,436, 9.01,11.8,11.0, c=140mm
252,295 1.8,2.0 426,415 9.82,9.75

GRPS 160, 178, 186, 1.9,2.2,2.7, 475,472,434, 113,112,108, e=75mm
187,195 1.6,1.0 458, 455 i, 114

GRPL 202,209,221,  2.0,2.5,2.6, 422,485 446, 107,119,117, e=150mm
225, 230 29,21 480, 465 il16,11.4

GRPX 205,218,229, 4.5,2.3,4.0, 409, -, 365, 9.19, -, 8.0, e =300 mm
243, 250 2.7,4.0 426, 443 9.33,9.98

SPREAD 243,246,250, 2.7,3.0,2.2, 490,455,489, 102,986,111,
261, 264 2.6,2.2 446,473 9.69, 9.33

NORM 276,297,305  2.8,3.5,3.9 414,444, 487  9.10,9.53, 10.56

All tests experienced the shear failure mode, apart from the RECTXI series where tensile
failure was governing. From experimental observations (RECT-, SPREAD- and GRP-
series) the general behaviour can be described:

1. A crack develops internally along ene of the sides of the joint, Fig. 1. Probably the failure starts at
the nail farthest from the free end. This occurs in most cases before uitimate load is reached.

2. The crack reaches the free end and is visible on the end face. The same development goes for the
other side of the joint.

The final failure starts when a shear crack along the bottom face joins the two side cracks.

4. When the bottom side of the joint fails in shear, the tensile area of the joint cannot resist the load any
longer and the joint fails.

Points 3 and 4 in the list of events occur almost simultaneously. It is possible that the ten-
sile area fails before the bottom shear area. This is difficult to observe during the experi-
ment, In the case of a thin member, such as series RECTX1 where ¢ = 63 mm, the bottom
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face crack never develops. Instead the side cracks protrude through the member to the back
face and final failure is reached when the tensile area fails. Bark and Martinsson (1991)
measured the plastic moment of nails My = 9.16 Nm for annular ringed shank nails used in
all test series in Table 3. The value is used to obtain terin Table 1.

4  Analysis

4.1 Strength values for wood

Test results should be compared to predictions made on the average strength level, not on
the characteristic level. Gathering of appropriate strength data for glulam of Nordic origin
(Picea Abies) is therefore necessary.

4.1.1 Shear strength

In Johansson and Stehn (2002) the shear strength of glulam was tested with an average
value of f, = 9.6 MPa. The area loaded in shear during the test was 45 x 45 mm’. The shear
strength of wood is affected by a volume effect and in Kuipers and Vermeyden (1964) an
empirical relation between shear area and shear strength is presented based on an
experimental study of ring-shear connectors, which also fail in plug shear failure, Eqn. 4.

B " %62 _ P
f=K A" = K= OE 550 =64.5 N/mm' 4
The parameter K is suggested as K = 20 on the characteristic level. Using the test result £, =
9.6 MPa and A, = 45x45 = 2025 mm?, K = 64.5 is calculated. Eqn. 4 is used with K = 64.5

in the evaluation of the shear strength for the hypothesis testing.

4.1.2 Tensile strength

Johansson et al. (1998) tested the tensile strength of glulam laminations of Nordic origin
(Picea Abies). The results showed f; = 37.7 MPa in the outer laminations and f; = 28.4 MPa
in the inner. All joints reported in Table 2 are mounted in the inner laminations. When the
laminations are assembled to a glulam beam, the apparent tensile strength increases,
Colling and Falk (1993). In their study, Colling and Falk (1993) separates the different
constituents of the lamination effect, A, into; 1) the effect of test procedure, ii) the
reinforcements of defects and iii) the dispersion of low-strength lumber, Egn. 5.

'k =28.4.12.1.2=409MPa  (5)

f
PN LIS P 1Y

tlest 1(

reinf 'kdisp = ftzft,lnm test ~ Mreinf

tlam
Tensile failure in the outmost lamination is most often governing in bending failures and
therefore A = fy j,, / £ 1s tentatively valid. Most of the joints tested in this study have only 3-
4 laminations loaded in tension, why the dispersion effect does not apply. Guidelines for
selecting the factors ke and kyeinr are presented in Colling and Falk (1993) and leads to the
determination of f; = 40.9 MPa, Eqn. 5, which is used in the hypothesis testing procedure.

4.2  Influence from variation in density and moisture content

To make the different test series in Table 2 comparable regarding moisture content and
density variations, a procedure for estimating the impact of these parameters is applied.
The specific gravity is obtained as G = Py wood/Pwater» ad the elastic modulus is calculated
for softwoods as E = 25.156.G*****, Dinwoodic (1981). The tensile strength f of wood is
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related to the elastic modulus through f; = 0.0038-E — 13.09, Johansson et al. {1998). The
relations are used to linearly promote or punish stronger or weaker wooden material in rela-
tion to series P2, which is chosen as a reference since the compressive strength measured
by Bark and Martinsson (1991) corresponded closely to the strength values in Eurocode 5
(2003). The variation in f, with density is ignored since Glos (1995) reports f, = 0.2£,,"%,
which for the present range produces a variation of 6 %, whereas the variation in f; is 25 %.

4.3 Analysis of variance

The aim of the analysis of variance, ANOVA, is to determine a prediction model for plug
shear failure through hypothesis testing using the experimental data in Table 2. The hypo-
theses are based on different assumptions regarding active load-carrying areas, Table 3.

Table 3: Hypotheses used in the analysis of variance,

Hypothesis [kN] Normalised unit of Comment
analysis
Hy: 2-t,r1-f, Dy = (H,-R)/100 Only side shear areas, Eqn. 1
Hj: berterfy D, = (H;-RY100 Only tensile area, Eqn. | and 3
Hiy: b1, Dy = {H;-RY/100 Only bottom shear area
Hy 24,014, + b 1o, Dy = {H,4-RY100 Both side and bottom shear areas, Eqn. 3
He: 2-tir1-f, + bty f Ds = (Hs-R}y100 Side shear areas + tensile area
Hg: bepterfy + b 1f, Dy = (He-R)/100 Bottom shear area + tensile area, Eqn. 2

Hy: bepteefy + bl £, + 24,016, D, = (H+-R)/100 All enclosing areas

The data set presented in Table 2 consists of many different test series with varying
geometrical parameters entering hypothesis H; —~ H;. The unit of analysis is changed from
the direct hypothesis to a normalised difference as in Table 3. The hypothesis testing could
be performed on the separate test series, but the variation between samples would be
ignored and valuable information lost. The ANOVA, is based on the assumptions of equal
within samples variance, which is correct on the 95 % confidence level. A good prediction
model shows up in the ANOVA as a model with small between samples variance equally
distributed around zero. The between samples variation is however large and strictly sta-
tistically speaking one cannot state that all test series belong to the same distribution. It is
probable that the large natural variation of wood strength is the cause for the large scatter.
In the analysis, series RECTX1 and RECTX2 were ignored since these series did not expe-
rience the exact same course of failure as the others. Some general conclusions from the
ANOVA analysis are presented together with reflections from the experimental behaviour:

- Hypothesis H, underestimates the capacity. This is in line with the cbserved course of the plug shear
failure where the side shear areas fail before uitimate load is reached.

- Hypothesis H, underestimates the capacity. That the tensile area fails before final failure is not
confirmed through experimental observation, but could be true anyway.

- Hypothesis H; predicts the capacity weil. The bottom shear area always remains active in the load
uptake until maximum load is reached.

- Hypothesis Hy predicts the capacity well. The sum of the shear areas is probably not useful as a
prediction model since the side shear areas are observed to fail before maxinmum load is reached.

- Hypothesis Hs underestimates the capacity. Combining H, and H, still leads to an underestimation.

- Hypothesis Hg and H; overestimates the capacity heavily.

To examine the validity of the strength data, f, and f; were changed to characteristic values,
which lead to the conclusion that Hg or H; are the best prediction models. This is not in ac-
ordance with experimental observations. After the ANOVA two hypotheses remain and a
plot of predicted resistances versus experimental values is constructed, leading to clarifica-
ion on separating Hs: R = blf, and Hy: R = 2t.df, + bif,. Hy is the approach in Eurocode 5
(2003), Annex A. In Fig. 4 one can see that both Hy and Hy seem to be good predictors, but
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the prediction by Hy falls mainly on the unsafe side. Therefore, Ha: R = blf, is suggested as
a suitable prediction model based on experimental observations. In Eurocode 0 (1990),
Annex D, a method 1s presented where the characteristic value of a prediction model can be

determined. This leads to Eqn. 6 for the
shear failure mode in plug shear failure:

(6)

The difference between Eqn. 6 and Eqn. 3
(Hs) 1s that only the bottom shear area is
incorporated and the effective width and
length are not used since nail holes are
small and can be neglected (6 % of the
bottom area). However, the use of effective
width and length is an assumption on the
safe side.

Rk = 0.81blfy

5 Discussion

It 1s of course interesting to compare the
suggested model for the shear failure mode
with results from other researchers. Both
Kangas and Vesa (1998) and Foschi and
Longworth {1975) report failure modes in
shear not in tension. The shear strength was
not measured by Kangas and Vesa (1998)

Table 5. Material properties

p f, Ay immZ]
[kg/m’]  [MPa]
Douglas Fir 525 17.4 645
Kerto-S-L.VL 520 6.9 9894
Kerto-Q-LVL 520 6.9 9894
Spruce 380 9.6 2025

so average strength values were obtained
from Finnforest (2003). Foschi and
Longworth (1975) report strength values for
shear and an approach for incorporating the
volume effect. The material properties are
gathered in Table 5 and used for producing
Fig. 5. The experimental data from Foschi
and Longworth (1975) and Kangas and Vesa
(1998) are presented in Fig. 5 plotted against
the prediction by R = blf,. The scatter is
larger than in Fig. 4, which is understandable
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Figure 4: Test results versus predicted resistances.
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Figure 5: Test results versus predicted

resistance including other sources (grand total
is 108 experiments).

since the material properties are assumed average values, not measured quantities. A
regression line fit for the data in Fig. 5 reveals that Test = 1.12*Predicted. The hypothesis
that Test = Predicted (the 45° line in Fig. 5) is rejected on the 95 % confidence level since
the major part of the values fall on the safe side in Fig. 5.



To increase the understanding and the knowledge on plug shear failure an approach for a
prediction model based on fracture mechanics would be beneficial. Linear elastic fracture
mechanics combined with 2D FE analysis is a natural first approach.

6 Conclusions

64 experiments on plug shear failure in nailed steel-to-wood connections were conducted.
Based on experimental observations and the assumptions presented regarding material
parameters, the model for predicting the characteristic plug shear resistance in the shear
failure mode is suggested as Eqn. 7.

R = 0.81blf,, (7

This model differs from the one suggested in Eurocode 5 (2003), Annex A, and leads to a
safer design.
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Nail-laminated timber floor elements

in natural surface bond with mineral surface layer

S. Lehmann, K. Rautenstrauch

Institute of Structural Engineering, Bauhaus- University Weimar, Germany

1 Introduction

Recently the idea was focused on combining favourable characteristics of mineral surface
layer and timber in composite elements. Thereby tension-stressed timber and compression-
stressed mineral surface layer, for instance concrete, offer good load behaviour. The
connection between timber and concrete is of fundamental importance for stiffness and
carrying performance. Since these systems have usually been realised as timber-concrete
composite beams mainly taken for bridges or revitalisation of timber beam floors, dowel
type connectors were usually studied and taken for transfer of shear forces.

A research program was initiated at the Bauhaus-University Weimar, to test natural
adhesion and modified timber surface structure for the transfer of shear forces in timber-
mineral surface layer -composite slabs. [t is a matter of saw-rough and additionally profiled
lamellas of nail-laminated timber elements in combination with usual mineral surface
layer. An overview of shear tests (,slip-block-tests™) and tension tests, performed to
examine the load-slip is also given. Test data and figures are presented. Based on these test
results the behaviour of the connection method is described.

2 Construction of surface bond

Transmission of shear stress in the contact area of timber-mineral surface layer was usually
realised by steel connecting device [1][2][3][41[5]. The separating layer prevented thereby
a direct, overall bond.

The accomplished tests were completely done without dowel type comnectors and
separating layer. Only the natural adhesive bond between timber and fresh mineral surface
layer should be sufficient to transfer the shear- and tension forces in the compound joint.
For all test series saw-rough lamellas with a width of 4,0 cm. were taken

As a basic version for surface structure (type R) the saw-rough lamellas of same height
were jointed. The simplest mechanical modification of timber finishing are the 2,0 cm
differently high jointed lamellas of type V. In the upward supernatant lamellas lateral
profiling is in-milled in equal distances (type P). The filling out with the fresh mineral



topping of the lamellas of different height as well as the profiled lamellas is thus warranted.
The shear forces between laminated timber-elements and mineral surface layer are
transferred by the concrete-filled in-milled slots during the time bending stress of.

Additionally can be assumed that the surface layer becomes wedged with sufficient
transverse stiffness between the set up lamellas. Among the modification of the timber
finishing, different mineral surface layers were tested, like concrete, cement screed,
anhydrite screed and the new concrete of geopolymer for load-bearing capacity of
compound. The different investigated types are summarised in the following figure 1:
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Figure 1: Variants of specimens

3 Shear tests as slip-block-tests

The behaviour of the shear connector in the composite joint between timber and mineral
surface layer is extremely important for the carrying and deformation performance of
composite structures with rigid bond. To enable a structural model the load-slip-
characteristics, failure load and failure mechanism of each bond type was determined by
experimental tests. Because of the sudden failure of the rigid bond in the test phases, a
shear test with single lap shear joint is preferred to a pushout test. For such a test
arrangement to determine the rigid bond the term “slip-block-test” was proposed [6]. The
vertical force to work against the rotation force caused by the test specimen has to be
located exactly. From the knowledge of the force position its value can be determined.

Thus the coefficient of friction p and friction portion could be defined.



Experimental procedure and applied load history were taken according to DIN ENV 26891.
Test setup with dial indicators and load cells are illustrated in figures 2 and 3.

Hydraulic eylinder =
vertical foad with  --. IH
spherical calotte R N Y

Shear force with
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Cross beam with
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: Abutment with
29 :
- - clearance

Figure 2: Principle test setup Figure 3: Measuring points

4 Tension test

The investigations of the friction, accomplished first in the slip-block-tests, should not
serve alone for the determination of the coefficient of friction. To specify material
parameter of the bond joint slip-block-tests should be completed by tension tests.

By variation of the load in the shear tests the internal friction ¢ between the partners of
bond could be determined. The value of friction is the angle of friction between the
respective shear test and the axis of normal stress ¢ The Coulomb failure criterion gives
only a reliable statement within the range of pressure perpendicularly to the shear joint.

The extension of the failure straight line from the shear test supplies the theoretically
possible tensile strength fi* perpendicular to the joint. At the same time the theory of [7],
which explains the discrepancy of the theoretical and the experimentally observed tensile
strength, requires a more exact view of this problem (figure 4). It remains to clarify, how
theoretical and real tensile strength correspond.

testing range .

AT
e I o
oA fit

e tENSION COMPTESSION o

Figure 4: Coulomb-failure criterion in Mohr-diagram



For the formulation of a closed solution of the failure criterion the investigation of the
tensile load perpendicular to the bond joint is of great importance. This has even now been
uninvestigated.

For the better evaluation of this range in the figure the real axial tensile strength in the
bond joint f, between nail-laminated timber element and mineral surface layer had to be
determined experimentally.

Experimental procedure and applied load history were taken according to DIN EN 582,
Principle test setup with dial indicators and load cells are illustrated in figures 5 and 6.

A

Measurement range 2
Measurement range |

Y

Figure 5: Principle test setup Figure 6: Measuring points

In agreement with applying the away-steered and supplied adhesive strength and the
specific failure energy for this bond.

5 Results and conclusion

5.1 Results of the shear tests

In order to receive meaningful test results, to each type of the shear transferring a sufficient
number of short time shear tests was conduced. With a specified experimental procedure

and applied load history the following results for the maximally applied forces I, .., and

the adhesive shear strength f, ., were measured and calculated (Table 1).

Table 1: Average value of adherence bonding strength £, .., Without friction

Type Fii,mcau [ FV,cff FR = * F\; FHV zF[-E,mcaxwaR fv,mcan
NJ | -] | [kN] kN [kN] [N/mm?]

HVS/HV/AP 49,24 1,85 20,59 38,10 11,14 0,31

HVS/HV/AR 30,20 0,90 30,52 27,53 2,67 0,07

HVS/HV/BP 45,60 1,46| 20,68 30,29 15,32 0,42




HVS/HV/BR 42,92 0,89 31,07 27,65 15,27 0,38
HVS/HV/BV 33,47 0,921 20,61 19,01 14,47 0,32
HVS/HV/GP 49,79 1,21 20,61 24,89 24,90 0,68
HVS/HV/GR 49,25 0,96 30,54 29,23 20,02 0,50
HVS/HV/GV 36,69 1,000 20,64 20,66 16,03 0,35
HVS/HV/ZP 50,27 1,76 20,59 36,23 14,04 0,39
HVS/HV/ZR 40,69 0,92 30,60 28,24 12,45 0,31

Consequently it is possible to transfer high shear forces between the layers by favourable
combinations of materials for the mineral surface layer and surface design of the lamellas.
The best bond of shear was determined between timber and concrete of geopolymer.

The concrete of geopolymer has only a small strength of material. But the high alkalinity of
the mixture affected the bond positively. The smallest adhesive bond was observed with
anhydrite screed.

Normal concrete and cement screed, both with the bonding agent cement, stand with their
shearing strengths between the “specialised concrete”. The comparison between the timber
surface modifications vary evidently. The bond could be improved by the profiled surface
versus the simple rigid surfaces by at least 20 %.

It was surprising that the values of the samples with transfers in altitude lamellas were
smaller than with even rigid surface. An explanation for this can be the influence of
swelling and shrinking of the timber and shrinking of the surface topping. The structural
mechanism of the composite components is still to be still followed.

The total shear stiffness of such combination elements depends first on the adhesive bond,
the friction and the wedge within the flutings. The adhesive bond is characterised by the
fact that it also works without additional external forces.

Shear stress f, ; [N/mm?}

Test series

Figure 7: Transmittable shear stress without friction



After overstepping this value sudden failure occurs. The elongation up to the failure were
all clearly under a half per cent. Therefore the adhesive bond works no more and cannot
reset itself.

During the time of adhesive bond and after its failure the friction force works between the
layers. It is dependent on the load.

Figure 8 shows the typical load-displacement-curve of the variants of bond type R, V and P
with concrete as mineral surface layer.

Shear stress fv,k {N/mm#]

Test series

Figure 8: Load-displacement-curves of slip-block-tests type R, V and P with concrete as
mineral surface layer

In the test a vertical load was applied on the test specimens. This led to friction between
concrete surface layer and timber finishing. However the determination of the value is only
possible if the load is known.

In literature a coefficient of friction called p, = 0.8... 1.0 between timber and concrete is
itspecified. This coefficient could be confirmed in the test series “rigid surface (BR)”.
During exact consideration it could be noticed that after the test arrears of concrete within
the fine grain range presented loosely on the timber surface. The abrasion worked as a kind
of glide layer. Burkhardt [8] observed in his tests of new concrete on old concrete slabs
similar effects. A clear increase was obtained with the profiled test specimens.

The broken out remainder of mineral surface layer staying in the lateral profiles increased
the resistance. Furthermore the statements about the internal angle of friction formed the
basis for the theoretical quantification of the joint tensile strength (Figure 9).
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Figure 9: Determination of theoretical adhesive tensile strength by the
internal friction type BR

The straight line in figure 9 was shifted parallel into the measured value of adhesive bond
and extended into the negative range. The tangent with the angle ¢ defines the internal
friction. On the abscissa the theoretical detention adhesive tensile strength can be
determined.

5.2 Results of the adhesive tensile tests

In order to receive meaningful test results, to each type of the shear transfer a sufficient
number of short time tensile tests was realised.

With a specified experimental procedure and applied load history the following results for
the average adhesive tensile strength f, and the average failure energy were measured and
calculated (Table 2). The results of adhesive tensile strength perpendicular to the composite
joint represent a completion of the results of the shearing and friction tests.

Table 2: Average adhesiv

¢ tensile strength and average friction energy
Ty - Numb Average adhesiv €

erage friction ener;




4 0,056 0,3886
4 0,016 0,0205
4 0,178 1,1157
4 0,113 0,8787
4 0,103 0,8667
4 0,015 0,0156

For a better comparison of reached adhesive tensile strengths f;, of the different variants of

specimens were the average values of adhesive strengths £, confronted in figure 10.

The tensile strengths perpendicular to the joint result from the destabilisation phases and

structural behaviour phases.

Tensile stress f;; [N/mm?]

0.00- - L. ; -
Type P Type V Type R

S e 051 23 0}}()2 B

il Ceme_r_zt screed 0,113 0,093 0,049

BAnhyditesereed 0,103 0,056 0,018

IZl Concrete of geopolymer: 0,015 7 0,016 0,024

Figurel0: Comparison of average tensile strength

In the following figure 11 the characteristics of the curve in principle of the test specimen

variants BP, BV and BR are shown.
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Figure 11: Stress-crack opening-curve of type BR, BV and BP with concrete surface layer

In a detailed comparison of the characteristics of the curve, depending upon type of
specimen, different destabilisation phases are noticeable. For each component a certain
portion of the entire destabilisation can be assigned:

- Phase I : Failure of the adhesive bond between timber and mineral topping

- Phase II:  Failure of the lateral profiles

- Phase IIl:  friction of flank

Depending upon execution of the specimen occur the destabilisation phases mentioned
above individually or in overlaid form. Finally the measured tensile strengths f; is to be
compared with the theoretical tensile strengths £;* received by extension of the failure
straight line to the shear tests £;*. The figure 12 shows the result of the special specimens
type BR, BV and BP.

Tensile stress f;, and fjt*
[N/mm?]

0,10-
G,00-
Type P Type V Type R
B {jt (measured) G,178 0,123 0,102
W fjt* (theoretical) 0,243 0,367 0,429

Figure 12: Comparison of the theoretical adhesive tensile strength with the measured
adhesive tensile strength in example with concrete topping
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6 Summary

Aim of the work was to examine by means of experiment the bond behaviour of nail-
laminated timber elements and mineral surface layer without additional connecting
devices. With the simplest formation of the composite joint, already a typical normal
concrete on rigid wood surface, shear stresses can be transferred by f, = 0.38 N/mm?. The
coefficient of friction between wood and concrete with the value p = 0,9 of normal
concrete on even nail-laminated timber element well-known in the literature could be
observed.

With normal concrete and profiled lamellas the shear stress amounted to f, = 0.42 N/mm?.
The adhesive tensile tests confirmed the realisations of Griffith [7} that the actual tensile
strength is smaller than the theoretical tensile strength received by the shear tests.
Particularly high tensile strength £ supplied the nail-laminated timber elements variant of
the type P with a concrete surface layer (HZ/BP). The average tensile strength for this
variant amounted about 0.18 N/mm?2 Compared with other bonds of material the reached
tensile strength approximately corresponds to those of bond by stone on mortar.

The evaluation of the stiffness-crack opening curves showed different destabilisation
phases dependent on nail-lamellas geometry. This differentiation represents a demarcation
of the destabilisation procedures and thus a destabilisation model of the tested variants.

As a total result a formulation of the relationships between nail-laminated timber elements
and mineral topping without separating layer is possible.
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1 Introduction

The effectiveness of a timber-concrete composite structure is highly dependent on the
stiffness of the joints that connect the timber and the concrete. Many different types of
Jjoints have been developed and are already used in practice. One of the most used, for its
simphicity and availability, are the dowel type fasteners. A research project was started in
Coimbra University and Delft University of Technology (DUT) to improve the knowledge
on the mechanical behaviour of these joints. Part of that research project consists of
timber-concrete shear tests with dowel type fasteners with different conditions and
materials. The results and analysis of those tests are presented. The results are also
compared with the values computed using the equations given in ECS5 part 1 and part 2.

2 Shear tests

2.1 Characteristics

Eight different configurations have been tested, six in Coimbra University and the other
two at DUT (10mm-B and 10mm-INT). In Table 1 the most important characteristics for
all test series are given. A wide range of situations is considered with the use of different
timbers (maritime pine, “MP”, chestnut “CH”, Spruce) concretes (High strength concrete
“HSC”, Lightweight aggregates concrete “LWC”), dowel diameters ( “8mm”, “10mm”)
and interlayer (“10mm-INT").

Table 1.Configuration of the 8 tested series

Test nr tests joint Timber Steel | Concrete
CH 21 10mm-dowel' Chestnut 480 ° 48"
MP 21 10mm-dowel' | Maritime pine | 480° 44*
HSC 21 10mm-dowel' Spruce 480° 84 *
10mm-A 21 10mm-dowel’ Spruce 480 ° 46 °
LWC 21 10mm-dowel]' Spruce 480 ° 27
Smm 21 8mm-dowel' Spruce 480 ° 40°
10mm-B 10 10mm-dowel” Spruce S500 50 °
10mm-INT? 10 10mm-dowel’ Spruce $500 47 *
' .. Reinforcement smooth bar ,* — Reinforcement bar with ribs, ¥ _ Mean value of ultimate tensile
strength of the bars used in MPa,’ — Mean value of compression strength of concrete used in each series,
’ — Interlayer made of spruce planks with 20mm thickness nailed with 2 nails/plank to the timber blocks
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A middle concrete member and two side timber members constituted the test specimens as
presented in Figure 1.

The fastener holes were pre-drilled with the same nominal diameter as the dowel. In all the
Joints, either a thin plastic film or paint, was applied between the timber and concrete, in
order to prevent friction and movement of water.

Delft Coimbra
University University

Figure 1. Test specimens configuration

The dimensions and characteristics of the tests performed in Delft and Coimbra were
slightly different. The most significant difference is the use of only one fastener for each
shear plane in Coimbra and two in Delft.

