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NOTICE 

This report is an internal Forintek Canada Corp. ("Forintek") document, for release only to Forintek and 
supporters. This distribution does not constitute publication. The report is not to be copied for, or circulated to, 
persons or parties other than Forintek members and supporters, except with the prior permission of Forintek. 
Also, this report is not to be cited, in whole or in part, imless prior permission is secured from Forintek. 

Neither Forintek, nor its members, nor any other persons acting on its behalf, make any warranty, express or 
implied, or assume any legal responsibility or liability for the completeness of any information, apparatus, 
product or process disclosed, or represent that the use of the disclosed information would not infringe upon 
privately owned rights. Any reference in this report to any specific commercial product, process or service by 
tradename, trademark, manufacturer or otherwise does not necessarily constitute or imply its endorsement by 
Forintek or any of its members. 



SUMMARY 

In response to a need for technical information to support the design ofwood trusses in Canada, the Truss 
Research Program was established. Forintek's role in the Truss Research Program consisted of two projects: 
Truss Testing and Analysis, and Strength Variations in Trusses. The fu-st project fimded by the wood truss 
industry, focussed on establishing the structural reliability of residential pitched chord trusses and developing 
experimental data to verify truss analysis tools used by the truss industry. The second project, funded by the 
CFS, which is the topic of this report, provided the lumber properties information for the program. 

The combined loading equipment developed imder this project has been used to test 2x4 S-P-F 1650f-1.5E MSR 
lumber under axial compression and bending loads. This data will now be used to verify a comprehensive 
stochastic fmite element model that is currently under development at the University of British Columbia. 

A lumber design procedure comprised of a new interaction equation and factors to quantify load configuration 
effects for truss applications was developed under this project and at U.B.C. The design procedure was accepted 
in principle by the Technical committee on CSA-086. 
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1.0 OBJECTIVES 

The objectives of this project were 

• To design and build a testing apparatus to test lumber under combined axial and bending loads; 
• To carry out a testing program on lumber; and 
• To develop an analytical model. 

The work completed in the 1995/96 fiscal year focused on the second and third objectives. 

2.0 INTRODUCTION 

This report describes the testing imdertaken by Forintek to support the development of lumber properties for truss 
applications. The work described here is part of a larger effort to assist the metal plate connected wood truss 
industry in Canada to deal with upcoming code changes that may affect the economy of residential wood trusses. 
The overall program was done in co-operation with the wood truss industry, the Canadian Wood Council (CWC), 
and die University of British Columbia (UBC). 

The focus of this study is to develop the lumber properties data and model necessary to support any necessary 
code change. The lumber properties work is being done as part of a Ph.D. program at the Department of Wood 
Science, UBC. The fu-st year of the project concentrated on designing the test equipment to test lumber under 
combined axial and bending forces. In the second year of the project, the combined loading equipment was 
fabricated and evaluated. In this fmal year of the project, the test equipment was used to test lumber in combined 
bending and axial compression. Analjliical results verified by test data developed in this project were then used to 
support a code change proposal to introduce specific lumber design procedures for truss applications in the 
engineered wood design code, CSA-086.1-94 (CSA 1994). 

This project initiated the development of two lumber properties models. The fu-st is a simplified version based on 
Weibull's weakest link theory. This model has been included in the code proposal and will be discussed in some 
detail in this report. The other model, which was not necessary to support the code change, is a comprehensive 
research model. It will utilise stochastic fmite elements to predict the performance of lumber \mder arbitrary 
loading conditions. This model still is to be developed under the U.B.C. Ph.D. program and is estimated to be 
completed some time in 1997. The fmite element model will be relying on data from this project for model 
verification (Lau 1995). 

3.0 BACKGROUND 

The National Building Code of Canada (NBCC) is die model code that specifies the minimum structural design 
requirements of buildings. The document contains two sections: a section referred to as "Part 9" that deals widi 
housing and small buildings; and a section referred to as "Part 4" that deals with other structures. Part 4 
essentially directs the designers to the appropriate engineering design in wood code. In the case of wood, that 
code is CSA-086.1. Part 9, on the other hand, is written as a prescriptive code. In the case of wood trusses. Part 
9 includes span tables describing what truss configurations are appropriate for common combinations of lumber 
grades and spans. From time to time, however, discrepancies appear in the capacity of structures designed 
according to Part 4 and Part 9. This is the case with metal plate connected wood trusses. 



3.1 Truss Research Project 

About 85% of all residential roof systems in Canada are built using metal plate cormected wood trusses. These wood 
trusses fu-st appeared in large numbers during the 1970s. Truss fabricators who assemble and deliver trusses to 
builders are scattered throughout the country. They purchase metal connector plates and use either a generic truss 
design software or the software provided by the connector plate manufacturers to size the connectors and lumber for 
a particular truss. 

Over the years, the wood truss industry has developed and maintained a document call the Truss Plate Institute of 
Canada (TPIC) Truss Design Procedures. This document was designed to be used in conjunction with the 
Engineering Etesign in Wood Code, CSA-086.1 and allowed the truss industry to produce more economical trusses 
that met the requirements of Part 9. The TPIC design procedures are based in part on the experience of the truss 
designers, and results of tests conducted at various times include those in the mid-1960s at the National Research 
Council of Canada, and in the early 1970s at the Eastem Forest Products Laboratory (now Forintek). Trusses built 
according to these procedures have demonstrated and continue to demonstrate a good service history. 

In the niid-1980s, the Canadian wood design code underwent major changes. These include the conversion from the 
working stress to a limit states design format, and using reliability based techniques for calibrating the design codes. 
Other changes include adopting in-grade lumber testing and full size lumber tests for duration of load assessment. 
The effect of all these changes was to make the TPIC Tmss Design procedures inconsistent with the CSA-086.1 
design code. Special design provisions that were used to design trusses for houses and small buildings appeared to 
be inconsistent with the CSA-086.1 code. Without these special design provision, current trusses could not be 
shown to meet the stmctural code requirements. However, there was no technical justification for the special 
provisions nor were there acceptable methods of adapting them. A research program on the performance of metal 
plate connected trusses was subsequently initiated in 1993 to deal with these issues. It was decided that in order to 
provide a long term solution to tiiese tmss design issues, a separate project with a specific goal of developing lumber 
properties specifically for the compression chords of pitched chord tmsses needed to be established (Lum 1993). 
The Strength Variations in Tmsses project was created in response to that need. 

3.2 Lumber Properties for Truss Applications 

The objective of the lumber properties research program was to develop two concepts sufficiently for implementation 
in the CSA-086.1 code: a non-linear compression-bending interaction curve, and the recognition of bending load 
configuration effects. Both of these concepts have been studied in the past (Buchanan et al. 1985; Foschi et al. 
1989). 

The purpose of the interaction equation is to account for the combined effects of the axial and bending forces. The 
CSA-086.1 code recognises only a linear interaction. A linear interaction equation imphes that the proportion of the 
bending capacity available from a member is directly equal to the portion of the axial capacity available. For 
example, if the bending moment for a member under combined bending and compression is equal to 30% of the 
bending capacity, then the member is capable of sustaining up to 70% of its axial capacity. It is well known that at 
the lower end of the bending strength distribution of full size lumber pieces, failure usually starts at a growth 
characteristic in the tension zone. If axial compression were to be added to a bending member, the tension failure 
would be delayed until either the member starts to fail in compression or when the tension due to bending overcomes 
the applied compression force. This concept is similar to that used in prestressed concrete beams. Provided there are 
growth characteristic in the tension zone, a lumber bending member should show a higher bending capacity when a 
small amount of axial compression is imposed. 