All the tests were performed according to EN26891 (1991); the estimated loads were
evaluated based on preliminary tests. The displacement was measured on four sides of the
specimen, as shown in figure 2

Load
Cell

Dial gages
=" (front and back)

% Timber
T N RRRRN]

Figure 2. Test specimens set up

.

On the tests specimens with interlayer, the slip of the planks against the concrete member
was also measured, at the same four points.

2.2 Characterization of the materials used

The purpose of this research was to study the mechanical behaviour of timber-concrete
joints with different materials and conditions. For that reason, a good evaluation of the

2



mechanical properties of the materials involved in the shear tests was required. The
followed procedure was the experimental evaluation of those properties, which was done
for timber, concrete and steel. Particular attention was given to the timber because of the
relatively high scatter in mechanical properties but also because the timber has the largest
influence on the behaviour of the joint.

For concrete cubes (15¢m side) were tested in series of three, on at least 4 ages in order to
assess density and compression strength.

In order to evaluate the steel properties, tension tests were performed, one for each bar that
was used and from them both the yield strength, tensile strength and modulus of elasticity
were determined. The dowels used at DUT were produced from reinforcement bars of steel
S500, for that reason the mechanical values from the standard were considered as accurate
enough and no tests were performed.

For timber, two different situations occurred. At DUT only spruce was used. Since it is a
timber with very well known mechanical properties, only some samples were collected to
determine the mean value of the density and the moisture content. At Coimbra University
all the timber specimens were conditioned at 20 °C and 65% air humidity. For those
specimens the density was determined and embedding tests performed. That was done for
each one of the timber pieces used on the shear tests. In order to assess embedment
properties as close as possible from the shear test, the samples were collected from the part
of the timber block immediately next to the area affected by the shear test, as can be seen
from Figure 3.

L Embedding test
specimen

- Shear test block

Figure 3. Collected timber for the embedding test

2.3 Presentation of the results

Almost every test specimens reached the displacement of at least 15mm, as stated in EN
26891. In two tests, one from the series 10mm-B and another from the series 10mm-INT,
cracks developed in the concrete block causing early failure of the test specimen. That
occurred for displacements of 8.8 mm and 14.6mm respectively.

On the CH series the steel dowels have reacted with the chestnut timber during the curing
period forming a cover of rust around the dowel. That corrosion has increased the friction
between the timber and the steel. After the test, when the dowels were separated from the
timber a mean value of around 8§ kN was obtained for the pulling-out.

The parameters from EN26891 (1991) were computed and on Table 2 are presented the
mean values, the standard deviation and the characteristic values from the load capacity
and slip modulus for all the tests series. The characteristic values were computed



considering the 0.05 fractile and a confidence level of 0.75 according with ISO 2394
(1998).

Table 2. F.. and k. values from the tests

Strength — F ., (kN)

Test Nr tests Mean value Standard Characteristic
deviation value
CH 21 26.2 1.8 22.77
MP 21 25.5 2.1 214
HSC 21 23.6 1.8 20.2
10mm-A 21 22.6 2.2 18.3
LWC 21 18.5 0.67 17.2
Smm 21 13.6 0.74 12.2
10mm-B’ 10 34.3 3.0 27.9
10mm-INT’ 10 31.7 1.48 28.6
Stiffness — K, (kN/mm)
Test Nr tests | Mean value Standard Characteristic
deviation value
CH 21 30.4 6.7 17.5
MP 21 244 6.7 i14
HSC 21 13.8 3.7 6.7
10mm-A 21 15.2 4.1 7.2
LWC 21 14.5 3.7 7.3
8mm 21 11.5 1.9 7.9
10mm-B! 10 17.1 3.2 10.5
10mm-INT' 10 11.1 1.4 8.3

' The results presented are refersed only to two joints of the four tested in each test

3 Analysis of the Results

3.1 Comparison between series

A general analysis of the results shows that the scatter for the strength properties is much
lower than for stiffness properties. Although it was intended to vary only one property
from series to series, there is always some variation in the concrete, in steel and
particularly in timber properties. However, these variations are relatively small and the
following conclusions are thus allowed.

Influence of concrete quality

Three different types of concrete were considered: lightweight aggregates, normal and high
strength concrete whose compression strength mean values were found to be 27, 46 and 84
MPa respectively. Since these concrete types cover a wide range of compression strengths
any relevant influence in the behaviour of the joints should become clear on this research.

The values of the load carrying capacity of the joints show some difference for different
concrete types, 23.6, 22.6 and 18.5 for high strength, normal and lightweight aggregates
concrete respectively. These results indicate that the load capacity increases with the



compression strength of the concrete. The higher difference between lightweight
aggregates and normal may indicate that the influence is higher for concretes with low
strength. The explanation for this may be that for higher strength concretes, the damage of
the concrete is relatively small compared to the damage in the timber, in other words, the
concrete act as a perfect constraint and then the damage on timber has increased its
importance.

No evidence of a relation between the slip modulus and concrete strength can be found
from these results. Indeed, the results of the series with normal concrete show the highest
slip modulus; it is followed by lightweight aggregates concrete and, the lowest one,
cotrespond to the high strength concrete. Since the slip modulus is calculated with slip
values from the beginning of the test, no damage in concrete has occurred yet and the
strength properties do not influence it. However, the compression strength of concrete is
somehow connected with its elasticity modulus and then some relation could be expected.
According with EC2 the elasticity modulus of the used concretes should be around 29, 34
and 42 GPa for lightweight aggregates, normal and high strength concrete respectively.
One explanation could be that the deformations on concrete are small compared to those in
timber at these low load levels. The differences in the slip modulus would then be also
small and could easily be hidden by other effects such as hole clearance or friction between
timber and concrete.

Timber

Two softwood species, spruce and maritime pine and one hardwood, chestnut, were used.
The mean density values were found to be respectively, 454, 584 and 566 kg/m®.

Looking at the results it becomes clear that the load carrying capacity of the maritime pine
(MP) series is only slightly lower than the chestnut (CH) (3%) while the spruce (10mm)
difference is almost 14%. The same calculations for slip modulus show a difference of
around 20% from chestnut (CH) to maritime pine (MP) and 50% from spruce to chestnut,
The influence of the density in the mechanical properties seems to be much higher for slip
modulus than for the load carrying capacity.

The higher values of the mechanical properties values from the chestnut compared to
maritime pine are probably due to the higher friction between timber and dowel in the
chestnut series.

Influence of interlayer

The presence of inferlayer decreases the mechanical performance of the joints. The value
of the shear strength decreases around 8% and the slip modulus decreases around 35% as
compared to similar joints without interlayer. The measurements of the slip indicate that
for small deformations, the connection planks-timber is weak, however, for larger
displacements that connection becomes more effective and is already able to take some
load, which came in line with the shear tests results.

3.2 Models from EC5 and others

Rules to design timber-concrete joints with dowel type fasteners are given in ECS5 part 2
(1997). The design rules presented there are based on the models for timber-timber joints
presented on ECS part 1 (2003), equations 1 to 3. The equations for timber-concrete are the
same, but the results may be increased up to 20% for the load capacity and 100% for the
slip modulus.

The load capacity of timber-timber joints, when P is considered as equal tol, is given by:



IoN
F=|i115\/m+ a:li.'?k:i (1)

Where:

sk = Foau - 18 the embedding strength of the timber members,

—

—& M _is the withdrawal capacity which shall be considered 0 for dowels,

M, n - is the yielding moment of the dowel and can be calculated from:

Jfu .
Rk = @180d26 (2)
where f

i

M

is the tensile strength of the dowel.

The slip modulus of timber-timber joints is given by:

pl.5d
K, =l 3
2] .

Where
d - 1s the diameter of the dowel,
£ - is the mean value of the density of the timber in kg/m3.

For joints with interlayer, the EC5 (1997) does not give calculation models and advises
that the design values should be based either on suitable numeric models or on
experimental work. In the literature, a model was presented by Blass and ILaskewitz
(2003), that considers the interlayer in the calculations of the load capacity of this type of
joints, This model is given in equation 4, considering once again the value 1 for B:

) M, .
F= fmd%(wm \/z;",ﬂus ) +51;“,} @)
Al
where:
5 . .fh,zw
.ﬁ‘r,l

Jme - 18 the embedding strength of the interlayer member,

I, — 18 the interlayer thickness,

The values of material properties of the shear test specimens were used in the equations.
Since each of these shear tests was composed of two joints, each one of them was
computed independently, using equations 1 to 3, adding both results and then multiplied it
by the factors given on ECS part 2 (1997) for timber-concrete joints as presented on
Equation 5.

fysr = Cx[ fi(joint 1)+ £, (joint 2)] (5)

where :



Jesr - 18 the expected value for the shear test,

Jfiand f, - are the values expected for each single joint

C ~ 1.2 for load capacity and 2 for slip modulus in accordance with ECS part 2, for joints
with interlayer no values are given so it was considered 1.

3.3 Analysis of results

Calculations of the load carrying capacity and slip modulus were done for all geometries.
The correlation coefficients between the calculated data (according with ECS) and the data
from the tests are presented in Table 3 for each test series. On the same table are also
presented the mean values of the relation between the theoretical model and the
experimental results for each series.

Table 3. Correlation coefficient and relation between experimental and models data

F..x EC5/Experimental Keer ECS5/Experimental
Test Series Ratio Correlation Ratio Correlation
(mean value) coefficient (mean value) coefficient
CH 0.80 0.37 0.79 no correlation
MP 0.85 0.86 1.1 0.70
HSC 0.81 0.83 1.3 0.66
I0mm-A 0.88 0.87 1.2 0.33
LWC (.98 0.61 1.2 0.46
Smm 0.90 0.64 1.2 0.44
10mm-B 0.51/0.58 ' ¥ 0.93 *
10mm-INT? 0.28 * * ¥

' considering f; given by the equations from EC5 / considering f;, determined from
tests
2 _ on the calculations & was considered =2/3 (Equation 4)

Chestnut
MP

8 Load (kN) &

0 3 6 9 12 Slip {mm} 45

Figure 4. Mean load-slip diagrams for each series

The numerical modelling results and test data were also plotted in diagrams from Figure 5
and Figure 6. On those diagrams only the categories HSC, LWC, 10mm-A and MP are

7



plotted, because for a number of reasons the results from the other series are not
comparable.
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Figure 6, Experimental versus theoretical results for the slip modulus

Referring to Table 3, a different behaviour of the series with chestnut in comparison to the
others can be detected. Not only the relations between model and experimental data show a
different tendency but also the correlation coefficients between those values are much
weaker for the chestnut series. The discrepancy may be due to the corrosion on the
fasteners surface at the time of the tests.

Load carrying capacity

The results presented on Table 3 show that the estimation made with the models given in
EC5 tend to underestimate the experimental value of the load capacity of the joints with
differences from 2% to almost 50%.

A more detailed analysis of the results reveals that the ratio EC5 model-experimental
results decreases with the increase of the compression strength of the concrete. The value

8



for lightweight aggregates concrete is 0.98 and for high strength concrete is 0.81, while the
values for normal concrete are between those two. This argument strengthens the idea that
the concrete compression strength influences the load capacity. Higher compression
strength leads to a higher load carrying capacity of timber-concrete joints.

The values given by ECS5 for CH series are only 80% of the values from the tests.
However, that situation would change if a pulling out strength Fi gy would have been
considered in the models due to the high friction as a result of rust of the dowels.
Considering a pull-out strength of 8 kN (reasonable enough when considering the values
measured for pulling-out) the relation would increase from 0.80 to 0.87, which is in line
with what was found in other categories with normal concrete.

Slip modulus

The models given in ECS5 to determine the slip modulus of dowel type fasteners joints
overestimate the experimental value. In average, they are 20% higher than the values found
in the tests. Only in the chestnut series the opposite occurred, the ECS values are 20%
lower than the theoretical value. On that series the test results indicate a decrease in slip
modulus with an increase of the timber density. But here friction seems to have masked the
results.

The correlation coefficients between experimental and theoretical results are always
smaller than for the load carrying capacity on the same series. The main reason for that
should be the problems and difficulties in the evaluation of the stiffness propertics as
described before.

4 Conclusions

The results presented here show that the load carrying capacity of timber-concrete joints is,
among others, affected by the compression strength of concrete, a parameter that until now
has been disregarded. On the other hand, no indications were found of any influence of the
concrete strength on the slip modulus of the joints.

Both slip medulus and load carrying capacity are affected by the timber density and
embedding strength. However, the effect on slip modulus seems to be much higher.

The effect of an interlayer is again higher for the slip modulus than for the load carrying
capacity. In both cases the mechanical properties decrease if the interlayer is present.

This research found some indications that the effect of friction of smooth dowels may not
be always negligible on these kind of joints, however further research is needed to confirm
it.

The models given in the EC5 for the load capacity of these joints seem to be able to
evaluate their actual load carrying capacities. The values from the models are always
conservative when compared with the experimental data. Nevertheless these results also
show that the properties of the concrete could be considered in the models, giving values
with increased accuracy. Considering these results, the load carrying capacity of joints with
concretes of higher classes, for instance of strengths of 60 MPa and more, could benefit
from an increase of up to 20 %.

The ability of the model presented in ECS to evaluate the slip modulus also seems to be
good. However the values given by those models are always around 20% higher than the
ones obtained from tests. That may indicate that the factor 2 given in EC5 part 2
(discarding the deformations of the concrete) is too high on this situation.
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Comparison of Hysteresis Responses of Different
Sheathing to Framing Joints

B. Dujic and R. Zarnic

University of Ljubljana, Faculty of Civil and Geodetic Engineering, Ljubljana, Slovenia

Abstract

Paper discusses the behaviour of six different configurations of single shear joint under cyclic
load. The joints represent connection between timber frame elements and different sheathing
plates with nails and steel staples. The kinds of joint specimens are based on typical
construction types of European light timber-frame buildings. Four typical sheathing plates are
generally used in European timber frame construction industry: oriented strand board,
cement-splinter board, gypsum-fiber board and particleboard. Six series of different joints
were loaded parallel to the wood fibers of framing member with increasing amplitudes of
cyclic load. The analysis is focused on comparison of hysteretic behaviour of different
sheathing to framing connections with stiffness deterioration and strength degradation
between the first and the last repeated cycle at the same slip in joint, dissipation of energy by
hysteresis loops, the equivalent viscous damping ratio and the failure mode.

1 Introduction

Earthquake resistance of timber frame buildings is in the great extend governed by connectors
that tie together structural elements and entire structure to foundations. Fasteners and anchors
play also an important role of energy dissipaters and controilers of dynamic properties of
structural system. They might be designed and constructed as engineered devices but aiso the
ordinary ones give their valuable contribution to behaviour of structure while exposed to
dynamic load. The behaviour of connectors together with connected parts of structure may be
considered as cyclic while entire structure 1s under dynamic excitation. This assumption
enables relatively simple procedure of testing [13, [2] and 3] where only the choice of loading
protocol is an issue to be carefully taken into account. Data on cyclic response of joints are
valuable source of information needed for development, calibration and verification of
inelastic computational models of timber frame buildings. There is a constant need for
databases of behaviour of different structural connections and joints are one of them [4]. The
variety of joint design, mechanical properties of local materials, types of fasteners and
sheathings demand an extensive worldwide testing campaign that enables comparison of
behaviour of different joint configurations and looking for possibilities of potential
generalisation of behavioural mechanisms.

There are four major types of sheathing to framing joints that can be found in timber frame
buildings produced in Slovenia that are also exported to European market. Due to lack of data
on their behaviour, they were recently tested by cyclic loading in laboratory at Faculty of
Civil and Geodetic Engineering, University of Ljubljana, Slovenia. The main purpose of
testing was obtaining data needed for modelling of inelastic response of lateral resistance of
timber-frame walls [5] and seismic response of timber-frame buildings [6].



2 Cyclic tests of joints

Altogether 6 different joint configurations were prepared for testing, three samples of each
(Table 1, Fig. 1a). All specimens were made of the same type of wood and different sheathing
plates fastened with different types of fasteners (Fig. 2). All materials used for preparation of
specimens are available on Slovenian market and are regularly used by Slovenian wooden
house producers. The only exception is annularly threaded nail that is common on Canadian
market. The specimens with Canadian type of fastencr were tested to be compared with other
tested ones. Only the upper half of sheathing plate was fixed to wood frame element with
tested fasteners. Nails were hammered in wood parallel to grain direction and staples with
angle of 45° between the direction of staple crown and grain direction. The lower part of
board was glued to wood element have higher shear resistance than upper part. Wooden
efements were gripped with toothed metal plates that provided uniform distribution of acting
force. Gripped specimens were fixed in Amsler HA 100 servo hydraulic testing machine and
tested according to [7] and [8] with cyclic loading following the refined protocol. Load
protocol is shown in Fig. 3.
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Figure I: Sketch of specimen Figure 2: Fasteners in order as listed in Table |

Table 1: Configuration and properties of tested specimens

Name Frame Sheathing Fastener

steel staple NIKO
1.34 x 1.62/47 mm

steel staple Haubold

GFB gypsum-{iber board, t = 15 mm

CSB SPF cement-splinter board, t = [6 mm 183 % 2.06/50
(spruce- i
PB_smN | pine-fir) particle board, t = 10 mm smooth nail, 2.5/50 mm
0SB _smN | 40/150 mm . smooth nail, 3.1/80 mm
oriented strand board :
OSB_spN spiral nail, 3.1/80 mm
t=11 mm
OSB_anN annular nail, 2.8/75 mm

The load protocol consisted of two parts that divided tests in two phases. Within the first
phase the loading rate was 0.1 mm/s and in the second one 0.5 mm/s. Each displacement level
was repeated three times as shown in Fig. 4. The protocol was designed following the idea of



applying significant number of cycles under the yield limit of joint and post yield cyeling with
following linear ascending ramp of amplitude. After reaching the load-carrying limit of joint,
test continued monotonically until joint failure.

4B . U [T
i 1st part of loading prolocol (loading rate 0.1 mmys)

1

g 05 -
=
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.
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! 2nd part of joading protocel {loading rate 0.5 mm/s}
20 ¢
T
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g
a :
<
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Figure 3: Specimen fixed in servo 100 600 800 1000 1200 1400
. . - Time s)
hydraulic testing machine Amsler
HA 100 and detail of toothed metal Figure 4. The quasi-static cyelic loading
plate protocols.

3 Cyclic behaviour of joints

The main sources of information regarding response of joints on cyclic load are hysteresis
loops obtained during testing and post failure visual inspection of tested joints. In foliowing
figures 5, 6 and 7 are presented typical load vs. joint slip relationships and other relations
derived from hysteresis loops. Each type of tested joints is presented with typical hysteresis,
comparison of envelopes of ali three specimens of kind with calculated average envelope,
stiffness vs. joint slip relationship and equivalent viscous damping vs. joint slip relationship.
Presented envelopes were calculated as average envelopes of positive and negative branch of
envelope obtained by testing. The stiffness of single hysteresis loop was defined as straight-
line approximation between the positive and negative peak of a hysteresis loop according to

[9]:

] ]_;wj .m[-;'"i_
Ku‘ - n.!ax l!]m 1
o2 o (1)

max min

where Fi and Fy,p, are peak values of attained load in observed positive and negative cycle
and Smax and Sy are the corresponding joint slips. The equivalent viscous damping was
calcuiated from hystersis using the equation suggested in [10]:
E
o (2)

v, =i
Y 2z-E,



where Eqis dissipated energy per cycle and E; is available potential energy.
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From above diagrams, some general observation may be highlighted. In the cases of nailed
joints, the ultimate load was attained at higher magnitudes of joint slips. Two different failure
modes were observed in cases of nailed joints and only one in the cases of stapled joints
(Figure 11). Nails having smaller diameter failed due to fatigue after forming plastic hinge
inside wooden element in depth approximately equal to thickness of sheathing plate. Joints
having thicker nails failed with pull-through of nail head while nails exhibit plastic
deformations. In both cases of stapled joints stapies gradually pulled out of wood element and
plastic hinge formation moved along the staple legs. Stapled joints show significant post
ultimate load ductility due to described failure mechanism. Generally, all failures occurred

after the last cycle defined in load protocol.

(@) (b) ()

() (e)

Figure 11 Different failure modes of joints: plastic hinge failure of nail (aj, (b) as
observed in cases of PB_smN and OSB_anN, plastic hinge deformation ending with
pull-through of nail head (c), (d) as observed in cases of OSB_smN and OSB_spN and
plastic hinging along the staple legs (e) as observed in cases of GFB and CSB

4 Discussion of test results

Three sets of parameters obtained from test results are chosen for discussion of joint
behaviour. The {irst one deals with major events observed from envelope curves. The second
set of parameters describes load degradation and stiffness deterioration. The third one is
related to the equivalent viscous damping calculated from hysteresis loops.
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Figure 12: Comparison of average envelopes
of the first cycles

Load, F

Figure 13: Definition of Yield Limit State
(YLS)



In Figure 12 the average envelops of the first cycles of each tested joint configuration are
presented. The purpose of herein reported tests was not the comparison of joints based on
their load capacity but based on the mechanisms of their behaviour. It is clear that the type of
fastener due to its geometrical and mechanical characteristics governs the load carrying
capacity of joint. In our case wood element were made of the same sort of wood. However,
basic information about the parameters of average hysteresis envelopes are summarized in
Table 2. From the hystersis envelopes Yield Limit State (YLS) and Ultimate Limit State
(ULS) can be identified. There are various approaches to YLS and ULS definitions. Both can
be observed as events that signify the demarcation between two behaviour states. YLS is
defined as the transition of the specimen behaviour from elastic to inelastic response. Often
YLS is defined as the point of intersection of secants or/and tangents on the skeleton curve of
hysteretic response of joints. In our case, YLS was defined as the point of intersection
between two lines. The lines are the secant of the skeleton curve defined by points at 0.1 £
(10 % of maximal horizontal load capacity) and 0.4 F, and tangent on the upper part of the
envelope, which is parallel 1o the secant through the skeleton curve at 0.4 F, and 0.9 F, (Fig.
13).

Ductility is defined as ratio between ULS and YLS slip and post ULS ductility as ratio
between slip corresponding to 10% lower of post ULS and YLS slip. The interesting finding
of test comparisons is that the ratio between ultimate and yield load is in range between 0.5
and 0.6. All tested joints exhibit ductility regarding ULS over value of 10.

Table 2: The parameters of average hysteresis envelop (F — force, & - joint slip)

Name of LS ULS Duectility Post .U.LS
specimeﬁ Ky Fy Sy Fy By Fyfb dy=0,/0y Cziu“cg l/léy
[kN/mm} | [kN] | [mm] | [kN] | [mm)] WS | HOrey
GFB 1.15 0.51 0.45 1.04 5.10 0.49 11.4 17.5
CsB .69 0.74 0.44 1.42 477 0.52 10.9 18.7

PB_smN 1.19 0.48 0.40 0.80 5.78 0.60 14.3 222
0SB _smN| 218 0.66 0.30 1.16 7.54 0.57 248 275
OSB_spN 1.33 0.70 0.53 1.27 7.53 0.55 14.3 26.5

OSB_anN 1.13 0.65 0.57 1.27 7.56 0.51 13.1 14.4
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Figure 14: Load degradation from the first to  Figure 15: Load degradation from the first to
the second cycle the third cycle



Diagrams presented in Figures 14 and 15 have roughly linear, descending shape in all cases of
tested specimens and in both comparisons of test cycles. The degradation process if faster in
the cases of stapied joints than in the cases of nailed joints. This information is valuable for
development of mathematical models of joints. Levels of 0.95 and 0.8 of the first cycle load
gives information needed for definition of YLS and ULS according to known concepts. The
method for YLS determination used in this paper shows that YLS is in all tested cases above
0.95 limits. Presented diagrams can serve as aid for definition of three linear envelope curve
that is valuable simplification for modelling of inelastic behaviour of joints [6].
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Figure 16: Normalized stiffness deterioration  Figure 17: Comparison of equivalent viscous
as derived from experimental results damping calculated from the first cycles

Stiffness deteoration curves shown in Figures 5 to 10 are very similar and have shapes of
power functions. The initial elastic stiffness of joint is relatively high, but after several cycles
in the range of low slip amplitudes stiffness drop to one that defines YLS. The observed drop
1s in range of magnitude of 3 to 7. All stiffness degradation curves were normalized by
stiffness and joint slip at YLS and then unified through regression power curve obtained by
simple curve fitting (Figure 16). Relatively simple equation was derived from curve fitting:

K B é— -0.7
Y'O'S[a J 3)

where K, and 9, are stiffiness and joint slip at YLS, respectively.

Because tested types of joints have characteristic non-linear behaviour from the very
beginning, the proposed equation (3) may be useful for construction of “synthetic” load - slip
curve. However, the basis of such approach can be a sufficiently large data basis on joint
behaviour.

Equivalent viscous damping diagrams of different joint assemblages (Fig. 17) show two
different mechanisms of behaviour. One is characteristic for stapled joints and another for
nailed joints. In the case of stapled joints, the yield points moved along the staple legs due to
their gradual pulling of the wood element. It results in relatively constant damping from the
YLS to ULS having approximate value of (.17 in tested cases. In the case of nailed joints the
damping at YLS is higher than 0.25 and roughly linearly descend to value of 0.17 at ULS.



5 Conclusions

Although the main purpose of tests was obtaining data needed for mathematical modelling of
joints, some general conclusions about behaviour of tested joint configurations can be
derived. Stapled joints (GFB and CSB) and nailed joints with shorter nails (PB_smN) reach
ULS at about 30% lower magnitude of joint slip than joints nailed with about 37 % longer
nails (OSB_smN, OSB_spN and OSB_anN). Load degradation of stapled joints is faster than
load degradation of nailed joints. In the case of stapled joints, degradation at ULS has double
value in comparison of nailed joints degradation at same slip. Nevertheless, the stiffness
degradation of ali tested types can be expressed with the almost equal power curve, The
interesting characteristic of stapled joints is almost constant equivalent viscous damping from
YLS to ULS and beyond. The initial equivalent viscous damping of nailed joints is
significantly higher than those of stapled joints and meets their magnitude near to ULS.

6 References

[13 RILEM TC 109-TSA, 1994. “Timber Structures in Seismic Regions: RILEM State-of-
the-Art Report”, Materials and Structures, Vol. 27: 157-184.

[2] Dolan, J. D., Madsen, B., 1992, “Monotonic and cyclic nail connection tests”,
Canadian Journal of Civil Engineering, Vol. 19: 97-104.

(3] Yasumura, M., 1998. “Mechanical properties of dowel type joints under reversed
cyclic lateral loading”, Proceedings of CIB-W18/31-7-1, Savonlinna, Finland.

[4] Smith, 1., Foliente, G., 2002. “Load and resistance factor design of timber joints:
International practice and future direction”, Journal of Structural Engineering, Vol.
128, 1: 48-59.

[5] Dujic, B., Zarnic R., 2002. “Influence of Vertical Load on Lateral Resistance of
Timber-Framed Walls”, Proceedings of CIB-W18/35-15-4, Kyoto, Japan.

(6] Dujie, B., Zamic, R., 2003, “Blind Prediction of Seismic Response of Timber-Frame
House”, International Conference SE-40EEE, Skopje & Ohrid, FYR of Macedonia.

7] EN 1381:1999, Timber structures - Test methods — Load bearing stapled joints,
CEN/TC 124.

[8] prEN 1380:1994, Timber structures - Test methods — Load bearing nailed joints,
CEN/TC 124.

9] Shenton, H.W., III, Dinehart, D.W_, and Elliot, T.E. , 1998, “Stiffness and energy
degradation of wood frame shear walls”, Can. J. Civ. Eng., 25, 412-423.

[10] prEN 12512:1996, Timber structures - Test methods — Cyclic testing of joints made
with mechanical fasteners, CEN/TC 124.



CIB-W18/36-7-6

INTERNATIONAL COUNCIL FOR RESEARCH AND INNOVATION
IN BUILDING AND CONSTRUCTION

WORKING COMMISSION W18 - TIMBER STRUCTURES

EVALUATION AND ESTIMATION OF THE PERFORMANCE OF THE NAIL JOINTS

AND SHEAR WALLS UNDER DRY/HUMID CYCLIC CLIMATE

S NAKAJIMA

Building Research Institute

JAPAN

Presented by: Shiro Nakajima

Shiro Nakajima indicated that the main objectives of the research he presented was fo evaluate the
effects of dry/humid cyclic climatic conditions of nailed joints in shear wall panels as the shear walls
installed in timber houses experience these climatic cycles. He compared values cbtained for plywood
and OSB sheathed shear walls with those obtained numerically. In his conclusion he observed that the
condition of the test specimen during the test affected the strength and stiffness of the joints.
Questions were asked with regard to more than one ¢ycle of dry/humid conditions. Shiro indicated that
he plans to perform tests using multiple climatic cyclic conditicns.



Evaluation and estimation of the performance of
the nail joints and shear walls under

dry/humid cyclic climate

Shiro NAKAJIMA
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1 Abstract

As shear walls installed in timber houses usually experience dry and humid cyclic climate
during their service life the effect of the humid and dry climate on the performance of the
nail joints was evaluated. Lateral nail resistance tests were conducted after conditioning
the test specimens in the dry/humid/dry cyclic climate. The tests were conducted for all
possible combination of the surface grain direction of the studs and the sheathing materials
and the loading direction. The strength reduction of the shear walls due to the dry and
humid cyclic climate was estimated by the simplified model.

Not only the conditioning schedule but also the final condition, i.e. the condition of the test
specimens during the test, affected on the strength and stiffness of the nail joints. The
condition of the test specimens, i.e. wet or dry, was supposed to be one issue that should be
discussed in the process of evaluating the stiffness and strength of the joints and the shear
walls that will be exposed to a certain humid climate.

2 Introduction

The moisture contents of wooden materials and components affect on the strength and
stiffness properties of the joints and the shear walls of wooden structures. In most cases
the strength and stiffness properties of the joints and the shear walls are evaluated from the
test results of the test pieces that are conditioned in the standard condition, temperature
20°C and relative humidity 65%. Wooden structures are actually used in various
conditions and the performance of the joints and the shear walls of these structures should
be properly evaluated according to the conditions in which they are used. As 1t is quite
difficult to conduct full size shear wall tests in various conditions it is quite necessary to
develop an appropriate method to estimate the performance of the shear walls from the
performance data of the materials and the joints.

In Japan the allowable shear strengths of the shear walls constructed by the
2X4-construction system were decided by analyzing the test data of the series of shear wall
tests conducted in 1972 (Building Research Institute 1975). In the process of calculating



the allowable shear strengths of the shear walls a modification factor that represented the
durability of the sheathing panels was also multiplied to the shear strength. As most of
these values were derived from the test results of the lateral nail resistance test of the nailed
joints it is quite necessary to verify the adequacy of the values of modification factor by the
full size shear wall tests.

On the other hand the three-service classes system was proposed in the Enforcement Order
No.1446 in June 2001. The three service classes represented the climates “constantly
wet”, “intermittently wet” and “dry”.

The effect of the constantly humid climate on the performance of the nail joints and the
shear walls was reported in the last two papers (Nakajima2001, 2002) and the yield
strength reduction of the shear walls caused by the humid climate was predicted by the
simplified model. As shear walls installed in timber houses usually experience dry and
humid cyclic climate during their service life the strength and stiffness of the nail joints
under the humid and dry climate was measured and the strength and stiffness of the shear
walls in this climate was estimated using the test results of the nail joints.

3 Previous test results

Shear walls sheathed with plywood or OSB were constructed by the 2X4-construction
system and tested in two climates, temperature 20°C & relative humidity 65% and
temperature 20°C & relative humidity 90% to clarify the effect of the moisture contents on
the racking strength and stiffness of the shear walls. The panel shear test and the lateral
nail resistance tests were also conducted after conditioning the test specimens in these two
climates. The test results derived are as follows:

(1) In the humid climate the yield strength, the ultimate strength and the initial stiffness of
the plywood sheathed shear walls were reduced to 85%, 87% and 79% respectively.

(2) In the humid climate the yield and the ultimate strength of the OSB sheathed shear
walls were reduced to 90% and 91% respectively.  And the initial stiffness of the OSB
sheathed shear walls increase 5% after conditioned at the climate of 20°C and 90%
R.H.

(3) The reduction of the panel shear modulus of rigidity due to the wet condition was 24%
for plywood and 43% for OSB and the reduction of the panel shear strength was 24%
for plywood and 23% for OSB. Both sheathing materials particularty OSB becomes
more ductile when it is in a wet condition.

(4) Having an except for the nail joints with the surface grain directions of the framing
members and the sheathing materials perpendicular to each other and the loading
direction parallel to the surface grain direction of the sheathing materials, the yield
strength of the “plywood - lumber™ nail joints was reduced to almost 85% after being
conditioned at the climate of temperature 20°C and relative humidity 90%.

(5) Having an except for the nail joints with the surface grain directions of the framing
members and the sheathing materials perpendicular to each other and the loading
direction parallel to the surface grain direction of the sheathing materials, the yield
strength of the “OSB - lumber” nail joints was not reduced even after conditioned at
the climate of temperature 20°C and relative humidity 90%.



4 Reverse-cyclic test of nail joints

4.1 Test specimens

Bight different types of nail joints were tested to evaluate the performance of the nail joints,
Plywood and OSB panels were connected to the studs (204 lumbers) by the common nails
50mm in length (CN50). Considering the surface grain direction of the lumbers and the
sheathing materials and also the loading direction four different types of test specimens
were prepared. The detail of the size and shape of the test specimens are described in the
previous paper (Nakajima2002). And the detail specification of the test specimens are as
follows:

Joint A: Joint A represents the nail joints located at the vertical frames. The surface
grain directions of the framing members and the sheathing materials are parallcl
to each other and the loading direction is parallel to both the surface grain
direction of the framing members and the sheathing materials.

Joint B: Joint B represents the nail joints located at the top and bottom plates. The
surface grain directions of the framing members and the sheathing materials are
perpendicular to each other and the loading direction is parallel to the surface
grain direction of the framing members.

Joint C: Joint C represents the nail joints located at the top and bottom plates. The
surface grain directions of the framing members and the sheathing materials are
perpendicular to each other and the loading direction is parallel to the surface
grain direction of the sheathing materials.

Joint D: Joint D represents the nail joints located at the vertical frames. The surface
grain directions of the framing members and the sheathing materials are parallel
to each other and the loading direction is perpendicular to both the surface grain
direction of the framing members and the sheathing materials.

Six test specimens were prepared for all types of nail joints. The test specimens were
conditioned in a chamber after being assembled. The test specimens were conditioned at
the climate of temperature 20°C and relative humidity 65% for lweek and then
conditioned at the climate of temperature 20°C and relative humidity 90% for 3 weeks.
And after this humid conditioning the test specimens were conditioned at the climate of
temperature 20°C and relative humidity 65% for another 3 weeks.

4.2 Testing methods

Both ends of the studs (204 lumbers) were connected to the testing equipment and the
reverse-cyclic load was applied to the test specimens. The loading schedule followed the
ISO/DIS 16670 protocol.  The slip between the sheathing materials and the studs were
measured.

5 Test results

5.1 Thickness swelling of the sheathing materials

The thickness swelling and the increase of the weight of the sheathed materials caused
during the conditioning process are summarized in table 1. After experiencing the humid



climate, temperature 20°C and relative humidity 90%, for 3 weeks the thickness of the
plywood increased for almost 5%. And the thickness swelling was reduced to almost 2%
after being conditioned in the standard condition, temperature 20°C and relative humidity
65% for 3 weeks. The thickness swelling of the OSB was three times higher than that of
the plywood. After experiencing the humid climate, temperature 20°C and relative
humidity 90%, for 3 weeks the thickness of the OSB increased for almost 15%. And the
thickness swelling was reduced to almost 10% after being conditioned in the standard
condition, temperature 20°C and relative humidity 65% for 3 weeks.

The increase of the weight of both the plywood and the OSB was almost same. The
increase ratio of the weight of the panels after being conditioned at the humid climate was
around 5% to 7% and the increase of the weight was reduced to almost 1% after
experiencing the standard condition for 3 weeks.

Table I Thickness swelling and weight increase of the sheathing materials.

Thickness Swelling Weight
. Joint After After After After
Material type conditioned at  conditioned at  conditioned at  conditioned at
20°C 90% for  20°C 65% for  20°C 90% for  20°C 65% for
3weeks 3weeks 3weeks 3weeks
Joint A 6% 2% 7% 1%
Plywood Jo%nt B 5% 2% 7% 1%
Joint C 5% 3% 5% 1%
Joint D 5% 2% 5% 1%
Joint A 15% 9% 7% 2%
OSB Joint B 17% 10% 7% 3%
Joint C 16% 10% 6% 1%
Joint D 13% 9% 6% 1%

5.2  Shear strength of the plywood nailed joints

All the test results of the “plywood - lumber” nail joints are summarized in table 2. The
yield strength (P,), the yield deformation (D,), the ultimate strength (P,), the ultimate
deformation (D,), the initial stiffness (K) and the typical failure mode are tabulated.

The yield strength of the nail joints was not reduced by the humid and dry conditioning
process and was almost same or approximately 15% higher than that of the nail joints
conditioned at the standard climate. The reduction ratios of the initial stiffness of the
“plywood - lumber” nail joints due to the humid and dry conditioning process ranged from

53% to 60%.

The failure modes of the “plywood - lumber” nail joints are summarized in figure 1. The
failure modes of nail joints conditioned at the humid and dry cyclic climate were similar to
those of the nail joints conditioned at the standard climate where the failure mode of the
nail joints conditioned at the constantly humid climate differed from the nail joints
conditioned at the standard climate.



Table 2 Summary of test results of the reverse-cyclic test of plywood nail joints.

gé) fe(s)f Conditioning " Fy Dy K P Du Dominant 2)
specimen (kN)  (mm) (KN/mm) (kN) (mm) failure mode
65% R.H. const. 0.51 0.68 0.82 0.79 1409 P6, W12, N22
90% R.H. const. 0.43 0.61 0.85 0.69 1097 P40, W0, NO
JointA  Reductionratio  0.84 090 104 0.88 0.78 -
Humid/Dry 0.59 1.36 0.45 091 16.44 P4, WI4, N6
Reductionraio 117 2.00 056 LIS 117 .
65% R.H. const. 0.54 (.64 0.94 0.86 12.68 P24, W10, N2
90% R.H. const. 0.46 0.96 0.53 0.75 12.68 P40, WO, NO
Joint B Reductionratio 085 150 056 088  1.00 -
Humid/Dry 0.55 1.20 0.50 088 1725 P14, W7,N3
e e e fa - _
65% R.H. const. 0.51 0.73 0.73 0.78 12.24 P13, W27, N0
90% R.H. const. 0.51 1.07 0.52 0.78 1435 P7,Wi2 N2]
lointC  Reductionratio 101 145 072 L00  L17 -
Humid/Dry 0.57 .41 0.44 082 2284 PO, WI3,NIl
Reductionratio 112 192  0.60 105 187 - -
65% R.H. const. 0.53 0.80 0.72 0.80 1227 PO, W23,N17
90% R.H. const. 0.45 0.95 0.56 0,70 1233 P39, WO,N1
T o T 5 osr e e
Hum1d/D1y 0 54 1. 32 0 42 O 81 20 747 PO,WM,N]O
Reductionratio 101 164 058 101 156 -

Note 1: The temperature of the conditioning room is 20°C.
Note 2: Failure mode “P”, “W” and “N” represent “punching out”, “nail withdrawal” and
“nail failure” respectively and the figures beside the alphabet represent the amount

of the nails.
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Figure 1  Failure mode of the “plywood- lumber” nail joints..



5.3  Shear strength of the OSB nailed joints

All the test results of the “OSB - lumber” nail joints are summarized in table 3.  The yield
shear strength of the joint type B, C and D was reduced to 92%, 94% and 87% respectively
by the humid and dry conditioning process. The yield strength of the joint type A (both
the surface grain of the 204 lumber pieces and the surface grain of the OSB panels parallel
to the loading direction) was not reduced by the humid and dry process. The reduction
ratios of the initial stiffness of the “OSB - lumber” nail joints due to the humid and dry
conditioning process ranged from 48% to 65%.

The failure modes of the “OSB - lumber” nail joints are summarized in figure 2. The
failure modes of nail joints being conditioned at the humid and dry cyclic climate were
similar to those of the nail joints conditioned at the standard climate. And the failure
mode of the nail joints conditioned at the humid climate differed from that of the nail joints
conditioned at the standard climate. The dominant failure mode of the nail joints at the
standard climate or the wet and dry cyclic climate was nail withdrawal where the dominant
failure mode of the nail joints at the constantly humid climate was punching out.

Table 3 Summary of test results of the reverse-cyclic test of OSB nail joints,

Type of

e P D Pu Du Dominant
s;ililaiit;isetn Conditoning " (kl-i;) (1111“);1) (kanm) (kN) (mm) failure mode®™
65% R.H. const. 0.57 0.47 1.29 086 1374 P12, W27,N1
90% R.H. const. 0.59 0.57 1.15 090 13.63 P39, WI,NO
JointA  Reductionratio  1.05  1.23 0.89 104 099 -
Humid/Dry 0.58 0.89 0.70 0.88 17.58 P2, W16, N6
Reductionratio 108 166 065 107 122 -
65% R.H. const, 0.54 0.54 1.07 0.83 1440 P4, W3L, N5
90% R.H. const. 0.62 (.59 1.17 095 1388 P37, W3,NO
Joint B Reduction ratic .15 Li0 Le9 115 0% -
Humid/Dry 0.52 0.89 0.64 0.79 1629 P6, W15 N3
edbction v oo ron s o e T
65% R.H. const. 0.59 0.73 0.99 0.88 12.15 P1,W39,NO
90% R.H. const. 0.57 0.69 1.04 086 13.30 P10, W1l, NI9
JointC  Reductionrato 067 096 105 098 109 -
Humid/Dry 0.53 1.16 0.50 0.81 1420 PO, W24,NO
T B 5
65% R.H. const. 0.57 0.67 0.90 0.84 12.15 P2,W33, N5
90% R.H. const. 0.60 0.62 1.07 091 12.61 P23, W7,NIQ
Joint D Reductiomraio T ros ool Tiis Los  1o4 - B
Humid/Dry 0.51 1.10 0.48 0.76 1540 P1,W23,NO
oo e s s w1 LT

Note 1: The temperature of the conditioning room is 20°C.

Note 2: Failure mode “P”, “W” and “N” represent “punching out”, “nail withdrawal” and
“nail failure” respectively and the figures beside the alphabet represent the amount
of the nails.
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Figure 2  Failure mode of the “OSB- lumber” nail joints.

6 Prediction of the yield strength of the shear walls

6.1 Simple numerical model The Mnail {i=1 to n)
To predict the reduction of the yield shear strength of e I ety
the shear walls under the humid or the humid and dry T T
cyclic climate the simple structural model proposed by o e
Hirai (Hirai et.al. 1999) was referred. The shear o} te
walls were modeled as shown in figure 3. . o
The model is a simplified model and the true shear T i*
deformation of the shear walls are assumed to be the Theg‘“ nall (=1 to m) I
summation of the shear deformation caused by the slip ¥ ¢
of the nail joints and the shear deformation of the ¥ %
sheathing panels. When a horizontal load P is *: i*
applied at the top of the shear wall the true shear ¥ i
deformation of the shear wall y can be calculated by " i
summing the shear deformation of the sheathing '... ........ " .:
panels y; and the shear deformation caused by the slip = -
of the nailed joints vy,. 1 le |
Y=Vt7, ' '
--(1) Figure3 Modeling of the
where , nailed shear walls.
Vs represents the shear deformation of the
sheathing panels, and
Vn represents the shear deformation caused by the slip of the nailed joints.

When the load and deformation are in linear the shear deformation of the shear wall y and
the load P can be easily calculated by a simple numerical calculation. Equation 2 shows
the relationship between the load applied at the top of the shear wall and the shear
deformation of the shear wall caused by the slip of the nail joints.

P = h_;{zksl" Ri2 + 2 ksi- R.in’ yn - (2)
i=1 =1



where,

ki is the slip modulus of the nail joints at the horizontal framing members,
ks is the slip modulus of the nail joints at the vertical framing members,
and,
1
_ 214
R, = ! 1+ 1 1—M ~(3)
1+4 11
I
. 2] 2
R =t L y[1-2UZD —(4)
M m—1
h
A =% (5
; %)

The slip of the nails nailed to the horizontal framing members s; and the slip of the nails
nailed to the vertical framing members s; are given as shown in equation 6. The slip
modulus of the nail joints located at the horizontal framing members ky; and the slip
modulus of the nail joints located at the vertical framing members k; can be derived from
the test results of lateral nail tests of the nail joints. Thus equation 2 gives the load P that
can deform the shear wall to a certain shear deformation v,, the shear deformation caused
by the slip of the nail joints.

hy, hy,
s, =4§L- R, s, =_§—’—- R, —(6)
Equation 7 gives the shear deformation of the sheathing panels y, caused by the load P
applied at the top of the shear wall.
P

= e (7
Ve = I (7)
where,
G is the panel shear modulus of rigidity, and
t is the thickness of the panel.

Equation 1, 2 and 7 gives the total shear deformation of the shear wall and the foad P
carried by the shear wall.

6.2 Results and discussion

The length of the shear wall /, was 948mm and the height A, was 2450mm. And the
number of the nail joints located at the vertical framing member m was 25 and the number
of the nail joints located at the horizontal framing member n was 11.  The slip modulus of
the nail joints located at the horizontal framing members £j;, the slip modulus of the nail
joints located at the vertical framing members &y at a certain displacement level can be
derived from the load-slip curve of the nail joints.

To simplify the calculation the actual load-slip curves were express by the following
functions:

Load = aln(1+b x disp.) -~(8)
where,
a and b are constants obtained from the test results.

The panel-shear modulus of rigidity of the sheathing panels is summarized in table 4.  As



the panel shear tests were not conducted for the panels conditioned at the humid and dry
cyclic climate the panel shear modulus of rigidity of the sheathing panels conditioned at
the climate of 20°C, 90% R.H. were refered to calculate the load-deformation curve of the
shear walls.

Table 4 The panel shear modulus of rigidity of the sheathing panels.

Climate: (1) 20°C, 65% _(2) 20°C, 50%
Sheathing material: Plywood OSB Plywood OSB
Panel shear modulus of rigidity 460 1650 150 940

(Mpa)

The results of the calculation are summarized in figure 4 and figure 5.  The results of the
calculation indicate that the initial stiffness of plywood sheathed shear walls are reduced
both by the humid climate and the humid/dry cyclic climate. And the initial stiffness of
shear walls conditioned at the humid/dry cyclic climate was more reduced than the initial
stiffness of the shear walls conditioned at the constantly humid climate. Though the
initial stiffness of the OSB sheathed shear walls was also reduced by the constantly humid
climate or the humid/dry cyclic climate the initial stiffness of the OSB sheathed shear walls
conditioned at the constantly humid climate was not so much reduced and was almost same
as that of the OSB sheathed shear walls conditioned at the 20°C, 65% R.H. climate.

As the measured yield deformation (Dy) of the shear walls was around 10mm the load
carrying capacities of the shear walls at this deformation level were calculated to evaluate
the effect of the humid climate on the load carrying capacities of the shear walls. The
load carried by the plywood sheathed shear walls was reduced for almost 20% when the
shear walls were conditioned at the constantly humid climate or at the humid/dry cyclic
climate. And the load carried by the OSB sheathed shear walls were reduced for 25%
when the shear walls were conditioned at the humid/dry cyclic climate. The load carrying
capacities of the OSB sheathed shear walls were not reduced by the constantly humid
climate.

The results above mentioned are based on the characteristics of the nail joints and the
sheathing panels. The results indicated that not only the conditioning schedule but also
the final condition, i.e. the condition of the test specimens during the test, affects on the
strength and stiffness of the nail joints and the shear walls. And how they affect on the
characteristic values of the nail joints and the shear walls depends on the type of the

12 : . : 12
10 1
8 k... . 8
z z
x 2y =
- 6 et ° g
[+°] Ca 3]
Q : : Q : :
- 4 Y A AR : wd 4 — :
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Figure 4  Estimated load-deformation curve Figure 5 Estimated load-deformation curve
of the plywood sheathed shear of the OSB sheathed shear walls.
walls.



sheathing materials. The condition of the test specimens, 1.e. wet or dry, is supposed to be
one issue that should be discussed when evaluating the stiffness and strength of the joints
and shear walls that are expected to be exposed to a certain humid climate.

7 Conclusion

The vield strength of the “plywood - lumber” nail joints was not reduced by the humid and
dry conditioning process and was almost same or approximately 15% higher than that of
the nail joints conditioned at the standard climate. The reduction ratios of the initial
stiffness of the “plywood - lumber” nail joints due to the humid and dry conditioning
process ranged from 53% to 60%.

Basically the yield shear strength of the “OSB - lumber” joint was reduced to
approximately 10% by the humid and dry conditioning. The reduction ratios of the initial
stiffness of the “OSB - lumber” nail joints due to the humid and dry conditioning process
ranged from 48% to 65%.

Not only the conditioning schedule but also the final condition, i.e. the condition of the test
specimens during the test, affected on the strength and stiffness of the nail joints. The
condition of the test specimens, i.e. wet or dry, is supposed to be one issue that should be
discussed when evaluating the stiffness and strength of the joints and the shear walls that
will be exposed to a certain humid climate.
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Beams transversally loaded by dowel-type joints:
influence on splitting strength of beam thickness
and dowel size

M. Ballerini, A. Giovanella

University of Trento, Department of Mechanics & Structural Engineering, Italy

Abstract: The paper reports the results of a new set of experimental tests on beams loaded
perpendicular-to-grain by dowel-type connections. The experimental programme consists
of two different test series. The first one, which concerns large specimens with multiple
dowel connections, has been performed essentially to investigate the actual influence of
the beam thickness on the splitting strength. The second one, which involves smaller
specimens with single dowel joints, has been carried out to confirm the soundness of the
results of a previous research and to demonstrate the limited effect of the connection
strength on the splitting resistance of beams.

The experimental results of both test series are illustrated and discussed with reference also
to the results of previous researches. Finally, the failure loads are compared with the
bearing capacity predicted by the final drafts of the new European and German design
codes for timber structures.

1 Introduction

The evaluation of the splitting strength of beams loaded perpendicular-to-grain by dowel-
type connections is a difficult task due to the large number of involved parameters.
Nevertheless, the need of a valid prediction formula is widely recognised as shown by the
number of experimental, numerical and theoretical recent works on this item.

The most recent drafts for the new European (ECS, 2002 {1]) and German (E DIN 1052,
2002 [2]) design codes for timber structures suggest two different design formulae which
take into account the several parameters in a very different way.

The design formula embodied in the latest draft of new ECS is based.on the work
originally developed by Van der Put ([3, 4]), on the basis of an energetic approach in the
framework of the Linear Elastic Fracture Mechanics, and recently put forward again by
Van der Puf and Leijten in {5]. Essentially, this formula assumes a linear relationship with
the beam thickness and an influence of the square root of the distance of the furthest row of
fasteners from the loaded edge of the beam (h.). On the contrary, it doesn’t take into
account any effect of the joint geometry.

The design formula embodied in the latest draft of new E DIN 1052 is an evolution of the
prediction formula derived by Ehlbeck, Goérlacher and Werner [6, 7], which was based on
both empirical and theoretical considerations. Besides the influence of the loaded edge
distance (by means of the not-dimensional parameter ¢t = h./h), it explicitly considers the
influence of the joint configuration and assumes a non-linear relationship of both the beam
thickness and height as a result of the Weibull failure theory.

To obtain a better knowledge on the actual influence of some fundamental parameters, not
deeply investigated up to now, a new experimental research has been carried out at the
University of Trento,



The research consists of two different test series. In the first one, deep beams with multiple
dowel connections have been tested. The intent of these tests is essentially to investigate
the actual influence of the beam thickness on the splitting strength and the influence of the
joint configuration.