Although the concept of a non-linear interaction curve has been discussed in past meetings of the Technical 
Committee on CSA-086.1, it has never been implemented. The lack of a need for a more accurate interactive 
equation combined with the simplicity of the linear equation did not make adoption of such an equation a priority. 
There is also the concern that relying on a higher bending capacity that is dependent on the presence of an axial 
compression force is not prudent if the bending and axial forces are independent events. 

The second concept arises from the fact that lumber contains discrete strength reducing growth characteristics that 
may not always appear in the most critically stressed section of the member. Unlike a homogeneous material such as 
steel, lumber may not always fail at the zone with the highest stress level. Because of the variation in strength 
throughout the member, the member will fail at a point where the local stress exceeds the local strength. Liunber size 
effects factors have been implemented in the code as a means of attempting to quantify these phenomenon. These 
size factors, however, assume that the various sizes of lumber are loaded in a similar manner, such as third point 
loading. 

Implementation of the above concepts would benefit the design of wood trusses. The top or compression chords of 
trusses are subjected to combined bending and axial compression forces. Furthermore, Uiese bending moments vary 
considerably from the standard bending moment diagram used to develop the specified bending strength values 
published in CSA-086.1. 

4.0 STAFF 

C. Lum Wood Engineering Project Leader 

J. Cook Manager, Wood Engineering Dept. 

L. Olson Wood Engineering System Technologist 

R. Abbott Wood Engineering Technologist 

R. Wakeman Wood Engineering Technologist 

W. Lau Ph.D. candidate. University of B.C., 
Department of Wood Science 

5.0 TESTING PROGRAM 

5.1 Materials 

5.1.1 Sampling 

About 1800 pieces of 2x4 18-ft S-P-F 1650f-1.5E lumber were set aside from the lumber used to build trusses for 
the 1993 Truss Research Program (Lum 1993). From these, about 375 pieces were selected for the destructive 
testing program. To ensure that the lumber tested in this program could be related to the lumber used in fabricating 
the test trusses, all lumber was tested on a Cook Bolinders machine. The Cook Bolinders provided a profile of the 
modulus of elasticity (E) along each board. Match groups of lumber samples were created which took into account 
the average E and variability in E along a board. Pieces were allocated to groups such that each matched group 



would have approximately the same average E, variability in E between pieces, and variability within pieces. The 
standard deviation in the Cook Bolinders E profile was used as a measure of the variability in E within a piece. 

5.1.2 Preparation 

Although the lumber was sampled in March 1993, testing did not begin until about the spring of 1995. The lumber 
was stored in an open, unheated shed which allowed the specimens to condition to a moistiû e content ranging fi"om 
10 to 15%. Prior to the start of the testing program, small samples were re-tested in edgewise bending and on the 
Cook Bolinders to verify that the E had not changed. 

5.2 Methods 

5.2.1 Loading Combinations 

The lumber test plan is described by Lau (1995) and is included in Appendix 11. Within this test plan, testing was 
divided between Forintek and UBC. Table 1 summarises the testing performed at Forintek. Except for group 1-2, all 
specimens were tested on the new combined loading test machine (Lum 1995). Group 1-2 was tested on the in-grade 
lumber compression tester. 

Table 1 

Test Matrix 

Group Test Mode Sample 
Size 

Span 
(mm) 

No. of 
Spans 

Axial 
Compression 

(kN) 

End 
Eccen. 
(mm) 

Loading Procedures 

1-2 Axial 
compression 100 2670 1 Ramp 0 Fully supported (ASTM 

D4769-90) 

II-l Eccentric 
compression 50 2670 I Ramp 5 Laterally supported in 

weak direction 

II-2 Eccentric 
compression 50 2670 1 Ramp 75 it 

II-3 Eccentric 
compression 25 2670 1 Ramp 200 

VI-1 Bending + 
Compression 25 2670 1 Hold at 

4.0 kN 0 
Apply 1.5 kN bending, 
apply 4.0 kN axial, then 

bend to failure 

VI-2 Bending + 
Compression 25 2670 1 Hold at 

8.0 kN 0 
Apply 1.5 kN bending, 
apply 8.0 kN axial, then 

bend to failure 



Group Test Mode Sample 
Size 

Span 
(mm) 

No. of 
Spans 

Axial 
Compression 

(kN) 

End 
Eccen. 
(mm) 

Loading Procedures 

VI-3 Bending + 
Compression 25 2670 1 Hold at 

12. kN 0 
Apply 1.5 kN bending, 

apply 12.0 kN axial, then 
bend to failure 

VI-4 Bending + 
Compression 25 5340 2 Hold at 

4.0 kN 0 
Apply 5 kN bending, 

apply 4.0 kN axial, then 
bend to failure 

VI-5 Bending + 
Compression 25 5340 2 Hold at 

8.0 kN 0 
Apply 5 kN bending, 

apply 8.0 kN axial, then 
bend to failure 

VI-6 Bending + 
Compression 25 5340 2 Hold at 

12. kN 0 
Apply 5 kN bending, 

apply 12.0 kN axial, dien 
bend to failure 

For group 1-2 and groups II-1 to II-3 axial compression loading was applied under displacement control. Time to 
failure averaged approximately 1 minute. Axial compression loading for Groups VI-1 to VI-6 was under load 
control. For these groups, a small lateral displacement was applied first at mid-span. Then the target axial 
compression load was applied so that the target axial load was reached in about 5 to 10 seconds. Additional lateral 
loads were applied under displacement control. Bending failures were generally achieved in approximately 1 minute. 

5.2.2 Instrumentation 

Table 2 summarizes the instrumentation and data collected for each test group. 

Table 2 

Summary of Data Collected 

Group Axial Load 
and Stroke 

Lateral Load 
and Stroke 

Right 
Support 
Force 

Centre 
Support 
Force 

Lateral 
Displacement 

Axial 
Displacement 

1-2 Axial load No 1-2 only No 

n-i to3 Yes — No — 4 equally space 
points per load span No 

VI-lto3 Yes Yes Yes — <( No 

VI-4 to 6 Yes Yes Yes Yes Yes 



6.0 CODE IMPLEMENTATION 

6.1 Application of Test Results 

Results from the testing program have been submitted for analysis as part of the Ph.D. studies on lumber properties 
for truss applications at the University of British Columbia. Preliminary results have been provided to Forintek to 
validate the code change proposal. The preliminary results were discussed in a data report included in Appendix II. 

6.2 Lumber Design for Truss Applications , 

Lumber properties models arising from this project were used to prepare a code change proposal for CSA-086.1 
(Appendix I). The changes to lumber properties affected the design of compression chords. The code change and 
commentary are included in Appendix I. The following provides additional background to the code implementation 
issues dealt with by this project. 

The lumtier properties model included with the code proposal was presented in the form of; 
• a bending load configuration factor, and 
• a non-linear interaction equation. 

In total, these two changes have the potential of increasing the computed capacity ofwood trusses by 50 to 60%. 

6.2.1 Simple Model Bending Load Configuration Factor 
The code proposal required an equation to represent bending load configiu-ation effects without requiring that the 
designer use a complex mathematical model. To achieve this, typical bending moment diagrams generated from the 
Truss Testing and Analysis project (Lum 1993; 1994) were analysed using a model that took into account bending 
size effects. The major assumptions made here were that the member would fail in the tension zone, and that the 
increased capacity due to the presence of axial compression would be ignored. The background document to the 
bending load configuration model is included in Appendbc II. 