The second one concerns smaller beams loaded by single dowel joints. These tests have
been carried out to confirm the reliability of the results of a previous research on single
dowel connections (Ballerini, [8]) and to demonstrate the negligible effect of dowel size on
the beams splitting strength.

In the following, the experimental programme and the test set-up will be described in
detail. The results, in terms of failure loads and types of failure, will be illustrated and
discussed with reference to the investigated parameters.

Finally, the failure loads will be compared with the bearing capacity predicted by the latest
drafts of the new European and German design codes for timber structures,

2 The experimental programme and the testing procedure

'The experimental programme consists of two series of bending tests on simply supported
glulam beams (European whitewood - Picea abies) loaded at mid-span by means of
perpendicular-to-grain dowel connections. A detailed description of the research is
reported in Giovanella [9].

In the first series, 24 tests have been performed on glulam beams characterized by a depth
of 800 mm, a thickness ranging from 80 to 200 mm, and a test span of 2800 mm.
Steel-to-timber joints according to the three

joint configurations shown in Figure 1 have A B C
been adopted for these specimens. The

connections consist of 8 or 12 dowels witha ¢ ¢ & @ . o o
diameter of 20 mm; the maximum slenderness 2 «. o @ 'Y . ¢ o
of dowels occours for the 200 mm thick beam e e * * e
and is equal to 10. € e e e e e o o
Two distances of the furthest row of fasteners 80 | 80 | L .80 ;
from the beams’ loaded edge (%), 260 and o
540 mm (corresponding respectively to o of Figure 1 — Investigated joint
0.325 and 0.675), have been investigated. configuration

In the second series, beams loaded by single-

dowel connections were tested. In detail, 24 tests have been performed on glulam beams
with a cross section of 40 by 200 mm, and 24 tests have been carried out on beams with a
cross section of 40 by 400 mm. The test spans were respectively 1200 and 1400 mm. In
this series, the ratio o (/) ranges from 0.25 to 0.7 for beams 200 mm high and from 0.15
to 0.7 for beams 400 mm high. The dowel diameter has been selected according to the
value of the loaded edge distance #.; in detail diameters of 24 and 30 mm were selected for
the 200 mm beams and diameters of 24, 30 and 35 mum for the 400 mm ones.

The tests have been carried out upside-down with the test set-up shown in Figure 2. The
load was applied by means of a servo-hydraulic actuator with a capacity of 250 kN. As a
basis, three tests in displacement control have been performed on each configuration. The
displacement rate of the head of the actuator has been fixed equal to 1 mm/min for all
beam sizes. Mostly, the testing time ranged between 7 to 12 minutes.

The average mid-span deflections of the unloaded and of the loaded edges of the beams, as
well as the average connection displacement, and the average elongations across the
splitting line (5 cm away from the left and right connection sides) have been automatically
collected during the tests.
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Figure 2 — Test set-up and arrangement of displacement transducers

3  Tests results

The results of the experimental programme are summarised in Table 1 for specimens
800 mm high and in Table 2 for specimens 200 and 400 mm high. In tables only the
relevant parameters have been reported; for deeper beams, the first letter of specimens id
identifies the joint configuration.
The average density of the wood of glulam beams was about 450 kg/m> and the moisture
content of laminations was in the range of 10-12%.

Table 1 — Experimental results of 800 mm high beams.

Type of failure

LS-TS-LS
TS

TS -TS-1LS

LS-TS-TS

TS ~ TS LS
TS

TS-LS-TS

Specimen b h, _hy F,
id (mm) (mm) h (kN)
specimens with h = 800 mum, joints with 4 by 3 or 4 by 2 d = 20 mm dowels, L/h = 3.5

A08-8032 80 260 0.325 582 674 582
Al12-8032 120 260 0.325 105.1 86.8 101.7
A16-8032 160 260  0.325 118.2 108.3 109.1
A20-8032 200 260 0.325 1694 130.5 148.8
B08-8032 80 260 0.325 555 597 612
C08-8032 80 260 0.325 474 641 64.8
A08-8067 80 540 0.675 135.7 145.6 131.6
C08-8067 80 540  0.675 109.2 128.1 128.1

TS

I.S: limited splitting; TS: total splitting




Table 2 — Experimental results of 200 and 400 mm high beams.

€CLIer ¢ h . ,
i ?dme l (nin) (n]:m ) @= mf_ (If‘N) Type of failure
specimens with b = 40 mm, h = 200 mm, I dowel joint, L/h = 6
D04-2025 24 50 0.25 0.1 82 7.0 LS
D04-2035 24 70 0.35 119 101 11.7 LS
D04-2045 24 90 0.45 116 103 13.0 LS ~TS TS
D04-2050 24 100 0.50 109 136 138 TS
D04-2055 24 110 0.55 11.5 11.8 12.1 TS
D04-2060 30 120 0.60 155 142 14.2 TS
D04-2065 30 130 0.65 146 141 174 LS-TS-TS
D04-2070 30 140 0.70 156 154 16.2 TS~ LS-LS
specimens with b = 40 mm, h = 400 mm, I dowel joint, L/h = 3.5
D04-4015 24 60 0.15 9.7 113 LS
D04-4025 24 100 0.25 11.3 8.8 LS
D04-4035 24 140 0.35 122 115 112 LS
D04-4040 30 160 0.40 157 16.0 LS
D04-4045 30 180 0.45 176 124 LS
D04-4050 30 200 0.50 177 155 15.8 LS
D04-4055 35 220 0.55 254 229 179 16.6 LS
D04-4060 35 240 0.60 209 16.6 LS
D04-2065 35 260 0.65 214 18.1 LS
D04-2070 35 280 0.70 224 229 LS

LS: limited splitting; TS: total splitting

All specimens have experienced splitting failure after stable crack propagation till the
maximum load. Two different splitting failures have been noticed as shown in Figure 3:
total splitting (TS) and limited splitting (1.S).

The 800 mm high beams have experienced both types of splitting failures; the failure types
are quite randomly distributed with no evidence of a direct influence of the ¢ ratio.

The 400 mm high beams experienced only the limited splitting failure, while the 200 mm
high beams have shown both splitting failures. In these latter beams, the failure types seem
linked to the ¢ ratio; in detail, limited splitting was predominantly in beams characterized
by low ¢ values, while total splitting was predominantly in beams with higher o values.
The behaviour of the 200 mm high beams (which have the greater slenderness) can be
ascribed to the amount of internal work accumulated before failure that increases as the o
ratio (and consequently of the failure load) increases.

Differently from the results presented by Ballerini in (8], in these test series no separation
of beams in two elements has been recorded; this is due to the large difference in
specimens slenderness of the two experimental programmes.

The dowels used in this experimental research were very stocky in the 200 and 400 mm
high beams and quite stocky (the maximum slenderness ratio was 10) in the 800 mm high
specimens. As a consequence, the dowels remained straight in all tests and then they
transferred the load quite uniformly to the wood.

4



Figure 3 — Examples of recorded splitting failure types.

In spite of the small values of the bearing stresses beneath the dowels (as will be illustrated
later) due to the above mentioned quite uniform load transfer and dowel sizes, few
specimens of the second series have shown quite large plastic deformations. These
deformations don’t exhibit an evident correlation with joint parameter k. but seem more
linked to the quality of the wood just beneath the dowel.

4  Analysis of test results

The test results have been analysed and compared, with the ones of previous researches,
separately for the specimens of the two series.

4.1 First test series — 800 mm high specimens

The analysis will be performed on the basis of Figures 4, 5, 6, and 7.

Figure 4 concerns the influence of the beam thickness on the splitting strength. In the
graph are reported the results of this experimental research together with the ones of
previous researches: Ehlbeck and Géorlacher [EG, 10}, Reske [11], Reske, Mohammad and
Quenneville [RMQ, 12]. Moreover, for each series of data, two regression curves, the
linear passing through zero and the power ones, are illustrated.

5
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Figure 7 — Failure loads versus o

Although it is evident that power regression curves fit better the experimental data, the
graph shows clearly that also the linear ones provide a good fitting. The differences
between the two types of regression curves are very limited in the range of the investigated
values and lower than the variability of test results. In the present research, this fact is
emphasized due to the wider thickness range investigated.

The effect of the number of fasteners columns and of joint width L, are reported in
Figures 5 and 6. From Figure 5 an influence of the joint width is appreciable only for the
specimens with higher h.. On the contrary, the specimens with lower A, don’t show any
influence of both number of fasteners columns and joint width L,. These results are
confirmed in Figure 6 where also the results of other researches are reported (Md&hler and
Lautenschldger [ML, 13]). From the picture indeed, only a limited influence of L, can be
recognised for very low values of this parameter.

Finally, Figure 7 concerns with the effect of the o ratio. In addition to the tests results, the
curves based on the Van der Put prediction formula (opportunely calibrated) and on the
last E DIN 1052 design formula (based on a calibrated value of the average tensile
resistance perpendicular to grain) are reported. As it is possible fo notice, the above
prediction curves are in good agreement with tests results.

4.2 Second test series — 200 and 400 mm high specimens

The influence of the distance from the loaded edge of the furthest row of fasteners k. is
analysed on the basis of the graphs reported in Figure &, 9 and 10. Figure & concerns
directly with the influence of k.. From the picture, it is easy to notice a non-linear
relationship between the failure loads and k.; in detail, as the power regression curves
show, failure loads are in good correlation with the square root of k. for both beam sizes.
From the same figure, it is also possible to notice the negligible influence of the dowel
diameter on the splitting strength.,

Figures 9 and 10 report the data of both beam sizes as a function of the ¢ ratio. The
bearing capacity predicted by both the Van der Put and E DIN 1052 prediction formulae,
calibrated on this set of data, are also reported.

With regard to the Van der Put formula, it shows a good trend with the experimental data
of both beam sizes even if it tends to overestimate the strength of specimens characterised
by high o ratios and to underestimate the strength of the ones with low ¢ ratios.

7



F, (kN)

F, (kN)

F., (kN)

30

25

20

i5

10

40

35

30

25

20

15

10

40

35

30

25

20

15

10

O DO4-20xx d = 24 mm
& DO4-20xx d = 30 nmm
& DO4-40xx o = 24 mm :
* DO4-40xx o = 30 mm j y = 0.89 x*57%
A DO4-40xx d = 35 mm R? =0.76

|y = 0.83 x057

R =07

Figure 10 — Failure loads versus of specimens 400 mm high vesus o

8

0 50 100 150 200 250 300
he
Figure 8 — Failure loads versus /. of specimens with 200 and 400 mm
@ DO4-20xx
— Van der Put - calibrated formuia
— — EDin 1052 - ft.90.med = 0.8 MPa
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o = h./h
Figure 9 - Failure loads versus of specimens 200 mm high vesus o
&  DO4-40xx
s Van der Put - calibrated formula
e = £ Din 1052 - f5,90,med = 0.8 MPa j ) j P )
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o = h./h



F, (kN)

D N A &

F, (kN)

Cp,00 (N/ ‘mnt’ y,

20

18

16

i4

12

10

30

25

20

i5

10

50

45

40

35

30

25

20

15

ig

Figure 13 — Comparison of bearing siress values

9

* D-200 - BG 2002
® 51-200- B 1999
A L8 test (h = 180 mm) - ML 1978
X series 1, 2, 3 (h = 190 mm) - RMQ 2000
0 20 40 60 80 100 120 140 160 180 200
he
Figure 11 — Comparison of failure loads for 200 mm specimens
¢ D-400 - BG 2002
@ Si-400 -8 1999
0 50 100 150 200 250 200 350 400
he
Figure 12 — Comparison of failure loads for 400 mm specimens
+ D200 & D400, BG - 2002 ®
© 51-2008 51-400, 8- 1999 | - o i e
. . e .
: : ‘e
3 . .
& ® . .
@ .
° . % .
e 9 | . ‘
° @ ) & ‘
: 8 ¢ ° e s @
' . z $ ; P
$ i ' ¢ ® ¢
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
o = he./h



The prediction of the E DIN 1052 design formula agrees quite perfectly with the data of
200 mm high beams, while overestimate the strength of the 400 mm high specimens.
Nevertheless, it contrasts with physical evidence since it predicts a strength different form
zero also for « values that tend to zero.

Figures 11 and 12 compare the results of 200 and 400 mm high beams with the ones of
previous researches. In detail, in Figure 11 the comparison is established with the data of
the researches reported in [8], [11, 12] and [13], while in Figure 12 the comparison is
limited to the data available in [8]. In Figure 11 the size of the dowels in the different
specimens, is respectively equal to §, 10, 19, 24 and 30 mm. Instead, in Figure 12, it is
equal to 10, 24, 30 and 35 mm.

In spite of the great variability of the dowels diameter, and consequently in the nominal
strength of the connections, no evidence of the influence of the dowels size can be detected
from the graphs on the splitting load bearing capacity.

The Figure 13, which reports the bearing stresses at failure of the specimens of this
research and of the ones available in [8], confirms indirectly this resuit.

S Comparison with design code formulae

The splitting failure loads of this experimental programme have been compared with the
design formulae reported in the latest drafts of new Eurocode 5 and E DIN 1052.

In detail, accordingly with the characteristic lower bound of C) factor adopted by Van der
Put and Leijten in {5], the comparison with the formula of the new Eurocode 5 has been
done assuming an average strength equal to 1.5 the characteristic one. For the comparison
with the formula reported in the new E DIN 1052, an average value of the tensile strength
perpendicular to grain equal to 0.8 MPa has been assumed.

‘The results of the comparisons are shown in Figure 14, in terms of the experimental failure
loads versus bearing capacity predictions, and in Figures 15 and 16 in terms of the ratios
between the experimental values and the predicted ones versus the ¢ ratio.

From figure 14, it is evident that the new E DIN 1052 formula globally gives a better
prediction. In detail, for the beams of the second series, it seems less accurate with respect
to the prediction of the Eurocode 5 formula; on the contrary it gives a betier appraisal of
failure loads for the beams of the first series.

180 180
160 ‘ . : ‘ , E DIN 1052: 2002 ‘
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49 , . , . Z . 7 2] ‘
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Figure 14 - Experimental failure loads versus the new Eurocode 5 (left) and E DIN 1052
(right) bearing capacity predictions
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From Figures 15 and 16 the prediction ability of the design formulae can be appreciated in
better detail. From Figure 15, it is easy to notice the good prediction ability of the formula
for the beams of the second series and the severe underestimation of the experimental data
for the beams of the first series. The better prediction ability of the E DIN 1052 formula
appears clearly in Figure 16; nevertheless, the overestimation of the strength of 400 mm

high beams is evident.
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Figure 16 — Ratios Fy cxp/Foo, mean according to new E DIN 1052 versus ¢

6 Conclusions

The results of a new experimental programme on the splitting strength of beams loaded
perpendicular to the grain by dowel type connections, performed to investigate the actual
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influence of the thickness of the beams and of the fasteners size, have been illustrated and
discussed in detail.

The

main features of this experimental research are the dimensions of the beams of the first

series (800 mm high beams with a width ranging form 80 to 200 mm), and the size of
fasteners’ diameter.

The
[ ]

analysis of the results allows deriving the following drawings:

the tests data show that beam thickness affects linearly the splitting strength;

the tested joint configurations show to have no, or a very limited influence on the
strength;

the results on beams with single dowel connections show that the dowel diameter (and
consequently the embedding strength of the joint) doesn’t affect the splitting strength
of beams;

consequently, the tests results of the present research confirm the soundness of the
results reported in {§].

Finally, the comparison of tests results with the design formulae included in the latest
drafts of the new Eurocode 5 and E DIN 1052 shows the following:

the design rule proposed by new Eurocode 5 describes quite well the strength of
specimens with single dowel connections but it appears not able to estimate the
strength of specimens with a more complex joint configuration;

the design rule suggested by new E DIN 1052 is able to predict quite well the strength
of specimens of both test series in spite of the fact that it estimates a strength greater
than zero when o tends to zero,
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Splitting strength of beams loaded by connections

I. L. JENSEN
Institute of Wood Technology, Akita Prefectural University, Japan

1 Abstract

A fracture mechanics model for calculation of the splitting strength of dowel-type fastener joints
loaded perpendicular to grain has previously been presented by Van der Put & Leijten [1], Leijten
& Jorissen [2], Leijten [3], and Leijten [4], and now forms the basis for design in Eurocode 5. The
Van der Put/Leijten model is based on an assumed distribution of sectional forces in the cracked
part of the beam. Especially the disregard of normal forces has been subject to some discussions at
previous CIB-meetings. In the present paper, a model is presented using a distribution of sectional
forces, which includes normal forces and satisfies the static equilibrium equations. The solution
obtained is essentially the same as the Van der Put/Leijten solution, but is derived without any
simplifying assumptions. The Van der Put/Leijten expression appears as a special case of the
present model, namely by assuming zero crack length or by only including the contributions from
shear deformations.

The abovementioned models consider a single joint loaded perpendicular to gram. However, tests
have indicated that the failure load of two single joints spaced along the grain is less than twice the
failure load of a single joint. An attempt was made to use models based on the same approach as
applied to the single joints to analyze beams with two joints. However, the two-joint models based
on the present approach seem not to successfully explain the interaction phenomenon observed in
tests.

2 Introduction

Dowel-type fastener joints subjected to loading perpendicular to grain may fail in either a ductile
manner, characterized by bending of the fastener and/or embedment of the fastener into the wood, or
i a brittle manner characterized by splitting of the wood.

The ductile failure modes are well understood and can fairly accurately be predicted by the European
Yield Model (or extended theories), originally proposed by Johansen [5], which now forms the basis
of design of dowel-type fastener joints in major design codes.

For brittle failure modes, no simple theory suitable for implementation in design codes has yet
gained widely acceptance. Recently, however, two simple theoretical models based on fracture
mechanics have been proposed by Van der Put & Leijten [1] and by Larsen & Gustafsson [6]. A
large number of test data compiled from the literature was analyzed by Leijten [3], and the two
models seem to be able to predict the splitting failure fairly well (at least if introducing appropriate
empirically determined effectiveness factors). The Van der Put/Leijten model now forms the basis of
design in Eurocode 5, but discussions about its theoretical foundation still oceur. Main objections
concentrate on the assumed distribution of sectional forces, especially the disregard of normal forces



in the cracked parts of the beam. In the present paper, a model based on the same approach as the
Van der Put/Leijten model, but using a distribution of sectional forces, which includes the normal
forces and fulfill the static equilibrium equations, is presented.

Tests (see for instance Larsen & Gustafsson [6] and Kasim & Quenneville [9]) have indicated that
the failure load of two joints spaced along the grain of a beam is less than twice the failure load of a
single joint. In particular for small spacing, tests indicate that the failure load of two joints does not
increase (decrease is even reported) as compared with a single joint. An attempt was therefore made
to derive models based on the same approach as applied to the single-joint model to analyze beams
with two joints.

“Single joints” and “two joints” here means that the total load on a beam is assumed to be applied in
one or two points, respectively. The purpose of two-joint models (in general multiple-joint models)
is to account for the decrease in failure load per joint due to interacting stress ficlds in the beam
stemming from the individual joints. A single joint may here thus be perceived as a single row of
fasteners (aligned perpendicular to grain) within a joint containing two or more rows of fasteners, or
as a joint (with one or more rows of fasteners) in a beam with one or more single joints, see Fig. 1.
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Fig. 1 Definition of single joint

3 Strength analysis

3.1 Linear elastic fracture mechanics

For a lincar elastic body loaded by a single load, P, the crack propagation energy release rate, G, is
given by (see for instance Hellan [7])

P? dC
G = e 1
7 0b da (1)

where b is the width of the body, a is crack length, and C is the compliance given by

5
C== 2)

dbeing the deflection of the loading point.

A crack starts propagating when the energy release rate reaches the critical value, G.. Assuming



static or quasi-static conditions and no energy dissipation outside the fracture region, G is equal to
the fracture energy, G, of the material.

The failure load, P, of the body is thus given by

_12hG,
da

3.2 Single joint

A simply supported beam loaded perpendicular to grain by a single joint is shown in Fig. 2. Splitting
failure, which occurs at the fastener located furthest from the loaded edge, is considered. It is here
assumed that the fasteners are sufficiently stiff to ensure that the crack propagates along the grain
simultaneously through the entire width of the beam, i.e. the problem is considered two-dimensional.

The cracked beam is modeled using ordinary beam theory (though beam theory is formally not valid
for small crack lengths). The static model used is shown in Fig. 3 for a symmetrical crack of length a
= 2h, h being the beam depth. The span of the beam is 2L, and the load applied at mid-span is

denoted P.
(l-a)h
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Fig. 2 Splitting failure in beam loaded perpendicular to grain by a single joint
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Fig. 3 Static model for cracked beam with a single joint
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The beam structure shown in Fig. 2 is three times statically indeterminate. The unknown variables
Na, V2, and M5 are chosen as the sectional forces at the center of beam 2, and are found to be

2
N, =-2p iy Bt oll-a) , M, :mﬁ(i‘__‘_’flm;\g .V, =0 (@)
: 2 h I ‘ - -

”

The deflection at the loading point, &, is given by

5= %%{L + ;‘Z}r %((L _ ) +%(3L(L ~ )+ (an) ~ (L - gy (1 oﬁ))J (5)

where £ 18 modulus of elasticity, G is shear modulus, 4 is cross-sectional area and 7 1s moment of
inertia of the un-cracked beam cross section (width: b, depth: A).

By means of Eqgs. (3) and (5), the failure load, P, is found to be

ahG G,

%(lwa)+%%(£]2(l““3)

[24

P =2b ©)

Zero crack length (f—0) or only considering the contribution to the deflection from the shear force
(E—0o0 or simply disregarding the second term in Eq. (5)) leads to the solution previously presented
by Van der Put & Leijten [1], namely

P, =2b 3G Gh—2— (7
-«

An alternative way of arriving at the same solution as given by Eq. (6) is to use the solution for a
beam with a crack as given by Petersson [8]. The left side of the crack (see also Figs. 2 and 3) 1s
shown in Fig. 4.

My
M 15 e l;-oNz (1-a)h
N3‘€T 24
M, -
- l;.. ]\f] akt
"

Fig. 4 Sectional forces at crack-tip
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The sectional forces are given by Eq. (4) and by

N =-N, , Ny=0
My =P )+ LN, M, My = LP(L - )



The critical load multiplication factor, A, is given by

i = 2b6; 9)

2
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2
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where 4 = bh, Ay = a4, A, = (1-a)A4, I = b /12, I = o’ 1, I, = (1-)*1.

Inserting the sectional forces as given by Eqgs. (4) and (8) in Eg. (9), the failure load, P, = AP, is
found to be given by Eq. (6).

3.3 Two joints

A beam with two joints as shown in Fig. 5 is considered. The joint spacing is 2s. Cracks are assumed
to develop symmetrically at both joints, and a state is considered where the cracks between the two
joints have not yet merged. The distribution of sectional forces in the cracked beam is again
calculated using a beam model as shown in Fig. 5.
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Fig. § Splitting failuve in beam loaded perpendicular to grain by two joints and corresponding static model.
Case where cracks between the joints have not yer merged.

The failure load, P., is found to be

TahGG, (10)

%(l—a——5-?7)%—%%[5—)-(%0—a3)—4§~§q)

P o=4b

where & and » are given by
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Maximum failure load is obtained for f - 0, i.e. zero crack length, resulting in

P o=4b |3GG - (12)

The failure load as given by Eq. (12) is exactly twice the failure load as given by Eq. (7).

Notice that the joint spacing, 2s, as well as the beam length, 2L, does not appear in Egs. (10) and
(12). The present model for two joints seems therefore not useful for explaining test results, e.g.
Larsen & Gustafsson [6] and Kasim & Quenneville [9], which indicate that two joints do not give
twice the strength of a single joint; in particular two joints seem for small spacing to give the same
(or even lower) failure load as a single joint.

In Fig. 6 is shown a situation where the part of the beam between the two joints is supposed to be
cracked.
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Fig. 6 Splitting failure in beam loaded perpendicular to grain by two joints and corresponding static model.
Case where the cracks between the joinis have merged.

The failure load, P, is in this case found to be given by Eq. (13), which for s — 0 results in the
same failure load as given by Eq. (6) for a single joint. For £ — 0 the solution previously presented
by Van der Put & Leijten [1], and given by Eq. (7), is obtained.

P = | hG G (13)
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4 Conclusions

A linear elastic fracture mechanics model for calculation of the splitting failure load for dowel-type
fastener joints loaded perpendicular to grain was presented. The model is based on an approach
similar to a previous model presented by Van der Put & Leijten [1], but includes normal forces in the
cracked parts of the beam. The Van der Put/Letjten solution appears as a special case, namely for
zero crack length or by only considering contributions from shear deformations.

Models for two joints spaced along the grain were developed based on the same approach as used in
the abovementioned model. Those models predict either the same failure load as the single-joint
model (cracks merged between the joints) or twice the failure load of the single-joint model {cracks
not yet merged between the joints). This, however, seems not valuable for explaining existing test
data.
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J Larsen expfained that the authors used the updated approach based on beam on elastic foundation
approach using Timoshenko beam theory as published recently as a CIB-W18 paper. Comparisons
were carried out using fracture mechanics and stress analysis approaches. Analysis was also carried
out using a double symmetrical “plate joint” model.

Hans Larsen presented the experimental work used to verify the theoretical work described in the
paper. This included tests carried out by Yasumura, and Quenneville and Mohammad, and Kasim
and Quenneville. Comparisons of the test data with theoretical work raised questions about the use of
fitting approaches,

These 2 presentations were followed by interesting discussions relating to the theoretical definition of
stresses as well as the practical engineering design solution approaches to the perpendicuiar-to-the-
grain tensile fracture situations.



A tensile fracture model for joints with rods or dowels
loaded perpendicular-to-grain
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1 Abstract

Tensile splitting failure from glued-in rods or dowels loaded perpendicular to grain is studied. A
new quasi-nonlinear fracture mechanics model based on beam-on-elastic-foundation (BEF) theory
is presented. The model is applied to plates with edge dowels, to beams with dowels, and to beam
splice joints made up of rods glued in along grain. The BEF theory is verified by FEM
calculations and test results for the same three kinds of joints. The test results for dowel joints in
plates agree very well with the theory. The same applies for dowel joints in beams with small edge
distances. For larger edge distances both the BEF and the FEM calculations overestimate the
load-carrying capacity. In this case it may partly be explained by a change of failure mode from
pure splitting to a combination of compression failure perpendicular to grain and splitting. Also
the test results for beam splice joints with glued-in rods agree well with the theory.

2 Introduction

Several theoretical and experimental studies of tensile failures perpendicular to grain in dowel
joints have been presented in recent years. Among others may be mentioned those by Gustafsson
& Larsen [1], Jensen [3], Jensen & Gustafsson [4], Larsen & Gustafsson [5], [Leijten [6], Letjten
[7], Leijten & Jorissen [8] and Van der Put & Leijten [10]. These studies represent rational models
based on fracture mechanics, being simple enough to allow derivation of explicit strength
equations that don’t require any numerical analysis.

In models based on linear fracture mechanics, LEFM, it is assumed that fracture takes place as
crack development by propagation of a fracture process region, which is small compared to
relevant dimensions of the structural element. The material properties that govern joint strength
are in this case E, G and G, being the modulus of elasticity, the shear modulus and the fracture
energy, respectively.

In quasi-non-linear fracture mechanics, introduced in Gustafsson [2], the fracture region, its
non-zero size. its limited stress capacity and its deformation capacity are taken into account by a
deformation layer located along the potential fracture propagation path. The layer is assumed to be
linear elastic with properties chosen in such a way that the fracture energy and the tensile strength
of the wood are correctly reproduced. The material properties that govern joint strength are in this
case the fracture toughness, (£ g,-)” % or (Ggf)“z, and the perpendicular to grain tensile strength, f; .



The joint strength is in general affected by both parameters. However; in the extreme case of
completely uniform stress distribution the strength is proportional to £, and independent of (£ gr)”2 .
and vice versa in the extreme case of concentrated local stress at the tip of a deep crack in a large
structural element.

3 Theory

3.1Dowel joints in plates

3.1.1  Multiple dowels

A double symmetrical plate joint with two dowels in a row parallel to grain as shown in Fig. 1 is
considered.

e

Fig. 1 Double symmetrical plate with two dowels in a row parallel to grain.

! ‘ P

Fig. 2 Beam-on-elastic-foundation model. Load, geometry, and boundary conditions.

The shaded area is as shown in Fig. 2 treated as an elastic Timoshenko beam of finite length
supported by a stiff foundation through linear elastic springs. The perpendicular-fo-grain stress
acting on the beam, g, is given by

o{x)= —Kw(x) (1)

where K (unit: N/m®) is the foundation modulus and w(x) is the deflection of the beam axis, which
may also be written



w(x) = —Pd(x) (2)

Taking into account deformations of the beam due to bending and shear, the function ®(x) (see
Pilkey [9]) becomes

Cl)(x) = L)I&?} {34([sz([4 —s)+ "l-_“{el (L)‘ ’]ei(‘,')}?\ (L - S)}* %E—;} {'32 ([‘)‘?3(1‘ = 5') - e;([,)v?, (L - 5)} * M - M (’;)

I3 Ei GA,

V = ey (L, (L) e (e, () -ne, (L)

e (x—s)= 0 if x<s
' e (x-s) if xzs

Case1: (A2+n") Case2: (A <4n’)
1 n ., . 1 2 .2 .
ei(z)z —! 23v cosh vz cos wz + —sinh vz sin uz €, (z) = —;[v cosh vz —u~ cosh uz
2uy 2 ve-u
! . .
e,(z)= L [v cosh vz sin iz +w sinh vz cos uz) e, (2)= PR [vsinh vz — zsinh uz]
2uv v
]
e,{z)= L ginhvesinue e,(z)= 3 [cosh vz - cosh u]
2uv Voo
i . .
e,{z)= S [v cosh vz sin uz — u sinh vz cos uz] | (z)= T [!“ sinh vz — - sinh ”31
2uv ) Vo
1(2:%\/1—-_};:‘] . vi=ldAi+in wt=dn-\Jint -2 , vi=dpeyint -4
where
Kb Kb
A=2 . et 4
g 7T Ga @

5

b being the width of the beam, £ the modulus of elasticity, G the shear modulus, / the moment of
inertia, and A the equivalent shear area of the beam cross section (ds = 5bh/6 for a rectangular
cross section with beam depth ).

The springs are intended to model the strength and fracture performance of the wood perpendicu-
lar to grain. The damage and fracture performance of wood is non-linear, but is in the present ana-
lysis represented by a linear response that is equivalent in terms of peak stress, fi, and fracture
energy dissipation, Gr. Since the energy dissipation in the case of linear performance is

£

A 5
2, (5)

G =3/, [}f(—‘} it follows that K=

The foundation stress in a joint with one (s = 0) or two dowels is thus given by Egs. (1) - (5).
Failure is assumed to occur when the maximum stress, o(x), equals the tensile strength
perpendicular to grain, f;, of the wood. For joints with three or more of dowels in a row parallel to
grain, the stress distribution may be calculated by superposition. The superposition is straight

forward if the load sharing between the dowels is known. The load sharing can be calculated by
deformation conditions if not known or assumed in advance.



The present strength analysis of mode [ failure is an analogy to the fracture mechanics application
of the Volkersen-model to strength analysis of mode II failure in lap joints, see Gustafsson [2]. In
Jensen & Gustafsson [4] it was shown that the stress criterion ¢ = £, gives exactly the same failure
load predictions as the energy release rate criterion G = G if using the present theory with a
deformation layer with stiffness according to Eq. (5).

The limit between the two cases considered in Eq. (3) may be characterized by a requirement to
the depth, /..

>£Qp__(i2" Gr
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3.1.2 Two dowels

In case of two dowels in a row parallel to grain, the maximum stress usually occurs at the location
of the dowels (x = £). In this case it is possible to give a closed-form solution as outlined below. In
some special cases, e.g. for very small end distances, where the maximum stress does not occur at
the location of the dowels, the solutions below are slightly non-conservative.

Egs. (1), (2), and (6) give the plate failure load, Pp
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A, 1, u, and v are defined in Egs. (3) and (4).

For an infinitely long plate (L—) the failure load is reduced to the following comparatively
simple expression
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e
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' ! 11( (\/Z _ n)sin 2us +1 (ﬂ + nlez‘“ +¢os 214.9)
Case2 (A<n?/d): P, =2bf — (o ) (9b)

£ 2 ~2vw 3 oz B 2 1 s
v (v2 —vu-u’Xl+e 2“‘)+v"u" (e e ""‘)_114(14” - =V Xi 4e ”‘)

313 Single dowel

The failure load, Pp, of a joint with a single dowel is obtained from Eq. (8) by setting s = 0 (and
multiplying by 2)

Lsin? Lainl
Case 1 ():, > ?72 /4) PP — zb}r{ ,,.ZSIH ul + " sinh 2vL : (1021)
4- {3 - (v) }sin ul + {3 - {--2-{] }inh vl
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Case2 (A<r?rda) Py =20f (v’ —u‘) (v tanh vL — tanh ul.) (10b)
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cosh vl cosh ul
For an infinitely long plate (L—0) the solutions for case 1 and case 2 merge and may be given as
Py = phy 1 eru (11)
where the lincar elastic fracture mechanics solution, Py rms, is given by

PP,LI«:]-‘M = b %)"Ggr p ~2.58b GGrhc (12)

and x is given by

V28 +1 5 G 12EG,
1y = _— 13
g +1 T 3E hcfl2 (13)

As seen from Eq. (13), the linear elastic fracture mechanics solution is obtained for £ g,-/(thlz) or
Ggp/(hcﬁz) approaching zero, i.e. for brittle performance of the material or for large absolute size
of the structural element.

Gustafsson & Larsen [1] previously derived the solution



P, = 26b\2GG:h, ~2.83¢b\JGG R, (14)

where & was introduced as an empirical efficiency factor. By means of the present theory £ can be
given as &= ,f3/6 , where g is given by Eq, (13). The theoretically estimated values of &are in
very good agreement with the experimentally determined values given in Larsen & Gustafsson

[5].

The influence of dowel spacing is illustrated in Fig. 3. The ratio P,/P) is given as a function of the
normalized dowel spacing, 2s/h., where Ps is the failure load per dowel in a joint with two dowels
as given by Eq. (9). P is the failure load of a single dowel joint as given by Eqgs. (11) = (13). The
figure is based on ke = 56 mm, £ = 12700 MPa, G = 870 MPa and G = 0.25 N/mm. Forcase ' i =
0.89 MPa. For case 2: f; = 5.0 MPa.
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Fig. 3 Influence of dowel spacing
3.2 Dowel joints in beams

3.2.1 Beam on elastic foundation solution

In Fig. 4 is shown a joint with two dowels with edge distance 4 in a beam with total depth /. The
shaded part of the beam distributes the dowel load to the rest of the beam partly as lensile stress

perpendicular to grain, o, partly as shear stress, 7.

For dowel joints in plates, the assumption that the springs rest on a fixed foundation is fulfilled
due to the symmetry. For dowels in a beam, this is only the case if h. << A, and the stress
distribution can moreover be expected to be somewhat different from the stress distribution in the
double symmetrical plate joints. As a simplifying approximation, however, the tensile stress
distribution, o, and the load per dowel Pp carried by the tensile stress is assumed to be the same as
the distribution in the corresponding double-symmetrical plate joint.

The load per dowel carried by the shear stress is denoted Ps, and the total load per dowel is
denoted Pg.



I H2
H2
Fig. 4 Dowel joint in beam
The free body diagram gives the equilibrium equation
Py=P+B = Py=BA1-PIP) (15)

The ratio P¢/Pg is calculated from the parabolic distribution of the shear stress, valid in beams at
distances >> h, from the dowels and other local stress disturbances:

A/24h,
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2 3
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and the total load per dowel in a beam joint, Pg, may thus be given as

P, =D, , K= : (17

3.2.2 Finite element solution
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Fig. 5 Finite element model of a beam with one dowel.

A finite element model has been used to evaluate the accuracy of Eq. (17), which in general is on
the unsafe side, and to verify the BEF Egs. (9) and (10). A symmetrical beam with one or more
dowels, see Fig. 5, is modeled as two Timoshenko beams, one on top of the other, with an
intermediate layer composed of elastic springs with the normal stiffness K, = £2/(2G) and a shear
stiffness K,. The exact value of K, appears not to be of very great importance for the present
applications and was throughout the present calculations set equal to 3K, One may expect the
results of the FE-calculations to coincide exactly with the results of BEF calculations if in
FE-calculations K, is set equal to zero and the stiffness of the upper beam is made infinitely large.
The initial length of the springs representing the elastic layer is zero and they are located between
the upper edge of lower beam and the lower edge of the upper beam, and accordingly not between
the centerlines of the two beams.

Theoretical results for the increase factor Pp/P,, indicating the ratio between load capacity of a
dowel in a beam and at the edge of a plate are given in Table 1. The FEM results were obtained for
L =1000 mm, h = 250 mm, G = 870 MPa, £ = 12700 MPa, f; = 1.0 MPa, gy = 0.30 N/mm and

KK, = 3.

Table 1 Ratio P,/P, from FEM calculations and from an approximate beam theory estimation.

e 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
FEM 1.01 1.03 1.08 1.21 1.55 2.27 3.65 6.16 120
K, Ea. (17) 1.03 1.12 1.28 1.54 2.00 2.84 4.63 9.6 35.7

3.3 Glued-in rod beam splice joints

In Fig. 6 is shown a symmetrical beam splice joint with rods glued in parallel to grain. Shear
failure may occur as splitting failure in the beam as indicated in the figure. For this case a fracture
mechanics solution based on beam-on-elastic-foundation theory as described above for dowel-type
fastener joints was used in Jensen & Gustafsson [4].
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Fig. 6. Splitting failure in symmetrical beam splice joint with glued-in rods.

In the analysis of dowel joints, the beam-end was assumed 1o be fixed against rotations (see Fig.
2). In case of a splice joint, however, the beam-end is in reality only partially restrained. Two
solutions were therefore developed; an upper-bound solution assuming no rotation at the
beam-end, and a lower-bound solution assuming a free beam-end. The real failure load should in
general be expected to fall between the upper-bound and lower-bound estimates.

Assuming infinite length of the beam on elastic foundation will for all practical joints cause only
insignificant errors.

The upper-bound solution, Py, is given by Egs. (11)~(13),1.¢.

1
<

Py = uby3 GG A, (18)

s

and the lower-bound solution may be written

Py =yFu (19)
where
28 +1 +1 5 G j2E¢G
lu = C: . ?/ jvsd g . = -m—_-———: ,.,_m.:iz.f_ (20)
& +1 2 +1 J3 EN R f,

The beam efficiency factor « as derived in section 3.2 may also be applied here.

4 Tests

4.1 Dowel joints

4.1.1 LVL plates and beams

Tests were made with plate and beam specimens as shown in Fig. 7a and Fig. 7b respectively. The
geometries are shown in Table 2 and 3, where also the test values and the theoretical values are
given and compared. The test values indicated are the average values for each test series and the
theoretical values are for the plates those obtained by BEF cajculations (Eq. (9,10)) and for beams



those obtained by FEM calculations. All specimens were 40 mm thick a
Veneer Lumber (LVL) with a density of 475 kg/m® at 12 % moisture contet
was 14 mm. The test series 1.1-280a, 1.2, 1.3 and 2-56a (shaded) are reported in details in
Gustafsson & Larsen [1], where also tests with tension and DCB specimens are described. The
tensile strength perpendicular to grain was estimated to 7 = 0.89 MPa and the fracture energy to Gi
10 for tension and DCB tests and more
than 50 for the dowel tests. The following parameters were estimated from the density: £ = 12700

«35
E

= (.25 N/mm. The number of specimens in a series was

MPa and G = 870 MPa.
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Fig.7  Test specimens. All plates are double symmetrical and all beams are symmetrical.

nd made of Laminated
1f. The dowel diameter

The other test series were made from a very limited amount of LVL left over from the shaded
tests marked in bold, and the number of specimens was only 6 (for plate tests) and 4 (for

beam tests).

Table 2 Geometry of plate specimens and failure loads (Theory and test) in kN, All measurements in mm.

t1- 0 L1- 0 Ll- fe s 11- 2 2- 2- 2- 2-

56 112 168 224 280a: 280b 28 56 84 112
2L s6 112 168 224 280 280 140 140 140 140
5 28 56 84 112
L-s e 112 24 56 23
i 200 200 200 200 S200 2 200 200 200 200
h, 56 56 56 T 56 "5 56 56 56
Lk, 05 10 15 25
s/h, o o : 05 1.0 1.5 20
Theoty 197 3.82 539 6.56 7270 127 10 T 410 4.54 462 408
Test 1.54 349 557 653 750 11 7377 419 3.98 2.88
Test/Theory 0.78 091 1.03 : © 103 092 092 086 071
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The main conclusion is that the theory predicts the failure loads satisfactorily. This applies
both to the absolute values and to the trends predicted in Fig. 3.

Table 3 Geometry of beam specimens and failure loads (Theory and test) in kN._All measurenents ir pn.

3-0 3-36 3-84 3-112 3-140
s 0 56 84 112 140
h 200 200 200 200 200
A, 56 56 56 56 56
s/he 0 1.0 1.5 2.0 25
L 750 750 750 750 750
Theory 5.0 6.80 7.88 8.85 9,57
Test 5.15 5.87 7.42 8.85 9.74
Test/Theory 0.97 0.86 0.94 1.00 1.02

4.1.2 Glulam

The theory has also been used to evaluate the tests with beams reported in Yasumura [11],
Quenneville & Mohammad [12] and Kasim & Quenneville [13 ]. Calculations were carried out by
the BEF solution, Eqs. (9) and (10), as well as by FEM. For loading and boundary conditions
corresponding to a plate are the same results obtained by BEF calculations as by FEM calculations
with K, = 0. The FEM results indicated in the below tables were all obtained with K = 3K,

All these tests were made with glulam beams with rather short spans 3h—6h.The main geometry of
the test specimens are given in Fig. 8 and Table 4 — 6, where also the calculated failure loads and
the test values for the relevant test series are given. oy is the embedding stress at failure.

Fig. 8 Test specimens.

There is little information about the materials and the theoretical calculations have been made with
the following material properties: £ = 12700 MPa and G = 870 MPa. f; and G have been estimated
from the tests. Generally the best fit to the test results is obtained for f; = 1.0 MPa and Gr= 0.3
N/mm. For Yasumura’s tests, however, the best fit is found for f.=5.0MPa and Gr = 0.4 N/mm,
values much higher than expected, but consistent with the very high embeddings stresses at
failure.

The plate load-carrying capacities according to the BEF theory and the FEM model agree well, the

difference is due to the introduction of the shear stiffness (Ky) in the FEM-model. The load
capacity of the beams tested by Quenneville & Mohammad [12] and Kasim & Quenneville [13 ]
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are for large edge distances significantly over-estimated by the theoretical calculations. This may
partly be explained by a change of failure mode from pure splitting to a combination of
compression failure perpendicular to grain and splitting. This is supported by the high stresses
perpendicular to grain at failure.

Table 4 Summary of Yasumura's tests [11]

b e h hsh  No. of s Pees: oy Pueory (KN) plate  Prucory (KN) Picory Pioa
mm mm mm columns mm kN MPa beam beam
BEF FEM FEM
(B) Eq. (9,10) (A) (AY(B)
30 64 224 029 1 O 15.87 16.5 10.9 11.1 12.6 0.79
30 112 224 0.5 i 0 24.03 25.0 147 14.8 26,1 1.09
30 160 224 071 1 0 33.23 34.6 17.7 17.8 36.8 1.11
30 96 336 0.29 1 0 15.03 15.7 13.6 i3.7 15.8 1.05
30 168 336 0.5 ! 0 30.30 3i.5 18.2 18.3 259 0.97
30 128 448 0.29 1 0 24.17 25.2 15.8 15.9 18,4 0.76
30 224 448 0.5 } 0 2747 28.6 21.1 21.3 30.0 1.09

Dowel diameter: 16 mm

Table 5 Summary of Quenneville & Mohammad's tests [1 2]

Test b IR h hth MNo.of 8§ Prest fer Pieory (KN) plate Picory (KIN) Prucor Pies
No. mm col- mm kN MPa BEF FEM bﬂez‘am beam
mm mm umns Eq.(9,10) FEM
(B) : (A) (AV(B)
i 130 76 190 04 1 0 41 8.3 33.8 35.0 40.8 1.00
2 80 76 190 0.4 | 0 26 8.6 20.8 21.6 25,1 0.97
3 130 114 190 0.6 1 0 59 11.9 43.6 44.6 80.5 1.36
4 130 133 190 0.7 ; 0 85 17.2 47.5 48.2 120 1.41
5 R0 133 190 0.7 ] 0 52 17.1 29.2 29.7 73.7 1.42
6 130 171 228 0.75 1 0 100 20.2 55.8 57.9 165 1.65
7 130 133 190 0.7 2 47.5 104 10.5 54.3 57.0 167 1.61
g 80 133 190 0.7 2 37 75 12.3 32.8 33.4 96.6 1.29
9 130 133 190 0.7 2 66.5 107 10.8 56.1 60.4 187 175
11 130 114 190 0.6 2 47.5 73 7.4 49.6 53.3 103 1.41
i3 130 171 228 075 2 47.5 122 12.4 62.7 65.5 233 1.91

Dowe! diameter: 19 mm.

12



Table 6 Summary of Kasim & Quenneville’s tests [13 ]

b h H, ht b No.of § Prest O Prcory (KN plate Picory (RN Pincony/ Prest
mm mm mm col- mm kN MPa beam Beam
wmmns BEF FEM FEM
(B) Eq. (9,10) (A) (AY(B)

80 304 134 0.44 1 0 41.1 13.5 29.9 30,9 37.8 (1.92
80 304 134 0.44 2 77 32.6 3.4 353 39.9 50.1 1.54
80 304 134 0.44 2 155 41.5 6.8 40.2 48.7 62.1 1.28
80 304 134 0.44 2 225 58.7 9.7 44.8 56.9 75.1 1.28
80 304 134 0.44 2 320 63.2 10.4 50.8 61.4 87.1 1.38
80 304 204 0.70 i 0 68.2 224 39.7 40.6 93.6 1.37
80 304 204 0.70 2 77 66.6 110 43.6 49.8 137 2.4
80 304 204 0.70 2 225 83.8 13.8 55.1 67.6 183 2.2
80 304 204 0.70 2 320 83.2 13.7 61.2 74.2 196 2.4
80 304 204 0.70 2 418 100.4 16.5 67.6 76.1 218 2.2

Dowel diameter: 19 mm.

4.2 Glued-in rod beam splice joints

4.2.1  Test set-up and specimens

Joint

tr
T | X
L4 L4 L/4 L/4
Fig. 9 Test set-up for joinls subjected 1o pure shear
I . Units: men T
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Fig. 10 Geometry of joints with glued-in hardwood dowels tested in pure shear
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Tests were conducted in a test set-up as shown in Fig. 9, which gives pure shear at the location of

the joint. The geometry of the eight types of joints tested is shown in Fig. 10.



The glulam beams (30 mm laminae) used in the testing program were made of Japanese cedar
(Cryplomeria japonica) with a dynamic E as given in Table 7. The moisture content was between
12% and 13%, and the corresponding density about 420 kg/m’. The dowels, with a diameter of 12
mm, were made of hard maple (dcer saccharum) with E ~ 15 GPa. The moisture content was
about 11%, and the corresponding density about 740 kg/m’. The adhesive used was a
one-component polyurethane C3060 from Nihon Polyurethane or #930 from Sunstar Engineering.
The glulam beams and the dowels, as well as the specimens after gluing, were stored in the
laboratory without controlling temperature and humidity.

The fracture energy was determined using DCB-specimens, and the tensile strength perpendicular
. . . . . > .
to grain was determined using necked-down specimens with 10x10 mm® cross section. The

material for tensile strength specimens and DCB-specimens was cut from beams already used for
shear test and was taken without special selection to avoid defects such as knots.

4.2.2 Test results

The mean tensile strength was £, = 4.1 MPa with a standard deviation of 1.3 MPa. The mean
fracture encrgy was Gr = 0.28 with a standard deviation of 0.14 N/mm. The large variations are
due to the presence of knots, which have a reinforcing effect and increased the fracture energy.

The results are given in Table 7 and compared with the calculated failure loads according to the
Jower-bound and upper-bound solutions as given by Egs. (19) and (18), respectively. Generally the
test results fall within the predicted interval.

Table 7 Failure shear load of joints subjected to pure shear

Specimen No. of MOE b h he . KP, [kN]
replicates  (MPa) [mm] [mm] {mm] Test Eq. (19 Eq. (18)

Al 3 8670 120 420 72 108 315442 25.7 32.0
A2 6 9310 120 420 120 1.2 513482 414 50.0
Bi 3 8340 50 300 46 1.07 73+09 8.0 10.3
B2 3 8340 50 300 106 140 129+£22 17.2 20.7
B3 6 9950 50 300 106 1.40 198+29 18.5 225
B4 3 9950 50 300 26 1.02 70+0.6 5.7 7.8
C 7 8300 100 200 24 1.04 11.0+1.2 10.4 14.0
D 3 9950 50 100 26 1.20 69+08 6.7 9.1

Note: Calculations based on G = E/18, £ = 4.1 MPa and G = 0.28 N/mm. Test results given as mean *
standard deviation
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A Numerical Model to Simulate the Load-
Displacement Time-History of Multiple-Bolt

Connections Subjected to Various Loadings
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ABSTRACT

A novel, general, numerical model is described that is capable of predicting the
dynamic load-displacement relationship up to capacity of multiple-bolt joints in timber.
The model consists of five parts. A new mathematical hysteresis model describes the
stiffness of the individual bolt at each time step increment and accounts for non-lincar and
slaclk behavior; a mechanically-based stractural stiffness model explains the interaction of
one bolt with another bolt within a joint; an analytically-based failure model computes the
stresses at each time step and initiates failure if crack length equals fastener spacing; a
stochastic routine accounts for material property variation; and a heuristic optimization
routine estimates the parameters needed.

The core model is a modified array of differential equations whose solution
describes accurate hysteresis shapes for slack systems. Hysteresis parameter identification
is carried out by a genetic algorithm routine that searches for the best-fit parameters
following evolutionary principles (survival of the fittest). The structural model is a linear
spring modei. Failure is predicted based on a newly developed 'Displaced-Volume-Method'
in conjunction with beam on elastic foundation theory, elastic theory, and a modified Tsai-
Whu Failure criterion.

The devised computer model enhances the understanding of the mechanics of
multiple-bolt joints in timber, and yields valid predictions of joint response of two-member
multiple-bolt joints. This research represents a significant step towards the simulation of
structural wood components.

INTRODUCTION

One of the most important elements of a timber structure is the connector. In fact,
it is well established that the overall response of a wooden structure is a function of the
performance of its connectors.

Constituting the simplest loading condition and joint configuration, single-bolt
Jjoints tested under unidirectional ioading have attracted much research. Therefore, most of
the information on bolts available today is based on single-bolt connections subjected to
unidirectional displacing functions. Past research, however, demonstrated that the
behavior of single-bolt joints cannot be extrapolated to predict the response of multiple-
boit configurations. This is especially true for stiffer bolts, which cause stress
concentrations that may reach material strength and prematurely fail a joint.

Studies advanced by Moss and Carr (1988), Stewart et al. (1988), Dolan and Foschi
(1989), Dolan and Madsen (1992), and Dolan et al. (1996a and b) have established the
importance of cyclic and dynamic testing and analysis. Joints exhibit different and much
more complex deformation mechanisms under cyclic or dynamic loading than when
exposed to unidirectional forces. One characteristic that provides much difficulty for
prediction models is the response dependency on loading history of joints in wood, also
referred to as the “memory effect”. Load history dependency describes the case where
hole oversize or parts of the hole may grow because the elastic limit in the wood was



exceeded in a previous cycle and the surrounding wood fibers were crushed locally.
Another problem is that, when loaded cyclically, a multiple-bolt joint whose holes arc
dritled oversize turns into a slack system.