A typical bending moment diagram from the top chord of a pitch chord truss is shown in Figure 1. The standard 
bending moment diagram from which specified bending strength values such as those in CSA-086.1 are derived is 
shown in Figure 2. The designer generally checks the structural adequacy of a member by comparing the worst 
combination of stresses vsdthin the member to the computed capacity. In the case of a member under bending, the 
designer would compare the bending moment My in Figure 1 to the computed capacity. The computed capacity, 
however, assumes the bending moment diagram shown in Figure 2. The proposed factor attempts to quantify the 
difference in bending capacity between Figure 1 and Figure 2. 

Figure 1. Typical bending moment diagram for a compression chord in a 4 panel pitched chord truss. 



Figure 2. Bending moment diagram for standard test. 

Three equations for K^^ are required to cover all the different possible bending moment distributions. 

This equation is meant to be used with specified strength values that are based on bending at a span-to-depth ratio of 
17:1. Other span-to-depUi ratios are accommodated by the (l/d)'"'^factor where / is the span and dis the member 
depth (see Table 3). The fu-st equation will apply to most trusses. Unusual bending moment cases are covered by 
the second and third equations for K^f. These cases include members under uniform bending moment and simply 
supported members or members with zero end moments (Figure 3). The commentary to the code language in 
Appendix I discusses these special cases. 

Table 3 

Bending Capacity Modification Factor, K^, 

M Applicable Condition 

2.20-053 T-0.64- + 0.41 
d 

^-6 
<1.3 

Compression chord members 
continuous over one or more 
panel points, and where 

-1.0 < ̂  < 1.0 

1.31 + 0.12-
KM. 2^ 

<1.3 

Compression chord members 
continuous over one or more 
panel points, and where 

1 . 0 < ^ < 3 . 0 

1.67 <1.3 
All other compression chord 
members 

where 

Lp = actual length of the member between adjacent analogue panel points, mm 
d = depth of the member between adjacent analogue panel points, mm 
Ml = maximum bending moment between analogue panel points, N-mm 
M2 = maximum of the two panel point bending moments, N-mm 

Note: The sign of the bending moments, M/ and M2, are retained in determining K^. 
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Figures. Typical bending moment diagrams. 

Most bending moment distributions for pitch chord trusses will use the first equation. The generally range from 
1.0 for top chord members with very long span-to-depth ratios, to about 1.25 for top chord members with short span-
to-depth ratios. The impact study done by the TPIC did not reveal any truss configurations that would be limited by 
the cap on /Tjî  at 1.3. This limit on was placed to reflect the range of the impact study done rather than a 
limitation of the equation. 

6.2.2 Non-linear Interaction Equation 

The non-linear interaction equation proposed is: 

+ • <1 

where 

Pf = factored applied axial compression load 
P, = factored axial compression resistance from CSA-086.1-M94 section 5.5.6 
Mj = factored applied bending moment 
A/, = factored bending moment resistance from CSA-086.1-M94 section 5.5.4 

= bending load configuration factor 

The current linear interaction equation, which will apply to structural members falling outside the scope of the 
proposed section on lumber properties for truss applications is: 

P, M, 

P. M. 

Although the format of non-linear interaction equation is empirical, preliminary results from this testing program 
confumed that lumber under compression and bending loads do follow this interaction equation more closely than the 
linear equation. A comparison of the linear and non-linear interaction equation when K^=\is shown in Figures 4 
and 5. 



Figure 4. Comparison between linear and non-linear interaction equation. 
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Figure 5. Difference in capacity between linear and non-linear interaction equation. 

The curves shown in Figiu-e 4 define the combinations of bending and compression that are just acceptable according 
to the design code. Combinations of bending and compression between the origin and the curves are acceptable. In 
trusses, the ratio of bending to compression in a given member is generally set once the truss configuration and 
lumber size have been determined. A constant ratio of bending to compression may be represented by a line 



radiating from the origin. Each position on the line represents a load level at that ratio. Thus, the distance between 
the linear and non-linear interaction curves along a line of constant ratio represents the increase in capacity for a 
given truss configuration. Figure 5 shows this difference in capacity between the two interaction equations for a 
range of bending to compression ratios. The figure also shows the ratios of bending to compression that are 
generally found in pitched chord trusses. 

6.2.3 Effect of the Code Change 

For the range of axial compression to bending generally observed in pitched chord trusses, the non-linear interaction 
equation permits about 15 to 25% more capacity than the linear interaction equation. Combined with the bending 
moment configuration factor, the overall increase in capacity may be up to about 60%. The increases are consistent 
with the load carrying capacities found in a sample of 120 full scale truss tests (Lum 1993). Adoption of these 
equations will allow the truss industry to drop the controversial special provisions without negatively impacting the 
current truss spans. 

7.0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Implications 

A lumber testing program on S-P-F 2x4 lumber under combined bending and compression has been completed. 
Preliminary information from this testing program has been used to validate a lumber design procedure for truss 
applications. 

The code change, consisting of a new interaction equation and a bending moment configuration factor, has been 
accepted in principle by the Technical Committee on CSA-086. Without the new code provisions, the wood truss 
industry would have been forced to build heavier and more expensive trusses for Part 9 applications. The acceptance 
of the code change has enabled the Canadian wood truss industry to maintain its truss spans. Because the design 
procedures were developed using available data and technical information generated in this project, the procedures may 
also be applied to non-residential trusses below 12.1 m in span. The effect of the code change proposal has been to 
maintain die competitiveness of trusses for Part 9 applications and increase the competitiveness of Part 4 trusses up to 
12.1 min span. 

In addition to the code changes, this project has produced apparatus to test lumber in combined axial and bending 
loads. This equipment has been used successfiilly to test lumber in axial compression and bending. It may also be 
used to test lumber in axial tension and bending. Data developed in this project is being analysed as part of a UBC. 
Ph.D. program on lumber properties for truss applications. The university research program is expected to produce a 
stochastic finite element model to predict the performance of lumber under any loading conditions. 

7.2 Future Activities 

Future activities may include testing lumber in combined tension and bending forces. The code change does not make 
any changes to the design of tension chord members. As the use of engineered wood products increases and the fibre 
supply decreases, a better understanding of the performance of lumber will be required. 
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CSA-086.1-M94 CODE CHANGE PROPOSAL 
LUMBER DESIGN FOR TRUSS APPLICATIONS 

SUMMARY 

The Truss Research Task group proposes a new section in CSA-086.1 specifically to deal with lumber design for metal plate 
connected trusses. This proposal applies CSA-086.1 requirements to truss chord design, and eliminates the need for special 
residential truss provisions without changing current ttuss designs significantly. Background to this proposal included a test 
program on representative trusses to show that the current truss spans are appropriate. The proposed lumber design 
provisions are based on a rational model of the structural behaviour of lumber when used in truss applications. This proposal 
also clarifies how existing CSA-086.1 code provisions should be applied in the design of wood trusses. 

I. INTRODUCTION 

Special provisions contained in the Truss Plate Institute of Canada (TPIC) Truss Design Procedures yield lighter trusses for 
strucmres that fall within the scope of Part 9 of the National Building code of Canada (NBCC) than under Part 4 of the 
NBCC. Part 9 generally applies to residential and small buildings while Part 4 applies to commercial and large buildings. 

This difference in the structural requirements of Part 9 and Part 4 trusses arose when metal plate connected trusses were first 
introduced. Trusses designed according to the Canadian Engineering Design in Wood Code (CSA-086) were found to be 
less economical than conventional rafter construction. A testing program conducted at the time demonstrated that the 
conventional rafter construction performed well and that wood trusses could be designed to similar levels of performance 
without compromising structural safety. As a result of the testing program, the Building Code has included Howe and Fink 
truss span tables since 1977. The TPIC truss design procedures calibrate truss designs to these span tables. 