OBJECTIVE

In view of improving the understanding of single- and muitiple-bolt joints in
timber, a theoretical model that furnishes scientists and designers alike with accurate
information of the load-displacement relation of single and multiple-bolt connections,
mdependent of the displacing function, would be beneficial. Thus, the primary objective of
this paper was to describe a general model that is capable of predicting the load-
displacement relationship, foad distribution, capacity, and energy absorption characteristics
of multiple-bolt timber joints of various configurations when subjected to reversed cyclic
displacing functions. Using the model along with complementary testing, it should be
possible to make inferences about the group action effect as a result of varying numbers of
bolts in a row. The group action factor describes the effect of the number of bolts in a row
on normalized joint capacity.

EXISTING MODELS

The first models attempting to predict the behavior of multiple-fastener joints in
timber were based on linear clastic analysis and unidirectional loading conditions (Cramer
1968, Lantos 1969). Wilkinson (1986) expanded upon Lantos’ solution to include
fabrication tolerance and a piecewise linear approximation of the load-slip relation of each
bolt. A nenlinear, comprehensive computer model predicting unidirectional strength of
multiple-bolt joints was advanced by Jorissen (1998). The medel is a hybrid of the clastic
formulations developed by Lantos (1969) and stress analysis to include behavior in the
inelastic range. Jorissen determined shear stresses and stresses perpendicular to the grain
to predict failure due to splitting and to establish an analytical formulation that considers
foad redistribution due to accumulated stresses around single bolts beyond the elastic
range. The model’s prediction of the load-slip relation was relatively poor, but good
agreement with experimental data was achieved for prediction of capacity.

The study of the unidirectional behavior of joints is a specialization of the general
case however, which Is joints subjected to random input including reversed cyclic loading
or displacement. Mathematical models that have been devised to predict monotonic
behavior of dowel-type joints all exclide important information such as effects due to
displacement or loading history and energy dissipation. Despite the appealing nature of
monotonic loading or displacement input, it is rare in real structures. Attributed to its
rheological and non-linear elastic plastic characteristics, wood exhibits “memeory”. Tt is
clear then that general analytical models accounting for random input are of increased
complexity when compared to their more specialized monotonic counterparts. While some
monotonic derivations such as failure models may be applicable for cyclic loading,
analytical models for the general case are entirely different in structure. Under reversed
cyclic loading up to joint capacity (beyond the elastic range), joint stiffness is related to
load history. Hence, it is not possible to simply apply existing methods used to model
static behavior of joints for connections subjected to cyclic excitations. In addition,
conventional models used to approximate the elastic-plastic behavior of steel and concrete
are not applicable for timber structures, as they do not allow for incorporation of siackness
or pinching (Deam 1994). The core of a model to describe the cyclic response of timber
structures is the formulation or method that describes the hysteresis, and several hysteresis
models were developed previously.

In an effort to model numerically the cyclic behavior of shear walls, Stewart (1987)
advanced a hysteretic approximation consisting of a series of straight-line segments. Dolan
(1989) developed two hysteresis formulations as part of a finite element program that
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numerically analyses the cyclic response of timber framed shear walls with plywood or
waferboard sheathing. Other hysteresis models have been devised most of which are also
part of comprehensive finite element analyses (Ceccotti and Vignoli 1990, Foschi 1993,
Lee 1987, Komatsu et al. 1988; White and Dolan 1995, Tarabia and Itani 1994).

Apart from hysteresis models designed to be solved in a numerical, stepwise
manner, mathematical solutions are rare. Most of the above models are not general in the
sense that the solution depends on a set of programmed cases that are executed using ‘1F —
THEN — ELSE’ statements, which makes modeling computationally inefficient and
increasingly inaceurate if random input functions such as earthquake records are used.

One of the first truly mathematicaily closed-form hysteresis models for structures
was put forth by Bouc (1967) and further modified and improved by Wen (1980), Baber
and Wen (1981), and Baber and Noori (1985, 1986) (BWBN model). Foliente (1993)
slightly altered the pinching function of the model and tested its applicability to wood
structures. He presented an excellent and very detailed discussion of the BWBN model
(Foliente 1993). The BWBN model relies on a “black-box approach”, in that the complex
mechanics involved in any structure that is stressed beyond the elastic limit, and that
exhibits hysteretic behavior, are by and large disregarded. Instead, the modeled object is
simplified and represented by an equivalent system consisting of a mass connected paralle]
to a linear spring, a linear viscous damper and a hysteretic clement. The properties of the
elements of the simplified structure are empirically adjusted to fit the problem at hand. In
spite of this, the BWBN model is not to be mistaken as purely empirical. Empirical models
have the disadvantage that extrapolation to cases outside the studied bounds is usually not
valid. Using physical entities such as damper, spring and mass, the BWBN model, on the
other hand, is valid for a wide range of input functions. Because of its versatility, the
BWBN model constitutes the basis for the hysteresis model developed in this work.

MODEL DEVELOPMENT

The main focus of this study was the development of MULTBOLT, a generic
model that predicts the load-displacement behavior of multiple-bolt joints under reversed
cyclic and other displacement functions within the elastic and inelastic response range up
to maximum load. MULTBOLT i1s an array of five models that are quite different in
approach and nature. The individual models are briefly described below. A detailed
description of the derivation of each mode! can be found in Heine (2001), and the
experimental investigation used to validate the model is found in Anderson (2001).

Hysteresis Model

The hysteresis model is the core of MULTBOLT and is based on the BWBN
model. But to incorporate slack, reduce the dependency on energy dissipation, make it
applicable to multiple fastener joints, and reduce the number of parameters that need to be
identified, the BWBN model was significantly modified.

A slack system, such as a single-bolt joint with oversized hole, typically exhibits
zero or close-to-zero stiffness at small displacements. In case of stiff fasteners, this is true
even if slack is very small or approaches zero, which is evident from embedment test data
published by Wilkinson (1991), Brinkman (1996), Stamato and Calil (1999), and from
load-displacement data of bolted joints reported by Stelmokas (1995). Because of
settlement effects, as the fastener presses into the wood, stiffness increases from zero or
close to zero in almost all cases. The equation of motion of a nonlinear, slack system may
be written as (normalized by the mass per fastener) which describes the response of the

(1) +2-E-0-w()+ o’ u(t) H(z,A D+ T(z,A1) = (1) (0



equivalent mass-hysteretic spring-dashpot system The parameters & and ® denote the
linear elastic damping ratio and the pseudo-natural frequency of the nonlinear system,
respectively.  The right-hand side of Equation (1) is the mass-normalized input forcing
function. Nonlinear and linear components are separated. Functions H and T describe the
nonlinear part. Total displacement of the mass is described by u, whereas the force of the
nonlinear element is a function of the fictitious displacement z, which is related to « in a
rate-type manner. That is, z varies with u at different rates depending on direction of
movement (positive or negative velocity) and displacement level. For example, an elliptic
hysteresis is obtained if z increases more rapidly at small negative v and positive velocity
and decreases more rapidly at large positive » and negative velocity. The parameter
Hiz,Ab), links slack growth to displacement level, T(z,A,¢) describes the maximum
displacement amplitudes (positive or negative) reached before or at time 1.

Parameter Estimation

The hysteresis model describes the load displacement relation of the individuat
fastener. Therefore, it must be calibrated to cyclic test results of single-bolt joints where
the two principal geometries, bolt diameter and member thickness, are the same as for the
multiple-bolt joint whose performance is to be predicted, provided that minimum edge and
end distances are not violated. While this may seem like a limitation, it only exists until
there is sufficient test data available to allow stochastic predictions of hysteresis parameters
based on bolt diameter, member thickness and specific gravity. Because the hysteresis
model is derived from a physical system, it is, if properly calibrated, applicable to random
mput functions. This is important since each fastener in & multiple bolt joint experiences a
unique displacing or loading function due to material deformations.

To fit the model to experimental data, a systematic parameter search routine was
written using the Genetic Algorithm (GA) method. A GA recently published by Lybanon
and Messa (1999) was specifically developed and optimized for model fitting to solve a
satellite altimetry problem.

Structural Model

The purpose of the structural mode! is to account for the interaction of the
individual fasteners in a multiple-bolt joint. Traditionally, material deformations were
thought to be the main cause of the group action factor (unequal load sharing among bolts)
and premature failure. Since all non-linearities, including slack, are explained by the
hysteresis model, the structural model in MULTBOLT is an elastic spring model, where
the individual fasteners and the member parts between the fasteners, or between the
fastener and force application location, are modeled as springs with assigned stiffness.
Key to developing the structural model is the assumption that bolt stiffness is constant
within a single time step (secant stiffness). The structural model then becomes a solvable,
dynamic system of linear equations with which the force or displacement distribution
among the fasteners can be determined for each time step.

Failure Model

Brittle failure can be accurately predicted without the use of fracture
mechanics. A newly developed method named the Displaced Volume Method in
combination with the European Yield Theory, a modified Tsai-Wu failure criterion, and
considerably modified siress computations based on the approach advanced by Jorissen
(1998) provides an effective means of simulating brittle failure of multiple-bolt joints in
timber. The model applies to both rigid and slender fasteners. Failure model output
controls forces computed by the modified hysteresis/structural model. If failure is detected,
forces are effectively reduced.



Stochastic Model

Not any one material can claim truly constant properties both spatially and
specimen specific. MULTBOLT includes stochastic modeling to reflect the variable
performance of timber joints and to allow statistical inferences about average model
predictions and average test results. While the random effect of many parameters and their
interaction may influence joint performance, it was desired to keep the number of input
parameters small and rely on correlations reported in the literature. IHence, material
properties are related to the parallel-to-grain modulus of elasticity (MOE). MULTBOLT
offers the option to vary the parallel-to-grain MOE in two ways. The user can specify a
between-member standard deviation, which describes the variation of the average MOE of
each joint member when measured for many members. In addition, MULTBOLT allows
MOE to vary within a member using lengthwise correlation based on the average value
generated from the between-member variation. Parallel-to-grain MOE does not vary
randomly along the length of a piece of lumber. Rather, it has been established that MOE
measured in one segment is correlated with the MOE measured in adjacent segments.
Hence, spatial variation of MOE was modeled using the second-order Markov model as
published by Kline et al. (1985). With the exception of standard deviation, coefficients
were used as estimated by Kline et al.

MODEL RESULTS

To validate MULTBOLT, 72 displacement-controlled experiments were conducted
using both cyclic and unidirectional displacing functions. Yield Modes II and IV were
investigated. Basic input parameters are listed in Table 1 (Yield moment was computed from
pubtished yield strength.)

Table 1: Basic input parameters used to validate MULTBOLT.

Input Value Unit Reference
E e 10.313 kKN/mm®  Bodig & Jayne (1982)
COVppara 32 % Loferski (2000)
Jriction b/w bolt & wood 30 degrees Jorissen (1998)
bolt yield moment™ 105.923 kN mm NDS (AF&PA 1997)
bolt & 12.7 mm
number of bolts lor3ors
member thickness 38.1 or 88.9 .
member width 139.7 mm
Jastener spacing 50.8 nmm
spacing COV 0.5 % (estimated)
hole oversize 1.59 mm
yield mode Torill or IV
end distance 88.9 mm

It must be emphasized that observed yield modes varied within given multiple-bol{
joint configurations. In joints designed to yield in Mode 1V, some bolts were observed to
develop a single plastic hinge (Mode HI), others did not develop any plastic hinge before
catastrophic failure due to splitting occurred. This behavior may have several causes. It is
hypothesized here that the higher yield modes “evolved” from lower modes at increasing
displacement amplitude (Heine 2001). That is, because of oversized holes, the joint starts
to deform like a Mode II yield, then various bolts change to Mode I1I and then possibly to
Mode IV, The latter actually rarely formed in the multiple-bolt joints tested, while single
bolt connections always produced Mode 1V yield when predicted.

MULTBOLT accurately predicted the load-deflection relation of 10 multipie-bolt
joints yielding in Mode II, both for reversed cyclic and unidirectional displacement input,



aithough the hysteresis model was fit to single bolt cyclic data only (Figures 2a-c). Based
on limited data, MULTBOLT predicted well average monotonic performance of a 5-bolt
joint configuration yielding in Mode II (Figure 2a). Furthermore, MULTBOLT correctly
predicted higher capacity for joints stressed monotonically. The reason for this is the lower
energy demand of monotonic tests resulting in reduced system degradation.

Z: 0 - Spec?ncn i

e oo Specimen 2

5 45 - Specimen 3 .

40 4 e MULTBOLT Meap
35 - == Tesl Mean J

o 2 4 [ 8 1 2 14 i6 1820

Displacement {mm)

a) Comparison of average load-slip

& TS e Tos Mean
2 E ; A
e Test Mean c:: % S0 s —— MULTBOLT Mean :
e MU ‘. g R R T T T i
MULTBOLT Mean £ P LR \\\ \\ - ,
T S S R |
B i ;
- 35t .
z | o
2 M. ; j
i ;
2 o .

0 a0 Jun
. 1505
Drispiacenyent {mm) :

1441 3

50

“ 2 4t [y X 100 120 j40

-50 - Thne (see)
b) Comparison of average cyclic ¢) Comparison of average absorbed
load-displacement plot energy up to capacity

Figure 2. Comparison of predicted and experimental results for MODE 11

Probably as a result of defects contained in the larger members (drying checks,
Juvenile wood, and associated lower specific gravity) and most likely because yield modes
varied within joints, MULTBOLT had more difficulties predicting the absorbed energy of
higher yield modes (Figure 3b). However, load-displacement predictions are adequate
(Figure 3a). Despite the fact that the current failure model does not account for varying
yield modes within a given joint, good predictions were achieved by inputting the highest
mode that was actually observed. Statistical tests revealed high correlation between
experiments and predictions (Pearson’s coefficient r > 0.90).

PARAMETRIC STUDY ON GROUP ACTION

The purpose of the parametric study was to investigate the group action effect.
Comparisons of MULTBOLT predictions with group action characteristics outlined in the
NDS (AF&PA 1997) are made. It is important to note, however, that this study is
concerned with group action at limit state (i.e, maximum load) and not, as is the case with
NDS equations, at proportional limit. The NDS equations were derived by Zahn (1991)
from linear elastic analysis advanced by Lantos (1969). Nevertheless, comparisons with
NDS predictions are made in this paper to highlight a principal issue. As shown below,
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group action at limit state differs in mechanism from group action at proportional limit.
Group action effects are a safety lmit state and therefore design values should be
determined using capacity values. Current NDS values are working stress values at which
the effects of group action are minimal. It seems unreasonable to base group action on
linear elastic analysis, if, as is demonstrated here, the group action effects that cause failure
are quite different.

MULTBOLT was run with stochastic variation turned off. In other words, material
properties were not allowed to vary either per member or spatially, and spacing was
constant between fasteners. The slight variation in the group action factors, as can be
observed in the figures, is caused by numerical error.

Fastener spacing has substantial influence on group action (Figure 4). With an end
distance of 89 mm (7D as recommended by the NDS), simulated joints exhibit the largest
relative load drop when the number of fasteners is increased from 1 to 2. In contrast, the
effect of member strain on group action as first described by Cramer (1968) and Lantos
(1969) is actually very small at limit state (Heine 2001). This is partly because of inelastic
material deformations and subsequent load redistribution, and partly because of high
material stiffness parallel to the grain compared to fastener stiffness. Hence, MULTBOLT
predicts that group action changes little with increasing number of bolis and is only
influenced by the diminishing interaction effects of perpendicular-io-grain stresses and
parallel-to-grain stresses, which impact the Tsai-Wu failure model. The trends shown here
are substantiated by experimental results obtained from double-shear joints as reported by
Jorissen (1998) and results obtained from joints tested for this study (Anderson 2001).

The trend predicted by MULTBOLT opposes the trend predicted by equations published in
the 1997 NDS. Based on proportional limit, the NDS docs not predict any group action
factor for the joint containing 2 bolts in a row, but group action progressively increases
with increasing number of bolts. Considering failure limit state, however, given the
findings of this work, both experimental and theoretical, it is difficult to envision that two
bolts with diameter of 12.7 mm, spaced 4 bolt diameters apart in a joint with common
members (38 x 140 mm?) do not interact, and hence do not negatively affect joint capacity.

Derived from the understanding that has been gained during the development of
MULTBOLT, it seems unreasonable to treat fastener spacing different from end distance in
terms of the effect on joint capacity, as is currently the case in the NDS. The area of
influence of two adjacent bolts is mainly concentrated between the bolts. Although
perpendicular-to-the grain stresses induced by a particular bolt are transferred along the
members, they are concentrated at the fastener and decrease rapidly away from the
fastener. Additionally, shear stresses are not transferred and the hole of the next fastener
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acts similar to a free end. The interaction of shear stress and tension perpendicuiar-to-the
grain stress in combination with a higher normal stress paraliel to the grain than at member
ends, makes the distance to an adjacent hole an equally effective parameter as end distance.
Thus, for bolted joints, minimum spacing requirements for full capacity should equal
minimum end distance.

CONCLUSIONS

MULTBOLT produces valid predictions for single-shear, muitiple-bolt joints based
on various displacement functions. Joints were tested to minimize effects caused by
connection eccenfricity, which allowed out-of-shear-plane forces to be neglected.
Predictions are not limited to tight-fit bolts. Instead, MULTBOLT can simulate joints with
holes drilled oversize. The model handles random displacement input as well as static
cyclic and unidirectional displacing functions. Joint load per displacement point and brittle
Jjoint failure are accurately predicted.

A new, fully mathematically tractable, hysteresis model was devised that is capable
of accurately tracing the force-displacement interaction of slack systems with hysteretic
behavior. The hysteresis model was successfully interfaced with a relatively simple
structural model to account for the interaction of multiple bolts in a row. A linear-
stiffness-based abstraction of the joint is sufficiently accurate to describe bolt interaction,
since non-linear behavior is accounted for by the hysteresis model. A relatively novel
approach, the Genetic Algorithm method (heuristic optimizer with global potential), was
effectively utilized to estimate parameters for the hysteresis model.

Current group action equations recommended for design of bolted joints in the
U.S.A should be revised to reflect the findings of this work. Reversed cyclic and
unidirectional group action at limit state differs substantially from group action at
proportional limit (basis of NDS) and is most affected by fastener spacing. Relative drop
in maximum load per fastener was determined to be greatest when the number of bolts was
increased from one to two. On the other hand, an increase from 3 to 10 bolts per row
produced diminishing group action effects. This is because the effect of member strain on



group action is negligible for most joint configurations due to the high stiffness of wood
parallel to the grain and inelastic load redistribution. Group action determination for
multiple-bolt joints currently applied in the U.S. is based on the member strain effect.

Bolt spacing and end distance should not be treated differently for full capacity
design. Thus, minimum allowable fastener spacing for full design capacity of multiple-bolt
joints should be raised to seven times fastener diameter, which is equal to the required
minimum end distance.
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Reliability of timber structures,

theory and dowel-type connection failures

Alpo Ranta-Maunus, Ari Kevarinmiki
VTT, Finland

1 Introduction

This paper has two separate parts both dealing with the reliability of timber structures. The
first part is a theoretical one related to strength distribution of timber materials and to the
theoretical effect of lower tail strength on safety factors in code calibration. Some results
on the strength distributions of machine strength graded timber are discussed.

In the second part a recent failure case is reported. This is considered urgent because the
failure was caused partly by inadequacy of the pre-standard version of Eurocode 5, which
can now be used in many European countries. Because of the accident, supplementary
national guidelines will be given in Finland concerning the design of dowel-type joints,
including block shear failure. The draft guidelines are given in appendix.

2 Tail properties of timber strength

In structural reliability analysis the lower tail distribution of strength is one of the major
contributors to the result. Therefore the effect of strength grading on the lower tail form is
discussed in the following.

2.1 Strength distribution of unsorted sawn timber

In recent studies (Ranta-Maunus et al 2001) it was concluded that the bending strength
distribution of unsorted spruce timber grown in Finland follows quite nicely normal
distribution with mean 43.1 MPa and coefficient of variation COV = 27%. This is based on
a sample size of 1508 including different timber sizes. If lognormal distribution is fitted to
the data, we obtain parameter values p = 3.721 and o = 0.309, the latter being the
parameter corresponding closely to COV calculated from a lognormally distributed sample.
This Jognormal curve does not fit well to the lowest strength values. When lognormal
distribution is fitted to the lowest 10% of the values, we obtain a much higher COV
parameter ¢ = (.544,

A sub-sample (N = 589) of the same spruce timber cited above, with constant 150 mm
depth, is more homogeneous and has a mean of 44.2 MPa and coefficient of variation COV



= 25%. If lognormal distribution is fiited to the data, we obtain parameter values p = 3.775
and ¢ = 0.292. When lognormal distribution is fitted fo the lowest 10% of the values, we
obtain the COV parameter o = 0.517.

2.2 Effect of grading on strength

The strength distribution of graded timber was studied experimentally by grading the same
spruce population of 1508 samples both visually and by bending-type machine. Both
gradings were made for one strength class only: visual for C24 and machine grading for
C30. The machine graded population had a mean of 47.8 MPa and coefficient of variation
COV = 21%. The sample size was now 986. If lognormal distribution is fitted to the data,
we obtain parameter values p = 3.844 and o = 0.220. When lognormal distribution is fitted
to the lowest 10% of the values, we obtain a higher COV parameter o = 0.305 indicating,
however, improvement over the unsorted sample. When a machine graded sample with
depth 150 mm is analysed, we obtain a COV parameter ¢ = 0.284 when fitted to the lower
tail of the results.

Information on the lowest tail values is restricted due to the limited sample size used. This
is why we wanted to study the effect of grading by numerical simulation. Starting from a
normally distributed population of bending strength, modulus of elasticity, and density,
which are the grade-determining properties, and with known correlations between these
and assumed relations to the grading parameter (such as MOE in flatwise bending), we
simulated larger samples of values, performed grading according to the CEN procedure,
and finally ended up with strength distributions of various grades (Ranta-Maunus 2002,
Turk et al 2003).

Here the results of simulations are briefly summarised, as strength distributions are of
contcern. In simulations, the statistical characteristics of unsorted material were based on
data related to spruce with depth of 150 mm cited above.

Grading was done simultaneously into three European strength classes C40, C30 and C18.
0.5 and 5 percentiie values of strength were determined. Lognormal distributions were
fitted through these two points and the curves are shown in Figure 1.
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Figure 1. Lower tail distributions of strength based on simulation of simultaneous
grading into three grades.



Lower tail strength distribution is quite different for each grade. The simulated result for
C30 is similar to the result we obtained by destructive testing of the same material, as cited
above. For other grades we have no experimental material for comparison.

If the lognormal distributions obtained in simulation are used in structural reliability
analysis for the purpose of code calibration, we obtain partial safety factors for material
having ratios 1.2 : 1.35 : 1.8 for C40, C30 and C18, respectively.

3  Learning from failures: Jyviskyli case

3.1 Description of failure

A considerable part of the roof (2000 m”) of an exhibition hall in Jyviskyld collapsed on
1.2.2003. More than 10 people were in the building that morning, fortunately managing to
escape before collapse.

The collapsed part of building was new and had only been in use for 2 weeks. The load
bearing structure was a glulam truss with 52 m span, connected by steel-to-timber dowel
joints with four shear planes, 12 mm dowels, and 8 mm thick steel plates. The strength
class of glulam was GL32 (L40). Two trusses were placed side by side. The snow load on
the roof was estimated to be 52 kg/m®, which is 25% of the design value for snow load.
The total load at the time of failure was 50% of the characteristic load estimated by the
designer. The design calculation was made following the pre-standard (ENV) version of
Eurocode 5.

Figure 2. Photograph of the failed roof in Jyviskyld, The arrow shows the joint where
dowels were lacking.

3.2 Experiments

3.2.1 Loading of truss to failure on site

After the roof failure, one of the remaining trusses was loaded to failure on site. The failure
load was 51% of the expected characteristic capacity of the truss (Hassinen et al 2003), and
a tenston connection in the middle of bottom chord failed, as seen in Figure 3. The cross-



section of the bottom chord was H x W = 630 x 215 mm. Two trusses were connected to
each other. The failed joint was composed of two steel plates each having a thickness of &
mm, and of 2 x 48 steel dowels (diameter 12 mm, strength class 8.8) on the both sides of
the connection of the bottom chord of the double truss system. The dowels were placed in
eight rows in the longitudinal direction of the chord, each row including six dowels in the
direction of the tensile force of the chord (Figure 3 b, ¢). The connection failed under a
tensile force of 2539 kN. The estimated characteristic short-term tensile resistance of the
connection corresponding to the duration of the testing is 4964 kN. The estimation is based
on ENV 1995-1-1 and the Finnish NAD (RIL 205-1997).

Figure 3. a) Roof truss R38 before loading, b) and cj connection in the mid-span of the
lower chord after loading, and d) mode of failure of the connection.

3.2.2 Laboratory experiments

After the roof collapse, three tension experiments were performed with dowel joints of six
shear planes and 4 x 4 dowels (S355 steel, d = 12 min) at both ends the total wood cross-
section being 240 x 225 mm (a; = 90 mm, a; = 40 mm, asz = 90 mm, as = 52.5 mm, ;= 56
mm, t, =49 mm, 8 mm wide steel plates slotted in 10 mm wide cuts in wood; see notations
in appendix). The glulam was of Finnish strength class 140 with two top and bottom
lamellae of grade MLT 30 and three middle lamellae of grade MLT 20. According to the
Finnish NAD to Eurocode 5, this corresponds to GL 32. In all three tests the capacity was



nearly the same (COV = 4%) and the failure mode was block shear failure: first the wood
cracked

Figure 4. Dowel connections after testing.

Table 2 Calculated characieristic values of capacities Ry based on various
code assumptions, and ratio of test values F (mean of three tests) to
code values R (VI'T research report RTE 1583/03).