These provisions for Part 9 trusses have been used by the TPIC with the working stress editions of the CSA-086 design code 
for many'years. Trusses designed accordingly have had satisfactory performance histories. Beginning with the 1995 edition 
of the NBCC, the working sttess design code is being withdrawn. When compared to the most recent editions of the wood 
design code (limit states design) these special ttuss design provisions appear to be in conflict with the code. 

The truss industry therefore decided to undertake a research program that would develop a rational means of addressing the 
code discrepancies while maintaining the current spans afforded by the special provisions. The first steps in this process of 
rationalising the design of wood trusses have abready taken place. The NBCC has deleted the Howe and Fink span tables 
from Part 9, and the TPIC is refming its truss design procedures to account for fixity at heel joints (see attached summary). 
Propoased changes to lumber design, submitted for consideration by the Technical Committee on CSA-086.1, is the next 
step in this rationaUsation process. 

2. DISCUSSION 

2.1 CODE CHANGE 
The proposed code language and commentary' are presented as new Clause 5.5.13. The major items in the new section are 
as follows: a new interaction equation for lumber subjected to bending and compression; modifications to the bending 
sttength depending on the bending moment disttibution; modification of the bearing strength of lumber by truss plating; and 
interpretation of existing code provisions for truss applications. Table 1 lists the main elements of the code change and the 
approximate effects of each change. 

The commentary is provided for committee information only and will not be balloted. 



Table 1 - Overview of Current Practice and Proposed Code Changes 

Current Practice 
(lPlC-1988) 

Current Practice 
(CSA-086.1-M94) 

Proposed Effectof Change on 
ccmiputed design capacity 

/Q, = 1.33 ^ = 1.0 Decrease by 33% 

Kc= 1.0 (no slendemess) Kc < 1.0 (Sec. 5.5.6.2.3) Kc < 1.0 (Sec. 5.5.6.2.3) Decrease (20 to 50%) 

Pf M, 
^ + ^ <1 

Pr 
^ + ^ <1 

Pr 
^ + ^ <1 

KPJ 

Increase (10 to 25%) 

M, = M,(Sec. 5.5.4.1) Mr = Af,(Sec. 5.5.4.1) Mr = K^Mr (Sec. 5.5.13.4) Increases (-5 to 30%) 

2.2 IMPACT OF THE CODE CHANGE 

Table 2 compares the combined stress indices (CSI) in the top chord using existing codes and the proposed code. The truss 
configurations shown cover die range of trusses constructed for Part 9 applications. If the code change proposal is accepted, 
the impact of the proposal on trusses diat fall wifliin the scope are summarised in Table 3. Table 4 indicates die impact of 
applying Part 4 requirements widiout the proposal. 

Table 2 - Summary of Top Chord Combined Stress Indices for Various Truss Configurations 

Truss Configuration CSA-086-M84 + CSA-086.1-M94 CSA-086.1-M94 
TPIC-88 Only + Proposal 

30 ft, 4 bay 2/12 howe with 2x4 chords 0.79 1.14 0.93 

30 ft, 4 bay 4/12 howe (test truss) with 2x4 chords 0.99 1.45 1.05 

30 fl, 4 bay 7/12 howe (test trass) with 2x4 chords 0.99 1.47 1.01 

30 ft, 4 bay fink tmss with 2x4 chords 0.99 1.50 1.10 

40 ft, 4 bay 4/12 howe with 2x8 chords 0.99 1.24 0.86 

40 ft, 6 bay 4/12 howe widi 2x4 chords 0.95 1.33 1.18 

32 ft, 6 bay 4/12 howe with 2x4 chords and variable 0.90 1.24 1.00 
panel lengths 

20 ft, 4 bay 4/12 howe with 2x4 chords 1.00 1.40 0.99 

20 ft, 4/12 king post with 2x4 chords 0.67 0.76 0.68 

30 ft, 4 bay 4/12 high heel howe with 2x4 chords 0.94 1.02 0.79 

30 ft, 4 bay 7/12 high heel howe with 2x4 chords 0.97 1.07 0.69 

NOTES: - 2/12 Howe and 4/12 king post trass capacities are limited by deflection. 
- portion of decrease in CSI's for raised heel trasses due to change in TPIC analogue. See section 2.3.1 
- All chords are 1650f-1.5E S-P-F lumber. Trasses supported on 140-nim long bearing plates. 



Table 3 - Change in Top Chord Capacity from Cm*rent with Proposed Code Provisions 

Tmss Type « 6.0 m or below «9.0m » 12.2 m 

Part 9 trusses that fall within 
scope of proposal 

No change 0 to 10% decrease 20% decrease (2x4 chords) 
15% increase (2x8 chords) 

Part 4 trusses that fall within 
scope of proposal 

40% increase 40% increase 15% decrease (2x4 chords) 
40% mcrease (2x8 chords) 

Table 4 - Change in Top Chord Capacity from Current without Proposed Code Provisions 

Truss Type w 6.0 m or below «9.0m «12.2 m 

Part 9 30% decrease 30% decrease 30% decrease (2x4 chords) 
20% decrease (2x8 chords) 

Part 4 No change No change No change 

• As with non-wood trusses, the proposal does not distinguish between trusses for Part 4 and Part 9 applications. The 
minimum loading reqmrements for Part 9 and Part 4 trusses, however, still remain. Part 4 and Part 9 trusses will 
generally be designed to carry 80% and 60% of the ground snow load, respectively. 

• The proposal establishes current Part 9 trusses as the correct baseline, and consequentiy shows the top chord lumber m 
current Part 4 designs to be understressed by about 30% (i.e. CSI » 0.7). With the proposal, pitched chord Part 4 ^ 
trusses usmg the same lumber in the top chord as a Part 9 truss will be allowed the same load carrying capacity as the 
Part 9 truss. 

• The difference in the impact of the proposal on the 2x4 and 2x8 trusses at the 12.2 m span is due primarily to the . 
introduction of bending length effects in the bending capacity modification factor. The 2x8 truss has an l/d ratio of 17 
while the 2x4 truss has an l/d of 24. The for the 2x8 and 2x4 trusses are 1.23 and 1.02, respectively. 

# 
• The increase in the capacities of raised heel trusses is due to two changes: revision of the TPIC analogue and the 

introduction of the bending load configuration factor. The current TPIC analogue for raised heel trusses consists of 
extending the analogue lines for the top and bottom chord past the actual support, and assuming an analogue support 
where the two lines meet. This causes the bending moment and axial force in the fu-st panel to be overestimated. The 
revised analogue proposed for TPIC-95 provides more accurate estimates of the bending moments and axial forces; this 
has been confumed by recent tests on strain gauged raised heel trusses. The remaining increase in capacity is due to the 
new bending load configuration factor. The raised heel detail introduces a bending moment in the fu-st panel that may be 
as high as at the panel point. This results in two moment inflection pomts and relatively small mid-panel moments in the 
fu-st panel. The reduction in tiie case of the 4/12 raised heel truss was sufficient to make the second panel the governing 
panel. 

• Trusses outside the scope of Clause 5.13 (e.g. clear span greater than 12.2 m, overall length greater than 12.2 m, floor 
and girder Ousses) are unaffected and will continue to be designed according to the current Part 4 requirements. 

• Shallow trusses exhibiting high levels of axial force relative to bending will show a small decrease in capacity. 
However, their designs will generally be governed by serviceability limit states requirements. 

• All tension chord members will be designed according to Part 4 requirements. The CSI in the tension chords of Part 9 
trusses may mcrease up to 30%. The impact will be minimised because traditionally, the same grade and size of lumber 
is used m the top and bottom chords of Part 9 trusses and the chord lumber selection has generally been govern by the 
requirements for the compression chord. 



2.3 BACKGROUND STUDIES 

2.3.1 Truss Testing Program 

A testing program to examine the strength distribution of standard trusses was imdertaken in 1993 (Lum, 1993). Because the 
largest discrepancy in the truss design procedures was in the design of compression chord members, the study focused on 
assessing the sttengdi of compression chords. Sixty 30 ft long 4/12 howe trusses and skty 30 ft long 7/12 howe ttusses were 
tested to desttuction. Both truss configurations were designed to have fiilly sttessed compression chords according to die 
1988 TPIC truss Design Procedures. Analysis of the test results showed that trusses designed according to the working 
stress desigii code and using die special provisions contained in TPIC-88 resulted in satisfactory levels of structural safety. 

The destructive truss testing was followed by tests to determine the stress distributions in the top chords of standard (Lum, 
1994) and non-standard trusses. Subsequent phases of die testing program generated test data to act as references for TPIC 
truss analogues. Tests were recentiy completed on two sets of non-standard trusses: Howe dmses with high heels, and 
ttusses wifli top chord sliders. Results of stram gauge tests on these trusses indicate that application of die TPIC procedures 
and die proposed code provisions are appropriate. 

2.3.2 Liunber Properties 

Lumber used in truss applications are subject to loading conditions that are quite different from diose for single members in 
conventionally framed wood construction. The two proposed changes in lumber design for ttuss applications are: combined 
loading and varying bending moments. 

The information on combined loading is not new to the committee and has been shown on previous occasions to fit lumber 
data on beain-columns. The bending moment modification factors are consistent widi several studies that have linked 
bending capacity to load configurations. Further information on fliese effects are found in die attached document by UBC. 

3. RECOMMENDATIONS 

The Truss Research Task group recommends that the new section on lumber design for truss applications be inserted in 
CSA-086.1. The proposal provides a rational approach in die design of top chords of trusses and eliminates die difference 
in lumber design for Part 4 and Part 9 trusses. It maintains die truss spans currentiy allowed under CSA-086-M84 and 
TPIC-88. 

4. REFERENCES 

Lum, C. 1994. Interim Report on 1994 Truss Research Program. Unpublished report. Forintek Canada Corp.. Project 
No. 1591K424. 7pp. 

Lum, C. 1993. hiterim Report on 1993 Truss Research Program. Unpublished report. Forintek Canada Corp.. Project 
No. 1591K424. 12pp. 



5.5.13 SAWN LUMBER DESIGN FOR TRUSS APPLICATIONS 

5.5.13.1 SCOPE 

Design methods specified herein apply only to fully triangulated metal plate connected 
trusses spaced not more than 610 mm apart and with clear spans between bearings 
not exceeding 12.20 m.' The design span or overall length of the truss shall not exceed 
18.0 m, and the top chord shall have a pitch not less than 2 in 12." 

Except as provided in 5.5.13.2 to 5.5.13.4, truss members must meet the requirements 
of Section 5, and metal connector plates must conform to Clause 10.8. 

The load effects on all members and connections shall be determined in accordance 
with recognised methods of analysis such as those given in the latest edition of the 
Truss Plate Institute of Canada (TPIC) Truss Design Procedures. 

Commentary for committee information only— 

' FULLY TRIANGULATED: The design procedures apply only trusses where all of its members form a 
side of a triangle. In such a system, a bending failure at the nodes of a compression member would not 
normally result in collapse of the triangle. An attic truss is not a fully triangulated system. Also, the ends 
of top chords in top chord bearing trusses, and top chord overhangs do not fail within the scope of this 
section and therefore are not considered part of the overall truss length. 

CLEAR SPAN LIMITATION: The 12.2 m clear span limitation is consistent with that for snow loading for 
NBCC Part 9 structures (NBCC, Subsection 9.4.2). When the 12.20 m span limit is exceeded or when 
other conditions are in effect, an 80% snow load factor must be used (i.e. designed as a Part 4 truss). 
When the 610 mm spacing limit is exceeded, the 80% snow load factor must be used and the factor in 
CSA-086.1-M94 is reduced from 1.1 to 1.0. Note that neither the S307 test nor the testing done in the 
research program is intended to address system effects. 

" TRUSS CONFIGURATION: This requirement essentially limits the proposal to roof trusses with slopes 
that are similar to those trusses tested. Very low pitch trusses, floor trusses and flat trusses fall outside 
the scope of this section. All floor and flat trusses are designed according to Part 4 requirements. 
Compared to the standard pitched chord trusses evaluated in the testing program, very low pitch (less 
than 2 in 12) and flat trusses have a higher axial force to bending moment ratio. 

The overall length is a limit which the truss industry has traditionally used to place additional limits on 
design. The two limits, 12.20 m clear span and the 18.0 m overall span, provides a reasonable transition 
between traditional residential spans and long span trusses. Below the 18.0 m overall truss length limit, 
the truss may consist of cantilevers and/or multiple clear spans provided no single span exceeds 12.20 m. 

Bow string and semi-circular trusses have an additional span restriction in NBCC 9.4.2.2 (3). This is to 
deal with the effects of unbalanced loading. 



5.5.13.2 Compressive Resistance Parallel to Grain 

5.5.13.2.1 

Unless otherwise required, the effective length L^^K^Lp shall be used in determining the 
slenderness ratio. 

Note: Effective length factors, K^, for compression members and conditions under 
which these factors apply may be found in the TPIC Truss Design Procedures."' 

5.5.13.2.2 

A chord member containing a splice may be considered continuous for a specific load 
case if the splice is located within ±10% of the panel length from an inflection point.'^ 

5.5.13.2.3 

The member length used to compute the factor shall be the greater of the panel 
length or one-half the chord length between pitch breaks.^ t 

Commentary for committee information only 

'" EFFECTIVE LENGTH: CSA-086.1 recommends effective length factors which are included in an 
appendix to the code. The selection of these factors depend on the loading and the type of structure. 

" COMPRESSION CHORD SPLICES: For purposes of strength and deflection calculations, a 
compression chord splice may be considered continuous provided it is located at an inflection point for the 
load case being considered. To allow for changes in lumber length, the splice need only be within ±10% 
of the panel length from the inflection point. This allowance also recognises that the location of the 
inflection point will depend on the loading condition. 

" SIZE EFFECTS IN COMPRESSION: In most cases, the member length for computing Kz^ is the panel 
length: between panel points, the axial force is nearly constant and large changes in the axial force level 
only occur at the panel points. In cases where the axial stresses are high relative to the bending stresses, 
resulting in relatively short panel lengths, and where the axial forces are relatively constant between 
panels (e.g. as in parallel chord trusses), the member length for computing Kz^ should include several 
panels. One-half the chord length between pitch breaks was judged to be sufficient to cover these cases. 

A pitch break is a point along the chord analogue line where the slope of the chord changes. 

P«ge2of8 



5.5.13.3 Compressive Resistance Perpendicular to Grain 
Factored bearing forces shall not exceed the factored compressive resistance 
perpendicular to grain in accordance with the provisions of clauses 5.5.7.1 and 5.5.7.2. 

The special requirements of Clause 5.5.7.2 may be met by providing adequate bearing 
reinforcement against the effects of concentrated bearing loads acting near a support.^' 

Note: Bearing reinforcing details using light gauge metal plates that conform to Clause 
10.8.1 may be found in the TPIC design procedures. 