Frnean = 705 KN |ENV 1995/ ENV + 1) | ENV + 2) [ENv + 1)+ 2} prEN | Annex A
Ry (kN) 1026 * 1008 859 765 759 595
Frrean/ Ry 0.69 0.70 0.82 0.92 0.93 1.18

kaRy (kN) 1159 1139 971 864 858 672
FreanKaRx 0.61 0.62 0.73 0.82 0.82 1.05

* If tension strength of wood critical: Ry = 1132 kN.
ENV 1295: Caicutation made in accordance with Eurocode 5 prestandard

ENV+1): Capacity of multiple shear plane connection calculated by multiplying
the lowest shear plane capacity by the number of shear planes and number of
fasteners.

ENV+2): Effective number of fasteners calculated based on prEN 1995-1-1 eqn
{8.33)

ENV+1)+2). Both weakest shear plane and affected number of fasteners
considered as above

prEN: Calculation in accordance with the latest Eurocode 5 {prEN 1995-1-1)
without informative annex A. Glulam strength according to GL32/EN 1184:1999.

Annex A: Block shear capacity according to annex A of prEN 1995-1-1. No size
effect correction for tension strength.



along the outer dowel lines on both sides, and the final failure was the tension failure of the
remaining wood cross-section. A summary of the test results compared to various code
versions is shown in Table 2. The mean of the test values is compared with calculated
characteristic values, and also with acceptance criterion

Finean = ko Ry ( ] )

where Fiuan 1s the mean of the test values, & is a factor depending on the sample size and
coefficient of variation. According to Appendix A of ENV 1995-1-1 k, = 1.13, for six
Jjomnts when COV < 10%. Ry is the characteristic value of capacity in calculation.

3.3 Conclusions of failure

The Eurocode 5 ENV version which was used in the design is obviously not adequate. The
full size experiment showed 50% capacity of the calculated characteristic value and
laboratory experiments with smaller joints showed 60% capacity of the Eurocode ENV
value. As a short term measure, a national supplement to the Eurocode 5 ENV version has
been produced by Kevarinmiki concerning mainly the calculation of block shear failure
and effective number of dowels in a joint (Appendix). It is based on the analysis of all old
and new dowel joint tests that were made available to us.

There are, however, other reasons that have probably contributed to the failure in
Jyviskyla:

e Failure may have started in a joint (see Fig. 1) in which most of the dowels were
lacking (only seven dowels were in place instead of 33). However, the neighbouring
truss should have carried the load, if there were no other problems.

¢ The quality of manufacturing of the joints was poor: tolerances of dowel hole locations
and diameters were beyond the acceptable limits for dowel joints.

¢ The stability of the structure can be questioned: tall trusses were not adequately
supported, and the compression chord was not properly fastened to the roof structure.

e The dowels were shorter than the width of the beam (151 mm vs. 215 mm) in order to
have adequate fire resistance without extra protection. The holes were not open to both
sides, and finally two trusses were placed side by side so that the visible surfaces had
no holes. The design looked good and was good for fire protection, because the
fasteners were hidden by wood. However, all dowels were not exactly centrally placed,
and the absence of dowels could not be seen after installation of the trusses.

e ]t has been contended that the steel plates in the compression joints might have
buckled, partly because of large manufacturing tolerances in the wood cutting. This was
studied experimentally, and seems not to be a reason for collapse.

As a result of design and manufacturing problems the roof failed under a load which was
only 25% of the intended load bearing capacity. The accident investigation commission is
still working to establish the causes of the collapse. Once the investigation is completed a
detailed final report will be published by the Accident Investigation Board. The views
expressed in this paper are the conclusions of the authors, not necessarily those of the
accident investigation commissiorn.



4 Summary

This paper reports on the theoretical investigation of strength of sawn timber, which
suggests that higher grades are relatively much better than low grades, with the
consequence that structures made of C40 have clearly higher structural safety than
structures made of C18, when present Furopean strength grading and structural design
standards are used.

Learning from the failures confirms that ENV 1995-1-1 is not adequate in the design of
dowel-type tension joints and leads to overestimation of the load carrying capacity, which
increases with the number of dowels. A new guideline is given in the Appendix to
supplement ENV 1995-1-1, The upcoming version of Eurocode 5, EN 1995-1-1 will be
safe in this respect, provided that also informative Annex A on block shear failure is
followed. Our guideline in the Appendix is less conservative than in the upcoming
Eurocode 5, and corresponds more closely to the test results.
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Appendix
Concise translation of VTT statement No. RTE2202/03 dated 9™ June 2003

Made for the Ministry of Environment of Finland

Supplement to ENV 1995-1-1 and Finnish NAD:

Guideline for design of dowel and bolt joints under tension loads

This guideline is based on the dissertation by Andre Jorissen and Martin Schmidt, on
existing design standards, and on the analysis of 216 experiments, Part of this information
is confidential,

This guideline concerns joints loaded in the grain direction in structures made of sawn
timber, glulam and LVL.

Eurocode 5, ENV 1995-1-1 with Finnish NAD can be used in the design of dowel-type
joints if also the following additions or changes are followed:

1. Effective number of fasteners (replaces 6.5.1,.2(3) in ENV 1995-1-1)

For a row of fasteners parallel to the grain direction, for loads parailel to the grain, the load
carrying capacity is calculated using the effective number of bolts or dowels:

H,
R, = Min 0, at (AD)
" Y5004

where ni 1s the number of fasteners in row i,

d is the fastener diameter,

Yo {min(a, ,a,) fornm 22 (A2)
a, forn, =1
aj is the spacing distance in the grain direction,
as 1s the end distance.
f, for doubleshear plane timber - to - steel - to - timber joints
t=smin(t,, t,) forsingleshear planetimber- to - timber joints (A3)

min(f ,2¢ ) forother joints

fs 1s the thickness of the inner timber part in double or multiple shear plane
joints or the thickness of timber on the head side of the bolt in a single shear
joint,

tu 18 the length of the dowel or unthreaded part of the bolt in the outer timber
part.



2. _Multiple shear plane joints (replaces 6.2.3 in ENV 1995-1-1)

In multiple shear plane joints the capacity of each shear plane will be calculated separately
by dividing the joint into double shear plane connections. The capacity of the multiple
shear plane joint is calculated by multiplying the minimum value of shear plane capacities
by the number of shear planes.

3. Block shear failure

Block shear capacity of an end joint of a tensile member is calculated as

Rn’,d = Ai,ner -k! 'f;,O,r.' (A4)
where Jro0.4 1s the design value of the tension strength without size effect correction
1,45  forsawn timber and glulam (AS)
" LIS for (Kerto-S) LVL when f,,, =38 N/mm®
A.'.ner = (HJ, - 1) ’ (CI2 Md) ’ tq,f' (AD)

n, 1s the number of parallel rows of fasteners in the direction perpendicular to

the grain,
a, 1s the distance between the rows (see Fig. 6.3.1.2a in ENV 1995-1-1)in
the direction perpendicular to the grain,

d is the diameter of hole made for the fastener
fer is the effective thickness of the timber member limited by the length of the
smooth cylindrical part of the bolt or dowel.

Block shear failure calculation is not applied for connections where all fasteners are in the
same row parallel to the grain (n, =1).

4. Glued laminated timber

If tensile members have dowel-type end joints, the members should be manufactured from
homogenous glulam, all lamellae having the same strength class.

5. Manufacturing tolerances

Manufacturing tolerances are expected to meet the following tolerances:

¢ Length of smooth area of dowel or bolt inside wood members (¢ or £,): - 2 mm, but not
exceeding -5% of the wood member thickness

¢ Location of bolt or dowel in any part of the joint: + 2 mm

If these tolerances are not met in manufacturing, the most unfavourable combinations have
to be taken into account in the design calculation of joints.
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Introduction

There are a number of load cases such as earthquakes and single blasts where timber is
exposed to substantially higher loading rates than in the standard short duration test.
Examples of single blast loads are explosions but also impact by vehicles against a timber
guardrail with loading times much less than one second sometimes up to of a few
thousands of a second. Old test data shows that timber is well able to withstand impact
loads. However, the validity of the old test data is questioned as more elaborate research
indicates conflicting results.

Impact strength of connections

Very little is known about the impact performance of connections. Tests Girhammar, U,
and Andersson, H. (1988) indicate a 20% increase in the embedment strength for a loading
rate of 1250 mm/s compared to 2 mm/s.

Impact strength timber

A comprehensive test program was initiated at the Forest Products Laboratory, Madison,
US to study the effect of rate of loading on the bending and compression parallel to the
grain of two softwoods and two hardwoods; Sitka Spruce, Douglas-fir, Maple and Birch,
respectively, Liska (1955). The planks were free of defects and as straight grained as
possible. The dimensions were small: 1x1x4” for compression, 1x2x 16" for bending of the
softwoods and 1x1x16” for bending of the hardwoods. In both latter cases the span was
14.”. The equilibrium moisture content ranged from 9 to 14%. Loading times ranged from
0.3 to 150 seconds. The bending tests were performed in a hydraulic testing machine with a
constant head movement. The average of the controls (reference) mentioned in Figure 1
refer to the standard bending test results. The modification factors for accidental loading in
many timber engineering design codes are based on these results. The bending strength
increases with shorter time to failure rates for all wood species tested. At the highest
toading rate the strength is about 20 to 30% higher than the bending strength at
standardised loading rate. The load was determined by the deflection of a steel ring under
one of the supports.
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Figure 1: Ratio of static and impact bending strength versus loading rate for Maple, Liska (1955).

Mindess et. al. (1986) studied the impact bending strength on simply supported timber
beams by dropping a weight (mass) at mid span from various heights. The three-point
loading was accomplished by a fit-to-purpose built machine. Spruce beams of two
commercial sizes were tested; 38x134x914 mm with a span 610 mm and 102x203x1530
mm with a span of 1220 mm. The smallest size beams were sampled in three categories. A)
Defect free beams. B) Beams with a 35 mm square notch on the tension side of the beam.
C) A knot at the tension side near the loading point. A drop height of 610 mm resulted in
an impact velocity of 3,3 m/s. For the larger beams the weight was dropped from 1.5, 1.75
and 2.0m height resulting in an impact velocity of 5.1, 5.5 and 5.9 m/s respectively. On
bases of the test results of the smaller beams it was concluded that the fibre length of the
fractured part were much shorter than compared to the static bending test. For the more
instrumented larger beams it was concluded that the bending strength and the fracture
energies were lower than compared to the static bending test. The mean bending strength
under impact appears to be 75% of the static strength. For the lower tail of the strength
distribution the effect of impact appeared to be less dramatic. However, the test set-up did
have a number of shortcomings that affected the strength results; one of which was the
indentation of the compression zone caused by the shape of the loading tup,
Sukontsasukkui at al. (2000). It should be mentioned that all previous researchers used load
cells to determine the maximum load and to use these reading to obtain the bending
strength without considering inertia effects.

Determination of impact strength

According to Johansson (1999) the use of load cell readings to treat the impact tests as
static equivalent is a very deceptive indication of the true failure stress as the effect of
inertia effects are disregarded. The internal moments and shear in the dynamic loaded beam
must equilibrate not only the external applied force but also the inertia forces resulting
from acceleration of the beam. One is to estimate the inertia effect by using an analytical
mode], the other is the use of computer simulation. Bantur et al. (1986) tested and analysed
the impact results of single span concrete beams. He employed an analytical method (o
estimate the inertial effect and derived a closed form solution. The inertial load of

o]



reinforced concrete beams accounted even up to 2/3 of the peak impact load. After the peak
impact the inertia forces were still considerable and didn’t drop rapidly.

Test results by Jansson

Jansson (1992) performed a comprehensive study of the impact strength of spruce-pine-fir
beams but not before the test set-up used by Bantur et al. (1986) was modified in a way that
the indentation of the loading tub into the compression zone of the beam was strongly
reduced. Jansson used a foad cell to determine the maximum load applied. His beams were
loaded edge wise. He reports 651 impact tests on Spruce beams with dimensions of 38 x 89
X 1145 mm with a clear span of 1095 mm. The specimens were divided into two grades
based on defects that appeared on the tension side over the mid half of the span. Defect free
material was assigned class 1 material while beams with knots were assigned to class 2.
Sub-groups of 31 beams were loaded in three point edge wise static (standardised) bending.
The sub-group was tested either load controlled or deformation controlled. Results are
shown in Table I. As expected the mean maximum load appeared to be highest for Grade 1
while the coefficient of variation was smaller compared to Grade 2 (the c.0.v. is not given
in Table 1).

The average static bending strength of Grade 1 material (defect free) was 82.1 MPa and
67.3 MPa for the Grade 2 (with knots). The differences in failure strength between the
deformation controlled tests and load controlled tests were less than 18% for all loading
rates.

Table 1:Overview test results by Jansson (1992)

Type target Grade 1 (defect free) Grad 2 (with knots)
of time to number E-mod Mean number E-mod Mean
tests failure tests max.Load tests max.Load
[sec] n IMPa] [kN] n IMPa] [kN]
DC 80 31 82803 13.6 31 8683 111
DC 3.5 31 8871 15.2 3 8691 12.3
DC 0.2 31 8866 15.4 31 8671 12.3
LC 80 31 8824 14.8 31 8693 12.2
LC 3.5 31 8911 14.7 31 8753 12.3
LC 0.2 31 8865 15.2 31 8587 11.9
impact 0.03 62 8589 13.5 31 8539 11.9
[mpact 0.02 62 8912 16.5 31 8485 12.5
Impact 0.01 82 Bgo2 16 31 883z 13.8
Total 372 279

DC= deformation controlied, LC=Load controfled

For the impact tests a weight of 345 kg was dropped from 50, 150 and 300 mm height
resulting in a maximum impact velocity of 2,3 m/s. The average times to failure were 235,
17 and 10 milliseconds for Class | and 24, 13 and 9 ms for Class 2 material. The maximum
force was measured directly by means of a load cell between the drop weight and the test
specimen.

Simulation by means of Modal analysis was applied to enable to determine the portion of
inertia load. He presented his results in three different ways to proof how different the
conclusions can be depending on the method of analyses. Figure 2 and 3 represent the first
method for Class 1 and 2 materials as applied traditionally and called Classic approach.
The failure stresses from cach loading rate are determined using the maximum value of the



10msec 17msec  0.2sec 3.0sec Besec

¥ 1 ' v

% 10 ' imp‘act- static _

c 1.1 / |

£ N .

G

7 09 |— 25% - 50% |
0-8g 5 4 3 5 A

time to failure (log hours)
Figure 2: Classic approach, failure loads related to standard short duration, Class [ material

load cell readings and divide it by the standard short duration strength resulting in the static
duration of load. In this respect the effect of inertia is being neglected:

Static DOIL. = Lo 1)
88D
were:
Jau s the observed strength derived directly from the maximum load cell reading
Sfssp  is the standard short duration strength

‘The Standard Short Duration strength is taken as the result of the load-controlled tests at
66s and 51s for Class 1 and 2 materials, respectively. In both figures 2 and 3 the classic
approach shows a general tendency of increasing strength ratio with decreasing failure
time. The 25% and 50% lines correspond to the non-parametric percentile values of the
distribution. Class 2 matertal deviates from Class 1 material probably caused by the
influence of knots. Class 1 material corresponds well with the findings of Liska (1955)
given in Figure 1 for material free of knots. As mentioned earlier in the classic approach
inertia effects are disregarded as the load cell readings include inertia effects.
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Figure 3: Classic approach, failure loads related to standard short duration, Class 2 material

Jansson makes an effort to evaluate the influence of inertia using modal analyses and
finally presents his results as shown in Figure 4 and 5. The 25 and 50 ranking percentages
values show a consistent tendency of decreasing strength with decreasing failure time. The
dotted line in both figures represent the linear regression computed from both percentiles
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values. Jansson also studied the failure modes in relation to the time to failure and found
that compression initiated failure mode decreased with decreasing failure time. Material
with strong tension zones developed more compression wrinkles in the compression zone,
but as the fatlure time decreased the amount of failures in the tension zone increased and
with that resulted in a decrease of failure strength.

Some of Jansson conclusions are:
A strength decrease of 15% could be expected during impact loading for the weaker

specimens compared to the static strength.

The decrease in failure strength for higher loading rates was explained by the
decreasing amount of compression initiated failure modes.

The general practise of increasing the strength for impact loads should not be
maintained.



Recent tests

All previous impact tests used wood species like Spruce and Pine. In relation to a project
aimed at developing a timber guardrail the impact strength behaviour of other wood species
was by assessed by Leijten (2000). The wood species were Angelim Vermelho (tropical
hardwood), mean density 1091 kg/m®, Douglas Fir, 537 kg/m®, Ash, 711 kg/m3, Larch, 511
kg/m’and three so-called heat threaded or heat modified wood species. Douglas Fir, density
472 kg/m® was treated according to the PLATO process, (PLATO is a Dutch patented
process). Spruce (Picea Abies), 461 1<g/m3, and Pine (Pinus Silvestries), 458 kg/m3, were
modified using the Finnish STELLAC process. Clear free were Angelim Vermelho,
Douglas Fir and Ash while the others were of a commercial grade having knots and other
deficiencies. The Plato wood was of the lowest grade involving the biggest knots. All
specimens were conditioned at 80% RH and 20° C untl equilibrium was obtained. The
density values specified above refer to this condition. Kloot (1954) showed that at about
10%-15% m.c. the impact resistance is the lowest. For higher and for lower m.c. the impact
resistance increases. The target specimen dimensions were 40x130x1600mm. In Table 2
the batches for the static and impact tests, a total of 162 specimens, are given based on a
balance of the modulus of elasticity,

The impact velocity was derived from the lateral impact speed of the guardrail test vehicle
according to CEN/EN 1317, which was 7.0 m/s.

Table 2: Number of specimens of batches and MOE details

Wood Batch Static test Batch Impact test
Species Number of mean C.o.v number of mearn c.o.v
Specimen MOE specimen MOE
n [N/mm?2] [%] n [N/mm2] (%]
Angelim V., 3! 18146 19 10 17496 15
Douglas 10 11161 23 10 11644 22
Ash 4 12587 29 7 12293 7
Larch 11 8122 20 10 7922 17
Plato (D) 12 9272 20 I1 9821 15
Stellac (S) 13 12051 12 14 12161 13
Stellac (P) 17 9960 19 22 9689 19

The total mass of the drop piece was 199 kg and instrumented with an accelerometer.

To prevent too much indentation of the surface a solid cylindrical steel rod of 110 mm
diameter was chosen as the striking loading head, Sukontasukkul (2000). To prevent any
instability of the specimen it was decided to test the beams in flat-wise bending. The
specimens were simply supported, span 1400 mm, and loaded by the drop-weight at mid
span. It was decided to monitor the deflection at mid span by using a transducer (LVDT)
attached to the bottom of the timber specimen directly underneath the impact location.
With a high-speed video camera (9000 frames per second / one frame every 0.111 ms) the
crack initiation was monitored. The readings from both accelerometer and LVDT were
taken 50,000 times/s. To monitor the response of the instramentation and the robustness of
the test set-up the drop-weight height slowly increased from 10, 23, 50, 75, 100, 250, 500,
1000 mm and finally 2500 mm. For this purpose dummy specimens of clear free Larch
were used. A phenomenon worth mentioning here and which appeared to be of importance
in the interpretation of the test results was recorded by the high-speed video camera. Its



purpose was not only to monitor the attachment of the LVDT during impact and to
determine the time to failure by the initiation of cracks but also to monitor the interaction
between the beam and the drop-weight. The video pictures revealed that after the initial
impulse transfer the beam speeded up more than the drop-weight resulting in a loss of
contact. If the beam remained unbroken during this free flight the drop-weight made
contact again and transferred a second impulse. This bouncing effect was also observed and
recorded by the LVDT’s as the time-deflection curve showed one or maximum two bumps.
Finally, the drop-weight established a permanent contact and worked its way down until
failure occurred. The output data from the impact test consisted of the time dependent
position of the beam at mid span, time to failure, and the readings from the accelerometer.
Time of failure was defined as the appearance of the first crack, which was taken from the
video recordings. Also the accelerometer signalled the time to failure by an excess of shock
waves. Only in some rare cases splits appeared that didn’t initiate crack propagation
straight away.

A dynamic simulation model based on so-called Thimoshenko elements was used to
analyse the bending moment assuming linear elastic behaviour and was developed by A.
Kok (1997). The simulation model was particular suited to load the beam by impulses and
to attach lumped masses at any given time. Obviously, the model accounted for inertia
effects. The model simulated the mid span time deflection relation well including the
bouncing effect mentioned above. The dimensions, static modulus of elasticity and density
where used as input. Although the dynamic modulus of elasticity is usually a 5% higher a
sensitivity analyses showed that this didn't had a significant effect on the dynamic bending
stresses.

| Mean static versus mean impact strength

Bending strength [MPa]
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Figure 6: Test results by Leijten (2000) comparing static and impact bending strength.
Figure 6 represents the overall results of the research. The mean impact strength (fayn) and

static bending strength (fssp) are given. Also the strength ratio is determined and the mean

7



time to failure given. Although the number of test specimens per wood species is small the
tendencies are clear. The mean impact bending strength is considerably smaller, 40 to 60%,
than the mean standard static bending strength of all commercial wood species (with knots)
such as Larch and the three heat-treated wood species. Only for Douglas and Ash both free
of knots, the strength reduction is statistically not significant. In this respect the knot free
hardwood Angelim Vermelho is an exception.

Bocchios et al. (2000) evaluated the same impact test results of Angelim Vermehlo and
some Douglas Fir, however, not the complete data set. The evaluation was based on the
deflection at failure disregarding any possible inertia effect. An equivalent static bending
stress was determined and defined as the impact strength. This assumes a triangle moment
distribution along the span of the beam from the moment of impact up to failure, which the
dynamic simulations show not always to be correct, especially when inertia influence is
high. JTansson (1992) already warned for this approach as misleading. Comparing both
methods Leijten (2000) reports differences in mean impact bending strength of 5% to
+30% depending on the time to failure (wood species).

A visual assessment of the type of failure with a focus on the length of the broken fibres
revealed that long fibre failures for Ash and Angelim Vermelho were observed after impact
failure followed by shorter fibre failure for Douglas fire and Larch. Especially, the heat-
treated wood species, showed small to hardly any fibre length fracture.

Conclusions and proposal for change of modification factor for
instantaneous loads

On the bases of the research evaluated the following conclusions can be drawn:

- In design of timber structures that are exposed to instantaneous loads the inertia
effects cannot always be ignored. Design based on static equivalent methods can be
very deceptive in reflecting the actual stress situation. For this reason a proper stress
evaluation method like computer simulation methods is preferred.

- The strength modification factor for instantaneous loads currently in Eurocode 5,
(kmoa>1) 1s based on impact tests of small clear specimens where the effect of
inertia is disregarded.

- The impact bending strength is grade, wood species and loading rate dependent.

- Jansson (1999) and Leijten (2000) both demonstrated a general tendency that with
increasing loading rate the bending strength decreases.

- Commercial grades with knots tend to show a higher degradation of the bending
strength than clear free material. The strength degradation is substantial for heat-
treated timber.

- Based on the test results evaluated it is difficult to propose instantaneous DOL
factors as the shorter the time to failure the more the bending strength drops.
However, for structural softwoods in Table 3 a proposal is given to change the
duration of load factor for instantaneous load with high impact rates to be closer to
reality than current code values.



Table 3: Proposed DOL factor, kmqa , for instantaneous loads for Eurocode 5 (EN1995-1-1)
Service class T and II (m.c. 12-20%)

Material Present factor Proposed factor
kmod kmod
Solid timber 1,1 0.85
Heat treated solid timber - 0.6
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STRUCTURAL DURABILITY OF TIMBER IN GROUND CONTACT

By R.H. Leicester'”, C-H Wang®, M. N. Nguyen'” G.C. Foliente'”, C. MacKenzie®”
(1) CSIRO, Australia
(2) TRADAC, Australia

ABSTRACT

This paper describes the development of a model to predict the strength of timber poles and
rectangular sawn sections subjected to in-ground attack by decay fungi. The models are based on data
obtained from extensive in-ground stake tests that were monitored over a period of 30 years and a
limited number of full size pole and rectangular sawn sections. The model takes into account timber
species, preservative treatment, maintenance practice and local climate. The model predictions are in
quantified form, and hence can be used to make cost-optimised decisions for asset management
purposes.

1. INTRODUCTION

During the past few years several models to assess the durability of timber construction have been
developed (Leicester 1999, 2001, Foliente ef /. 2002). The following describes a model developed for
evaluating the structural degradation of timber in ground contact. This model is based on the concept
that decay in timber progresses on a front as indicated schematically in Figure 1. The decay front is
taken to be the boundary between full strength undecayed wood and zero strength decayed wood. In
this context, decayed wood is defined as wood that can be picked out with a pen knife. The structural
load capacity of the residual timber section can be evaluated from the conventional principles of
structural mechanics.

Details of the derivation of the durability model have been given in a recent IRG paper
(Ieicester ef al. 2003). In the following only the final model equations will be presented.

Narrow
transition zone
Zero strength wood populated by
active decay

containing a mixture . Full strenstt
of moisture, fungi and fungi ull strength un-
decayed wood

Sy

Figure 1. Schematic illustration of a decay front.

2. MODEL FOR THE DECAY OF STAKES
2.1 Tests of Small Stakes

The preliminary model was based on data obtained from small stakes of the dimensions shown in
Figure 2. The stakes were placed at the 5 major sites around Australia as illustrated in Figure 3. The
stakes comprised untreated outer heartwood of 77 species, with 10 replications at each site. There
were also stakes of two species (F. regans and P. radiata) treated with various preservatives at three
of the sites. All of this data comes from field studies monitored by J.D. Thornton and G.C. Johnson.
Some of it is reported in a previous paper (Thornton ef a/. 1991). The species were left in situ for
about 30 years, and the decay measured every few years by picking the stakes with a penknife. The



traditional score rating used for these stake assessments was converted into effective mm of depth of
decay. On the basis of their performance, the species were subdivided into four durability classes
(Thornton et al. 1997). An example of the data obtained is shown in Figure 4.
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Figure 2, In-ground stake. Figure 3. Test locations of in-ground stakes.
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Figure 4. Measured 50-percentile values of decay of untreated in-ground stakes at
Sydney; Classes 1-4 refer to durability classes
after Thornton et a/. 1997,

2.2 The Idealised Decay-Time Relationship

The assumption of the idealised progress of a decay front is illustrated in Figure 5. The features of this
assumption are an initial lag, followed by a constant rate of decay. If a maintenance treatment is
applied, the assumption is that there is an additional lag in the progress of the decay.