5.5.13.4 Resistance to Combined Bending and Axial Load 
Members subject to combined bending and compression or tensile axial load shall be 
designed to satisfy the following interaction equations:^" 

P. 
+ ^ < 1 . 0 

or 

^ + —^<1.0 
Tr K 

where 

factored compressive axial load 

factored tensile axial load 

factored bending moment. Unless mid-panel deflection of truss chords are 
limited to criteria such as in the TPIC design procedures, moments shall be 

Commentary for committee information only 

^ BEARING REINFORCEMENT: Bearing reinforcement consists of applying truss plates to both sides of 
a member that may be subjected to compression perpendicular to grain stresses through the depth of the 
member. Designs will still have to meet the basic bearing requirements of Clause 5.5.7.1. Background on 
this method of improving the bearing resistance was presented at the November 1994 meeting of the 
Technical Committee on CSA-086. 

INTERACTION EQUATION: The modification to the axial ratio tenn was introduced to recognise the 
increase in bending capacity when a brittle material is subjected to axial compression in addition to 
bending. The i:̂ /factor is used to adjust the bending capacity for various moment configurations in the top 
chords. These two changes to the design of compression chords help to explain the satisfactory levels of 
safety observed in the test trusses. 

No increase is permitted for combined tension and bending members as the testing program was not 
designed to evaluate the performance of tension chord members. 

TV* = 



amplified to account for the effects of axial loads on laterally loaded 
members/ '" 

Pf = factored compressive load resistance parallel to grain calculated in 
accordance with the requirements of Clauses 5.5.6 and 5.5.13.2. 

Tr = factored tensile load resistance parallel to grain calculated in accordance 
with the requirements of Clause 5.5.9 

Mr = factored bending moment resistance calculated in accordance with the 
requirements of Clause 5.5.4 

KM = bending capacity modification factor as defined in Table 5.5.13.4 

Commentary for committee information only 

AMPLIFIED MOMENTS: The proposed design procedures have been written to cover the general case 
where amplified moments are used. Although moment amplification should not be ignored, some 
structures may be accurately analysed without having to use analysis methods that include moment 
amplification. An analysis of moment amplification in trusses indicated that mid-panel moments were the 
more susceptible to P-delta effects, while panel point moments were less susceptible. Furthermore, the 
amount of moment amplification computed is sensitive to the type of structure and the analogue 
assumptions. 

Results from the testing program suggests that the design procedure currently in use by TPIC results in 
trusses that exhibit satisfectory levels of performance. The TPIC design approach does not include 
moment amplification; however, the procedure does require that the mid-panel deflection be limited. The 
deflection criteria, in effect, limits the length of truss panels even though the chord member may possess 
sufficient strength. 



Table 5.5.13.4 

Bending Capacity Modification Factors 

Applicable Condition 

1.31 + 0.12-
KM J 

1 
^ " 6 

<1.3 

Compression chord members 
continuous over one or more 
panel points, and where 

1.0 < <3.0 

2.20-Oi3 -0.64 + 0.41 
^ " 6 

dJ 
<1.3 

Compression chord members 
continuous over one or more 
panel points, and where 

- 1 . 0 < ^ < 1 . 0 

/ r \ 

1.67- <1.3 
All other compression chord 
members 

Commentary for committee information only 

^ SENDING CAPACITY INCREASE: The /r̂ , factors are based on analysis done by the UBC Wood 
Science group. In addition to being a function of the member's span to depth ratio, the factor also 
depends on the shape of the moment diagram. A greater than 1 generally indicates a bending moment 
distribution with one or more inflection points in the member between panel points, and a panel point 
moment that is higher than the mid-panel moment. For cases where the mid-panel moment is higher than 
the panel point moments or where the loading is such that there are no inflections points in the panel, the 
ATĵ  factor is generally less than 1. 

The test trusses and trusses analysed in the impact study, which are considered typical designs, result in 
values of up to 1.3. A cap on at 1.3 has been introduced to prevent extrapolation to higher 
factors. 

" BENDING CAPACITY INCREASE (other cases): Where the structural analysis indicates zero moment 
at the panel points (i.e. = 0), the bending capacity increase will simply be a function of the span-to-
depth ratio. With the exception of the heel joint, this generally occurs at pitch breaks or panel point 
splices. Examples include compression chords in the interior panels of a bow string truss where the 
compression member is not continuous over the panel points. Although the bending moments may not be 
zero, designers traditionally assume a pin connection at these points. However, a fictitious analogue 
member, such as that used to model a heel joint in a pitched chord truss, is considered to introduce a 
panel point in the heel. Therefore, the top chord of a king post truss can be assumed to be continuous 
over a panel point at the heel but not at the peak. 



where 

Lp = actual length of the member between adjacent analogue panel points, mm 
d = depth of the member between adjacent analogue panel points, mm 
Mj = maximum bending moment between analogue panel points, N-mm 
M2 = maximum of the two panel point bending moments, N-mm 

Note: The sign of the bending moments, Mj and M2, are retained in determining K^-
The factored bending moment. My, used in Section 5.5.13.4 is the larger of the absolute 
value ofM, andM2.'" 

Commentary for committee information only 

The designer must keep track of the sign of the bending moment when calculating the factor. The 
designer's definition of what is a positive moment, however, is not important. 



D R A F T Proposal - 4-Oct-95 

2. DEFINITIONS AND SYMBOLS'"'' 

2.1 Definitions 

Analogue chord - the line representation of a chord member for purposes of structural 
analysis. 

Analogue member - the line representation of a truss member for purposes of 
structural analysis. 

Analogue panel point - a simple analogue point derived from the intersection of two 
or more non-parallel analogue member lines and/or normal line from a bearing surface. 

Analogue web - the line representation of a web member for purposes of structural 
analysis. 

Chord member ~ a truss member that defines the top or bottom edge of a truss. 

Chord splice ~ a joint at which two chord members are joined together with truss 
connector plates to form a single member without a pitch break. 

Clear span ~ the truss length measured from the inside face to inside face of adjacent 
supports. 

Design span'"" ~ the overall length of the truss analogue used in the truss analysis. 

Flat truss ~ a truss where the slope of the top chord does not exceed 2 in 12. 

Mid-panel moment ~ the maximum moment between analogue panel points. 

Panel point moment - the moment computed at an analogue panel point. 

Panel length ~ the distance along an analogue chord between two adjacent analogue 
panel points. 

Pitch break""' ~ the point at which a truss analogue chord changes slope. 

Simple analogue point ~ analogue consisting of only one point formed by the 
intersection of two uniquely identifiable lines. 

Commentary for committee information only 

Definitions: New definitions to be added to or revised in Section 2. 

Definition from TPIC Design Procedures 



Triangulated system - a structural system that has its members arranged to form 
triangular patterns such that the system remains structurally-stable when pin joints are 
assumed at the analogue panel points. 

Truss panel length - the distance between two adjacent analogue panel points. 

Web member"'" - an internal truss member that join the top and bottom chords to form 
triangular patterns that give truss action by carrying axial stresses. 

2.2 Symbols 

Kzc = size factor for compression for sawn lumber (Clause 5.5.6.3.2,5.5.13.4) 

KM = bending capacity modification factor (Clause 5.5.13.4) 

Lp - actual length of a truss member between adjacent analogue panel points, 
mm 

Ml - maximum factored mid-panel moment, N-mm (Clause 5.5.13.4) 

M2 = maximum factored panel point bending moment, N-mm (Clause 5.5.13.4) 



APPENDIX II 

Data Reports and Proposals Prepared by U,B.C. 



BACKGROUP«) AND P R O B L E M OVERVIEW 

Trusses are extensively used in residential and commercial applications. Residential trusses are 
designed following the Truss Plate Insititute of Canada (TPIC) procedures which yield trusses that 
are expected to satisfy the CSA Standard S307 "Load Test Procedures for Wood Roof Trusses for 
Houses and Small Buildings" and the; National Building Code of Canada (NBCC) requirements. 
The TPIC design procedures are based on the CSA-086 working stress design criteria with an 
additional increase of allowable stresses by 33 percent to correspond to a load duration of one day, 
which is the test period of the S307 test. 

I 
I 

With the introduction of the new Limit States Design criteria in CSA-086, the 33 percent increase 
in design properties is not allowed since the working stress design version of CSA-086 was not 
referenced in the 1995 revision of the NBCC. Consequently, a truss research program was initiated 
by the truss industry, Canadian Wood Council, Forintek Canada Corporation and University of 
British Columbia to develop new design procedures which are consistent with the modem limit 
states design philosophy as well as the CSA S307 load test provisions. 

I OBJECTIVES 

A series of experiments have been performed to study the material properties of 1650f-1.5E 
machine stress-rated lumber used in tmss appUcations. The results of these test program wUl be 
used as basic input and verification pf a to the material model which considers size and stress 
distribution effects. The objectives of these experimental studies are: 

i 
1. To characterize the randomness of the within-board and between-board material properties 

of 1650f-1.5E MSR lumber.; The properties needed to be characterized are modulus of 
elasticity (MOE), tensile strength, compression strength and the correlation between them. 

i 
2. To establish the &ilure loci (interaction equation) in the plane of bending moment (^/) 

versus axial force (P) for a length to depth ratio that fells in typical tmss q)pUcations 
corresponding to 1) a member under eccentric compression with no lateral load, and 2) a 
member under combined axial and lateral loads similar to the stress distribution 
experiencing in tmss chord members. 

3. To study the effects and establish empirical relationships between visual defects and the 
stmctural strength along the board 

4. To study the nonlinear stress-strain relationship of lumber in uniaxial compression so that 
the nonlinear stress distribution across a section under combined moment and axial load 

I 
can be derived. 

I M A T E R I A L 

1800 pieces of 38x89 mm 5.5 m (18-feet) length MSR 1650f-1.5E boards were conditioned so that 
moisture content between 10 and 15% was obtained. 750 pieces of them were shipped to Forintek 
and the flatwise MOE of each piece was determined non-destmctively using a Cook Bolinders AG-



SF stress grading machine. Simple beam bending theory was used to calculated the MOE profile 
from the measured load profile. 

After the MOE of the lumber were determined, they were divided into 15 groups of 50 by matched 
groups technique based on the average flatwise MOE. Four groups of them were merged into two 
groups of 100 for the third-point bending test and the long span pure compression test. Thus a total 
of 13 groups were produced. 

TEST PROGRAM (PHASE 1) 

Due to the fact that the scope of testing is large, the tests were divided into phases. Phase 
1 was started in April 1995 and completed in November 1995. This includes the following 
test: 

Table 1 Scope of Testing of Group B specimens in Pliase 1 

Test Mode N Span (mm) N a o f 
Span 

Axial 
T o r C 

Eccentricity Test Location 

I-l Pure bending-
1/3 pt loading 

100 2670 1 Nil Nil UBC 

1-2 Pure comp. 100 2670 1 c Nil FCC 
n-1 Eccentric C 50 2670 1 c 5 mm FCC 
n-2 Eccentric C 50 2670 1 c 75 mm FCC 
n-3 Eccentric C 50 2670 1 c 200 mm FCC 
VI-l Combined (C+B) 

C=4kN 
25 2670 1 c NU FCC 

VI-2 Combined (C+B) 
0=8 kN 

25 2670 1 c Nil FCC 

VI-3 Combined (C+B) 
C=12kN 

25 2670 1 c Nil FCC 

VI-4 Combined (C+B) 
C=4kN 

25 5340 2 c Nil FCC 

VI-5 Combined (C+B) 
C=8kN 

25 5340 2 c Nil FCC 

VI-6 Combined (C+B) 
C=12kN 

25 5340 2 c Nil FCC 

VI-
7* 

Combined (C+B) 
C = undecided 

25 5340 2 c Nil FCC 

• VI-7 is not completed yet. It would be completed in mid-March. 

TEST I-l (Third-point Bending Test) 

Test Procedures 

Prior to testing the specimens, the boards were splitted into two equal halves and were labeled A 
and B with A corresponds to the specunen with the grade stamp at the end. In addition, the two 
specimens were marked so that the loading was applied to the same edge of the board. 

The specimens were then tested in third-point loading condition. The span of the specimen is 2670 
mm (90 inches) with two loads spaced at 890 mm (30 inches) apart. The loads were applied by a 



hydraulically controlled UBC Bending Test machine at a controlled displacement rate of 
approximately 30 mm/min, which produced fiiilure in about one to two minutes. A yoke was used 
to measure deflections at mid-span. Before loading the specimens to destruction, the specimens 
were E-rated by loading the specimens approximately to 1780 N (400 lb). The MOE was 
determined by the ^plied load and the corresponding mid-span deflection. The MOE obtained can 
be regarded as the average edgewise MOE of the piece. 

After testing the members to feilure, the members were inspected to determine the failure location 
and failure code. Forintek failure coding system was used in this exercise. Blocks of specimens 
were cut near the feilure defects and were used to estimate the specific gravity and the moisture 
content of the piece. 

Test Results 

Most of the specimens failed at a visible defect within the central span. Among the feilure defects, 
most of them are knots or knot clusters. There were several other feilure modes encountered in the 
testing but they contribute less than 10% of the feilures. These feilure modes are slope-of-grain 
deviation, tension perpendicular to grain, warping, bark pockets, etc. The cumulative distribution 
of the MOR and its descriptive statistics are given in Figure 1 and Table 2, respectively. 

Third-point Bending Test 
Test I-I 

20 30 40 50 60 70 60 90 
MOR(MPa) 

Figure 1 Cumulative Probability of M O R (Test I-l) 

Table 2 Descriptive Statistics of Third-point Bending Test 

Specimen A Specimen B Combined 
MOR (MPa) MOR (Mpa) MOR (Mpa) 

Count 100 100 200 
Mean 48.229 48.752 48.491 
S.D. 11.111 12.537 11.818 
Minimum 22.670 21.020 21.020 
Maximiun 81.210 79.150 81.210 
5th Percentile 27.641 25.202 26.811 
50th Percentile 47.820 50.495 48.845 
95th Percentile 65.540 71.310 66.328 



TEST 1-2 (Pure Compression Test) 

Test Procedures 

100 boards were selected and were cut into two specimens per board. They are labeled Specimens 
A and B. The specimens were then tested in pure compression (span = 2286 mm) with lateral 
supports in both the strong and the weak axes. The tests were done by a compression testing 
machine at Forintek Laboratory. The specimens were considered to have &iled when the axial load 
drop to 80% of the peak load. The compression strength was determined by dividing the ultimate 
compressive load by the actual cross-sectional area of the specimen. 

After the tests, blocks were cut fi-om section close to the &ilure location and were used to 
determine the moisture content and specific gravity. In addition, the &ilure location and feilure 
code were recorded for each board. 

Test Results 

The specimens were all &iled in yielding at a section or multiple sections close to defects. Since the 
specimens were prevented fi-om bending in any direction. The ultimate compressive strength 
obtained was the material capacity of the members. Two specimens were cut fi-om each board so as 
to evaluate the correlation within board. From Table 3, it can be seen that two groups of specimen 
behaved identically. The cumulative probabilities of the UCS of the two groups were given in 
Figure 2. 