2.3 A Climate Index

The in-ground stakes were also used to investigate the effect of climate on decay. The most important
climate factors affecting in-ground decay of timber are moisture content and temperature of the
timber. Therefore, the climatic parameters chosen to create a climate index for in-ground decay were
the mean annual rainfail, the number of dry months per year, and the mean annual temperature. A dry
month is defined as the month during which the total rainfall does not exceed 5 mm. The value of
5 mm was chosen, because an analysis of the effect of rainfall for 12 typical soil types indicated that if
the rainfall is less than Smm per month, then the surface of the wood of in-ground stakes will dry
below the fibre saturation point and halt surface decay,
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Figure 5. The idealised decay functions.

A model for a climate index was obtained by using information obtained from the stakes mentioned
above, placed around Australia in the major and minor sites shown in Figure 4 for a brief 2 year
period. By comrelating the climate parameters with measured in-ground decay of the wood stakes, a
climate index was derived that was proportional to the observed rates of decay of the untreated wood,

The climate index is expressed in terms of two functions, one related to the annual rainfall and the
second to the mean annual temperature. The function /' (Rmm,) , 15 based on the mean annuai rainfall

Rinean @and is defined by

0 ifR,,,, 250 mmor N, > 6,
RH!EG’H = N . (1)
S (R Fo(Roean) (1 —%j if R, >250mm and 0N, <6
where -fO (Rmcan) =] 0 [1 - 6—0-0(”(R,,,‘-‘.,,-ZSO) :| (2)

i which Ny, denotes the number of dry months per vear.

The other function g (T ) , 18 based on the mean annual temperature T, and is given by

0 if 7. 55C,

mean

g (T ) = ~1+0.2T, ifS<T <20°C, (3)

et wean modan

-25+1.4T, if' 7., >20°C.

mean mean

The two functions fy{Rueas} and g(Toean) are shown in Figure 6. The climate index, /i, is defined as

0.2

[ig = ‘f(Rmmn )0‘3 g (j:nean) . (4)

Using this definition of a climate index together with data from the Met Bureau, a hazard map of
Australia was drawn as shown in Figure 7, where the climate zones are defined as given in Table 1.



Table 1. Representative climate index values for the 4 hazard zones
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Figure 6, Functions of f (Rmm") and g(ﬂu,m,).

Figure 7. Hazard map based on equation {(4).

2.4 Effect of Wood Location

This section presents the equations for a basic in-ground decay model for small clear stakes of timber.
Definitions used for different types of wood are illustrated schematically in Figure 8. For convenience,
the heartwood will be deemed to comprise two portions, an inner heartwood and an outer heartwood.
In this paper, the inner heartwood will be denoted as ‘core wood’. In the light of lack of definitive
information, it will be assumed that the radius of core woaod is half that of the total heartwood.
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Figure 8. Schematic illustration of relative decay rates of different types of wood.

The outer heartwood, used for the stake tests, represents the most durable part of a tree. There will be
an increased decay for the inner heartwood (corewood) and for the sapwood as indicated in Figure 8.
The corewood is assumed to extend to half the distance between the pith and sapwood,

Data available on clear stakes relate only to the untreated outer heartwood. Limited information on the

decay rates for untreated sapwood or for corewood. In this paper all decay rates of wood are stated in
terms of the decay rate of outer heartwood.

2.5  Rate of Decay
2.5.1 Untreated outer heartwood

The decay rate of untreated outer heartwood, denoted by #yean, is given by

p,oo=A71 (5)
feart ig
where the parameter 4 is given in Table 2 and [, denotes the climate index computed according to
equation (4) and tabulated in Table 1.

Table 2. Decay parameters for untreated cuter heartwood

Durability Class A
Class 1 0.20
Class 2 0.55
Class 3 0.80
Class 4 1.85

2.5,2 Untreated corewood

The decay rate of untreated corewood denoted by 7., 18 taken to be given by

}'C(Ji'ﬂ = 3 rh(’(ll'.’ (6)
2.5.3 Untreated sapwood
The decay rate for untreated sapwood, denoted by r,, is taken to be given by
}‘mp =2 r.hcarr: ded (7)

where #ie 40 denotes the decay rate of untreated outer heartwood of durability class 4.



2,54 Treated sapwood

In the modet, it is assumed that for Australasian species of timber, only sapwood can be penetrated by
preservative. For stakes preserved with CCA and creosote, this decay rate, denoted by ryea, 1s taken to
be given by

Freat = r.s‘up / [ 1+BC ] (8)

where B =80 for softwoods
= 15 for hardwoods
C = CCA retention (%Yekg/kg) for timber treated with CCA
= 0.018 creosote retention (%kg/kg) for timber treated with creosote.

2.6 The Decay Lag

The decay lag, Figure 5, is taken to be given by

lag = 4703 (9
where 1 is the corresponding decay rate evaluated according to equations (5)-(8).

In the following, the notation /ague, [dgcore, 10Zcupy and lagy.., will be taken to denote the lag times for
stakes of untreated outer heartwood, untreated corewood, untreated sapwood and treated sapwood
respectively.

3. MODEL FOR FULL SIZE TIMBER MEMBERS

31 Calibration Procedure

For a full size members, the initial model is based on the model for small stakes and then moedified as
indicated from in-service observations. The following will iliustrate the use of field data to modify and
develop models for full size members by special reference to pole timbers. The pole models were
developed on the basis of data obtained from 60 poles at the Wedding Bells test site north of Sydney
(Gardner et al. 1994). For example, it has been noted that for CCA treated sapwood, the timber
appeared to perform better in poles than in stakes, possibly because CCA feached from below ground
timber in poles was being replaced by CCA leached from the above ground portions. Similarty it has
been found that treatment of outer sapwood has an influence in delaying the decay of the inner
corewood.

An important feature required for modelling full-size members is the need to decide on an attack
scenario. Examples of assumptions used for decay patterns are shown in Figure 9. It is known from
field observations that decay in a timber pole can initiate both from the perimeter progressing inwards
and from the pith zone progressing outwards. Using a mix of both field observations and microbiology
information, the models for inward and outward decay have been chosen. Figures 10 and 11 show two
examples of models for the decay of hardwood timber poles. Other examples are given in the IRG
paper cited earlier (Leicester et al. 2003).

If some sort of maintenance action is undertaken then the effect of such action is to add a further time
lag to the progress of the decay, as illustrated in Figure 5. Tabie 3 lists values of the extra lag for each
single application of a maintenance treaiment.



Table 3. Effect of maintenance procedures

Extra lag for each application of the
Maintenance procedure maintenance procedure (yrs)
Perimeter decay Centre decay
External diffusing chemical barriers:
(eg. Pastes containing copper, fluorine and 5 0
boron salts)
Fxternal non-diffusing chemical barriers:
(eg. Creosote or copper napthanate) 2 0
External physical barriers:
feg. Concrete collar or tar-enamel wrap) 0 0
Insertion of internal diffusing chemicals 4] 5

Case 1. Case 2. Case 3.
Decay from Decay from half Decay from
pith zone width cracks outer surface,
decay d = depth of decay

Figure 9. Examples of assumed attack patterns for in-ground poles.
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4, APPLICATIONS
4.1  Asset Management

To illustrate the application of the models for service-life estimation of structural timber, the model for
pole timbers will be used to examine the strength history of a round pole with a diameter of 400 mm,
made from hardwood of durability class 2. It will be assumed to have a thickness of 15 mm sapwood
treated with CCA preservative for hazard class 4 as specified in AS1604.1-2000; i.c., the preservative
retention is 0.7 %kg/kg. It will be assumed that maintenance procedures witl comprise the use of an
external diffusing paste, applied at 25 and 30 years after installation. The site is assumed to be in
hazard zone D shown in Figure 7.

The progress of the fungal decay of poles will be assumed to initiate from both the treated perimeter
wood and the pith as illustrated in Figure 12a. The computed strength history of the typical pole is
shown in Figure 12(b). This type of computation may be used for an asset management strategy where
for example replacement of all poles may be required when the typical pole is assessed to have only
70% of its original strength capacity.

1.0
=
g _
[P B
. w H .
Perimeter decay E Maintenance
£ :
= 0.6-
s Total loss of ,
=3 treated sapwood
204 MR R
Centre decay =
o : %,
ﬁ 0.2 . . i T
& ' Sy,
© ‘%"-:.‘
0.0 \ i - =
Decay 0 20 40 60 80 100
Year .
{a) Decay patterns (b) Strength history

Figure 12. Strength history of the example poie.
4.2 Engineering Design Codes

For enginecring desiga codes, the computed strength reduction may be expressed in the form
M=rfp M, (10)

M =design bending strength capacity
M, =value of M excluding durability considerations
kp = durability factor

For the purpose of drafting engineering design standards it will be necessary to take into consideration
the uncertainty associated with strength estimates. An example of this has been given in a previous
paper (Leicester ef al. 2001),

5. CONCLUDING COMMENTS

Using the completed model, it is now possible to compute the deterioration over the years of the load
capacity of structural elements constructed with timber m ground contact. The model is directly
applicable to about 80 species of timber, CCA and creosote treatments and a variety of maintenance
procedures. Through use of a c¢limate index (based on rainfall and temperature parameters) the



procedure is applicable to all locations in Australia, from temperate to hot tropical regions and from
rainforest to desert areas. With slight modifications, it should be possible to apply this model to any
structure, fabricated from any species and located anywhere in the world.

Current progress is related to calibrating and medifying the model according to the experience of
experts. In addition, it is necessary to find a procedure for taking into account the deterioration due to
mechanical degradation that occurs in the arid regions of Australia.

Possibly the most important aspect of the engineering model described is that it provides a unified
framework within which can be placed all types of knowledge, such as knowledge obtained from
laboratory data, field data, expert opinion and accepted good practice. It can also be used to assess the
monetary value of new knowledge.
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deformation is important and that further work is necessary.



Problems with shear and bearing strength of LVL
in highly loaded structures

Hank Bier
Carter Holt Harvey fibre-gen, New Zealand

1 Abstract

In most timber engineering design, neither shear nor bearing strength governs the design of
bending elements such as beams and joists. However, when the structure carries very high
loads over short spans, code values for shear begin to limit the design, Field experience
suggests that for these structures, characteristic stresses based on codified test methods and
evaluation of bearing and shear are simply, not realistic. The low variability of LVL means
these effects can be studied in detail.

A test programme was undertaken to evaluate shear strength of LVL in single span and two
span tests, on beams with and without bolt holes. As expected, shear failures were only
observed in the very strongest LVL. The very high deformations observed showed that for
concrete formwork elements, bearing deformation in the LVL support structure could
become critical before shear, and standard engineering shear formulae may give misleading
results.

An alternative bearing test was developed and used to assess bearing for beams where
deformation control is critical. This test is based on identifying the onset of visible
permanent set after repetitive loading, and limiting the design bearing stress accordingly.
The information can be used to assist in the preparation of span tables for radiata pine LVL
used to support concrete in formwork structures, and the concept could be used for other
species.

2 Formulating the problem

Formwork for concrete is a critical use for high strength timber members. Loads are short
term, usually very high, and failure can be dramatic if forms are not reliably designed.
Engineered wood products like LVL or fabricated I beams compete with steel and
aluminium where the components can be re-used many times on a concrete construction
site. Engineered wood or LVL beams provide a solution for the formworker, and provided
these beams can be re-used, they are economical, and light weight for their performance.
In introducing a range of formwork support components to the Asian market in particular,
the key feature in design has been to design for carrying very heavy loads over short spans.
To do this effectively requires an understanding of real or unfactored loads for this
application.



2.1

In permanent wood structures, the load for the life of the structure is usually much less than
the total design load. Table 1 shows a summary of some unfactored loads and stresses.

Load stresses

Typically a 100 x 50 mm joist in light timber framing will span up to 1.8 m at 400 mm
centres, and carry a load of approximately 0.8 kN. By contrast, in a formwork beam, the
load achieves its maximum when the concrete is wettest, and is vulnerable to overload by
impact or extra thickness of concrete before it is spread to the required slab thickness.
Typically a 95 x 65 mm joist at 300 centres may carry a load of nearly 10kN over a span of
1.2 m. This means the shear stress in the light timber joist is about an order of magnitude
less than in a formwork joist (0.15 MPa compared with 1.8 MPa for the formwork joist or
2.3 MPa for the bearer). Further as loads are transferred to larger section bearers, the
bearing stress subjected by 3.6 Tonnes of concrete rises to about 5.2 MPa.

Table 1: Load extremes on small sized timber and LVL members

Action LTF joist LVL formwork joist | LVL form bearer

Size {(mm x mm) 90 x 45 95 x 65 150 x 77
Span (m) 1.8 1.2 1.2
Spacing (mimn) 400 300 1.2
Dead load (kPa) 0.5 0.2 0.3
Live load (kPa) 1.5 intermittent 24.7%* 24.7%*
Total load (kPa) I.1* 25 25
Load on beam (kN) 0.80 9.0 36
Shear stress (MPa) 0.15 1.1 2.3
Bearing stress (MPa) 0.10 1.8 52

* D+0.4L where 0.4 is the factor applied in seismic design for the load most likely to be there.

** Includes concrete in slab (0.9 m) and a 4kPa surcharge.

Clearly in formwork applications, a better understanding of shear and bearing strength is
required. Designers of formwork cannot ignore these stress modes. Moreover, a review of
the historical derivation of material properties show that the traditional test methods
employed do not match the real strength and service demands of formwork structures.

2.2 Material strengths

2.2.1 Shear

Over many years of testing of thousands of pieces of radiata pine in-grade, the laboratory
staff at the New Zealand Forest Research Institute observed very few failures in shear.
Many test laboratories resort to publishing values from short span shear tests that are
fact, bending failures on a short span. Typically a technician will do the test, calculate
shear stress at failure and this is then reported as the shear strength because it must be at
least that high. The reality is that we do not have a reliable fix on the real shear strength of
timber. The Canadians recognised this problem as noted by Madsen (p102) who reports

2




“most often, the beam will fail in bending or crushing even with small span to depth
ratios”.  Accordingly, the team at British Columbia developed a “pure” shear test.
However, formwork beams are not loaded in pure shear and most designs are carried out in
field offices with limited time or access to sophisticated tools like Finite Element Methods.
It was decided to carry out a short span test programme with spans close to those used in
highly loaded formwork structures.

2.2.2 Bearing

A typical average bearing stress perpendicular to the grain for softwood (pines) published
in ASTM D2555 is 250 psi with 28% c.v. These were 2” block tests on green clear wood
tested to D143, and a factor of about 2 is given to obtain a dry value of about 500 psi or 3.5
MPa. This number represents the stress at the proportional limit, so is deformation bound,
not safety or strength bound. Other values given in the ASTM test standards are for 0.1
inch (2.5 mm) or 0.04 inch (1 mm),

The average stress at 0.04 inches deformation (1mm) is about 1.8 times the proportional
limit for a range of pines, so at I mm deformation the bearing stress is possibly 6.3 MPa.
Modification factors in ASTM D245 suggest a reduction of 1.67 to adjust for in grade ring
position(?), and the increase for dry use (19%) is 1.5. There is of course, no mention of
LVL where multiple veneers on edge provide a more uniform bearing surface.

Madsen (p 292) has proposed an in-grade bearing test for solid timber using a stiff steel
plate on a 150 mm long piece of lumber, and refers to other work (Hall) that models the
analysis of compression perpendicular to the grain as a beam on elastic foundation. Figure
13.9 of Madsen shows a stress of around 4.5MPa for spruce pine fir at a limit determined
from a 0.2% offset, resulting in a strain of about 0.022 or 2 mm deformation on the 89 mm
deep timber,

Significantly, in the fabrication of formwork, construction specifications require very tight
deformation control. The permitted deviation from the design shape is determined by the
class of finish for the concrete surface. For high class finishes, deformations are limited to
no more than 2 mm or span over 360, and for medium class finishes, 3 mm.

These tolerances can be exceeded easily by movement at the bearing surfaces if bearing
limits are calculated using the stresses derived from traditional tests. Further, formwork
components are used many times over in their useful life, and permanent indents due to
bearing stress would be difficult to control when tolerances are so tight. The usual rules for
engineering judgement of deformation in permanent structures simply do not apply and the
search for a solution specific to highly loaded LVL members began.

What was required was a value that was not based on testing to large deformations. Rather
a test was needed that could identify the onset of permanent deformation, so that the
formwork beams could be used again and again without deterioration at bearing points that
could differ from one job site to the next.

3 The test programmes

3.1 Shear

Veneer for LVL at our manufacturing plant is graded with both sonic velocity and
resonance techniques to prescribed stiffness limits. For this test programme, three grades

3



were produced, and after lamination into 15 ply 45 mm thick billets, the co-efficient of
variation of the MoE or bending stiffhess within each grade was approximately 4% and for
MOR about 9% for the 95 x 45 test pieces taken from the run. The average properties on
standard bending tests at spans of 18 x depth were respectively:

MoR (MPa) MoE (GPa)
Grade 1 72.4 13.8
Grade 2 59.9 11.9
Grade 3 50.5 99

The material for the shear test samples was thus well characterised by the grading system.

For the shear tests each specimen was cut to 8 x depth, and tested in single point short span
shear test on a span of 6 x depth or 570 mm as illustrated.

P b
R i
’ Rocker-slid/ , | %
i 3 L_...% ,,,,,, l_..
. l=8d -]

Figure 1: Single span bending/shear test to AS/NZS 4063

The type of failure was noted and equations to calculate bending and shear stress were:
Shear stress =3P /4bd
Bending stress =3 PL / 2bd?

For those pieces that failed in bending, MOR and shear stress at failure (f;) were calculated.
For those pieces that failed in shear, bending stress (f,) and ultimate shear stress (fy,) were
calculated. The summarised properties are in Table 2 and illustrated in figure 2.

Table 2: Single span strength results (MPa) for three grades of 95 mm x 45 mm LVL

Grade ] 2 3 All
MOR in bending 69.2 65.5 59.0
fy at shear failure 72.7 63.5 65.9
f, at MOR 5.8 5.5 5.0
f,. at shear failure 6.1 53 5.5 5.8
Bending failures 15 20 26 61
Shear failures 21 9 2 32
5% ile f, at MOR 5.0 4.6 38
5% ile £y, 5.6 (4.9) {54) 5.1
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Figure 2: Bending stress at failure in bending and shear for short span tests, together

3.2

with MOR from standard bending test (Bend L/D =18)

there is a volume or test arrangement effect giving higher MOR’s for the lower
grades for shorter bending spans than the standard L/D of 18.

only the strongest grade of LVL had sufficient bending strength to develop a shear
failure in enough pieces to calculate a “real” 5%ile.

The shear stress in bending failures is significantly below the “approximate” 5%iles
for the lower grades. Shear strength based on these bending failures would be too
low. A bending check should be the critical failure mode.

Single span bending shear tests on lower grades of LVL used in formwork will not
yield shear failures. The shear strength of the higher grade could be used because
the effect of knots is to break the lines of principle stress and increase strength.

Enough pieces that failed in shear to determine an all in shear strength for LVL.
Using the Australian system, a basic working stress of 2.1 and a characteristic value
of 6.2 (with ¢ = 0.8) were calculated. These were published as 2 and 6 MPa.

Shear Tests on 150 mm and 75 x 35 mm LVL with holes

To assess the possible use of LVL with holes for easy assembly of forms, shear tests were
done using two spans to match multiple span forms. The test arrangement is in figure 3.
Because of the shorter spans expected in service, spans were reduced to 4d instead of 6d.
Test spans were 600 mm and 300 mm for the two sizes. The shear stresses at ultimate load
were calculated from.

Shear stress =(0.516 P/bd

Holes of 20 mm diameter through the neutral axis were drilled at the load points and at the
supports. A matching sample without holes was also tested.
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Figure 3: Two span bending/shear test (draft AS/NZS 4063 modified to shorter span).

The results of these tests are illustrated in figure 4;

70

Stress (MPa}

MOR MORMNo fs fs
Holes holes Holes No holes

Figure 4: Summary of average bending and shear stresses from two span tests of
two sizes and two sources (A and B)

There is no clear difference between the pieces with or without holes. This suggests a bolt
able formwork product could be designed.

A peculiar result was that using the code formula given in AS/NZS 4063 the shear values
are about twice what is determined from the single span test. It is suspected that the code
formula proposed is actually meaningless for these short spans for deformations shown in
the failed specimens in figure 5. The plane sections remain plane hypothesis is not valid.
However, it is evident that for engineers using normal static equations, the lower strengths
in the single span test become the governing shear criteria.

Large permanent compressive deformation occurred in the wood at the supports without
inducing shear failures. This means bearing performance is a more serious design limit for
loaded heavily loaded structures such as form work.



Figure Sb: May be shear failure? Arrow points to large bearing deformation.

3.3 Bearing

This bearing study was intended to explore the deformation perpendicular grain with the
hope that a more rigorous analysis would follow. There was no serious attempt to provide
for replicates, rather, could any sort of test be developed that might answer the question,
“What determines the onset of permanent set in an LVL beam subject to repeated loading?”

Six pieces of LVL 35 mm x 75 mm x 250 mum long of a range of densities were selected
for evaluation.

Each piece was subject to a compressive bearing load on the top edge with a:
(a) 25 mm long steel bearing flush with the end
(b) 50 mm long steel bearing centred approx 100 mm from the end

The full length of the bottom edge was supported on the test platten. The deformation into
the top surface was measured with an LVDT alongside the load head. A second LVDT
measured overall compression of the 75 mm depth. See figure 6.

7



The load was applied in 0.25 mm increments of surface deformation. After each
increment, the load was completely removed, and the surface viewed for evidence of
permanent (inelastic) damage or depression of the fibres. The deformation at which the
first permanent set occurred was recorded, and marked on the load deformation curves.

Figure 6: Test apparatus. LVDTSs to measure indentation and overall compression.

Loads at the onset of visible residual set are highlighted in Table 3. The lower density
specimens appeared to absorb more deformation without set, but permanent set is at similar
loads. This suggests that fibre damage may occur at a definable stress level on the surface,
rather than at a given depth of deformation.

The in-grade test reported by Madsen did not differentiate surface indentation from overall
thickness reduction. The load deformation curves in figure 7 suggest that bearing
deformation at the ends of the specimens is almost all at the surface whereas for the wider
50 mm bearing and higher loads about half of the compression deformation, was
distributed into the mass of wood beneath the surface.

A lower bound for the 25 mm long end bearing stress is 8.1 MPa. For the inner bearing,
the stress is 10.5 MPa. On average the onset of permanent set on the inner bearing was at
about 0.6 mm for a stress about 12 MPa which is the same as the published bearing
characteristic for formwork LVL. Also, total deformations of 1 to 1.5 mm are close to the
limits of 2 mm and 3 mm used in practice.

So current designs are on the threshold of permanent deformation and close to design limits
for forming concrete, and further testing is recommended.

A cyclic test regime is one option, and it is suggested that at least 10 cycles to various
levels of surface deformation form part of the test to replicate service use. This would
assess repeatability and could define a useful limit.



Table 3: Loads at increasing deformation on an LVL edge surface

25 mm bearing Load (kN) at deformations (mm) of : Permanent Indent at:
: 3
Density (kg/m”) 0.25 0.50 0.75 1.00 1.25 1.50 (mm)
500 1.6 42 6.8k 9.3 1.00
504 1.2 2.7 8.1 1.25
51t 2.0 S0 T 0.75
537 2.8 6.0 1.00
545 1.8 54 1.00
370 2.3 0.75
50 men bearing Load at: Permanent Indent at:
: 3
Density (kg/m™) 0.25 0.50 0.75 {(mm)
500 075
504 0.50
511 .75
537 0.75
545 0.75
570 0.50
160 Totaf DIsplacement v Indentatlon 25 mm end bearing 160 _Total Displacement v Indentation 50 mm inner bearing
T e S P _ 1.40 e i / s
‘E‘ L e e e - E 1.20 e AL .
o —e— 500 = ~—a— 500
g 1.00 - ’7“__ 504 é 1.00 it 504
i
§ 0.80 —x— 511 £ 0.80 - i e 511
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: 0.60 o545 : 0.8¢ oty 545
£ 040 - | ~#-- 570 B 040 - e BTO
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Figure 7: Load deformation curves



4 Conclusions

4.1 Shear

The shear strength of LVL can be determined for the very highest grades from a single
short span bending shear test. Many specimens will not fail in shear, but a sufficient
number can be obtained for derivation of a characteristic value.

For lower grades of LVL, bending failures are more likely to occur, because the material
has insufficient bending capacity to mobilise a shear failure. Use the high grade strength.

A two span bending test programme showed that large deformations rendered standard
formulae invalid and bearing performance could govern formwork design.

4.2 Bearing

Very limited data suggest that it may be possible to derive a more rigorous value for the
onset of permanent bearing deformation to cover a range of typical bearing widths used in
concrete formwork practice,

Currently used stress of 12 MPa for bearing in formwork is very close to the values
obtained for a 50 mm wide bearing.

The total deformation of bearing members is significant relative to the 2 mm and 3 mm
limits imposed in the design of formwork structures. Total deformation includes surface
indentation and compression through the depth of the beam.

Further study and cyclic testing of formwork models is recommended to ensure serviceable
formwork components in engineered wood.
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Lilian began her presentation with an overview of the mechanical problem and also commented on the
requirements of DIN 1052 and EC5. She went on to conclude that the Weibull approach agreed well
with experimental results which showed strong size effects and moment influence.

She then went on 1o answer questions relating to the practical design use of the methodology
presented and its impact on EC5 requirements. The methodology was well re