Pure Compression Test 
Test 1-2 

UCS(MPa) 

Figure 2 Cumulative Probability of UCS 



Table 3 Descriptive Statisticf of Pure Compresiion Test 

Specimen A Specimen B Combined 
UCS UCS UCS 

Count 100 100 200 
Mean (MPa) 30.701 31.311 31.006 
S.D. (MPa) 3.643 5.549 4.692 
COV 11.866% 17.723% 15.133% 
Minimiun (MPa) 23.227 21.418 21.418 
Maximum (MPa) 42.148 68.644 68.644 
5th Percentile (MPa) 25.000 25.197 25.189 
50th Percentile (MPa) 30.490 30.460 30.483 
95th Percentile (MPa) 36 881 39.105 38.037 

Test n-1,2,3 (Eccentric Compression Tests) 

Test Procedures 

In these tests, the specimens were cut at randomly generated preset position within the board. The 
test span was 2286 mm. Each end of the test specimen fitted snugly into a steel "boot" through 
which axial compression was appUed at a pre-determined eccentricity about the strong axis. The 
eccentricities selected were 5 mm, 75 mm and 200 mm. Lateral supports were provided along the 
member so that buckling about the weak axis was prevented. LVDT were used at four locations 
along the member to measure the deflection. To assure that the specimen would bend away firom 
the applied eccentricity side of the neutral axis, an initial deflection was achieved by bringing the 
cross-head of the lateral load down to a prescribed value. Then the axial load was applied until 
failure. Failure mode and feilure codes were determined by inspecting the specimens after the test. 
Moisture content and specific gravity were determined from the blocks cut close to the failed 
section. 

Test Results 

For the group with e = 5mm, the specimens failed mostly under compression &ilure with excessive 
yielduig(s) in compression side. Most of the friilures were initiated by a defect close to the edge. No 
tension &ilure was observed in the tests except one. 

For the other two groups, the specimens were mainly failed in the tension side with some initial 
yielding on the compression side. The failure mode is very similar to the &ilure mode obtained by 
the third-point testing. Most of the feilures were initiated by a defect such as a knot at the tension 
side. 

The descriptive statistics of the three groups are given in Table 4. The moment was calculated by 
multiplying the axial load and the mid-span deflection, which was obtained by interpolating from 
the readings of the LVDTs. The ultimate axial load versus the ultimate mid-span moment 
relationship is shown in Figure 3. It shows more scatter and the data doesnot fall in a radial line for 
specimens with eccentricity equal to 5 mm than the other two eccentricities. It is because the group 
with eccentricity of 5 mm mainly failed in compression while the other two groups foiled in tension. 



The scattemess is due to the fiict that under compression load, the lateral deflection is highly varied 
and thus the calculated moment is also varied. 

Table 4 Descriptive Statistics of Ultimate moment and axial load for each eccentricity 
e = 5mm e = 75 mm e = 200 mm 

Moment Axial Moment Axial Moment Axial 
(kN.m) (kN) (kN.m) (kN) (kN.m) (m 

Count 49 49 47 47 48 48 
Mean 1.362 41.465 2.046 16.001 2.165 8.375 
SthPcti 0.940 28.630 1.421 11.112 1.522 5.887 
50th Pcti 1.319 40.175 2.094 16.371 2.118 8.191 
95th Pcti 1.936 58.957 2.500 19.551 2.906 11.241 

Axial Load vs Mid-span Moment 
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Figure 3 Eccentric Compression Test Data 

To obtain a more representative format, the data were normalized. For each cloud of points 
representing one end eccentricity, each point was defined in polar co-ordinates, and the center of 
gravity of the cloud located. All points were assumed to be on a radial line through the origin and 
the center of gravity. Then 5th, 50th and 95th percentile values were calculated based on the 
distance of the point from the origin. 

A plot of the percentile values of the three eccentricities, the pure compression and the pure 
bending moment is given in Figure 4. The values look highly non-linear. Quadratic curves were 
also shown in the figure with the square term in the axial load ratio. It shows a rather good fit to 
the data for the 50th percentile values. 



z 
•V a o 

Axial Load vs Mid-span Moment 
(Percentile Values) 

5th PcU 
50lh PcU 
95th PcU 

Moment (kN.m) 

Figure 4 Eccentric Compression Test Normalized Percentiles 

Test VI-1,2,3 (Single Span Combined Bending and Compression Test) 

Test Procedures 

One specimen of 2286 mm was cut from each board. The location of the specimen within the board 
was also determined randomly. 

The specimens were first inserted into the steel boots. The mid-span actuator's piston rod was then 
lowered to produce a mid-span deflection of approximately 10 mm. Then the axial load was 
apphed under the load controlled mode until the prescribed load level. The lateral load was then 
appUed at third-points imtil feilure while the axial load was maintained. LVDTs were installed at 
four locations along the members to obtain the deflections as the test proceeded. 

After the tests, specimen blocks were cut near the foiled section to determine the moisture content 
and specific gravity. Failure location, foilure mode and foilure codes was recorded for each 
specimen. 

The ultimate capacity was determined by the maximiun lateral load and the associated axial load. 
The ultimate moment was calculated by multiplying the associated axial load and the mid-span 
deflection obtained by interpolation of the deflection curves corresponding to the occurrence of 
lateral load. 

The descriptive statistics of the ultimate moment and axial load for each axial load level are 
depicted in Table 5. A plot of these values are given in Figure 5. If nominal axial loads were used 
for the ultimate capacity, the ultimate capacities would be represented by horizontal points in the 
plot, which is given in Figure 6. Using the Sth, SOth and 9Sth percentile values of these points, and 
the results from third-point bending and pure compression, a plot showing the interaction 
relationship of axial load and moment is given in Figure 7. 

Table S Descriptive Statistics of Ultimate moment and axial load at each axial load level 



C = 4kN C = 8kN C = 12 kN 
Moment Axial Moment Axial Moment Axial 
(kN.m) (kN) (kNm) (kN) (kN.m) (kN) 

Count 49 49 49 49 48 48 
Mean 2.305 4.729 2.210 8.220 2.168 11.680 
SthPcti 1.621 3.416 1.431 3.039 1.413 10.291 
50th Pcti 2.292 3.874 2.293 7.652 2.178 11.719 
95th Pcti 3.318 11.490 3.145 15.277 2.945 14.788 
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Figure S Interaction Relationship from Single Span Test 
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Figure 6 Interaction Relationship using Nominal Axial Load 
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Figure 7 Interaction Relationship of Percentile Values 

At this stage, it is hard to establish the interaction surface because points obtained are all gathered 
near the moment and axial load axes. Further testing have been planned to produce additional 
points to establish the complete interaction curve. 

Test VI-4,5,6 (Double Span Combined Bending and Axial Compression Test) 

Test Procedures 

The test span of the double span tests is 4472 mm. Each specimen was cut from the center section 
of the board with both ends trimmed. Then it was inserted into the end grips of the testing 
apparatus. The specimen was supported at the mid-span and at the grips. Eight LVDTs were 
installed along the span to measure the deflections. Four points of loading with two at the third-
points of each span were ^pUed by a actuator. Axial compression load was applied by a 
horizontal actuator located at the right side of the test frame. 

The cross-head of the lateral actuator was lowered to produce a deflection of 10 nun at the mid-
span of each span so as to ensure the deformed shape of the specimen. Then axial load was applied 
and maintained at the prescribed level. Three prescribed levels were used — 4, 8 and 12 kN. Then 
the lateral load was increased until failure. No feilure location and codes was recorded for this test. 
However, failure location was determined by observing the test. 

Test Results 

No analysis has been done on this test yet. 



TOP TRUSS CHORD MEMBERS DESIGN PROPOSAL 

W. Lau, J.D. Barrett and F. Lam 
University of British Columbia 

1.0 INTRODUCTION 

The Canadian truss industry, working in cooperation with the Canadian Wood Council, 
Forintek Canada Corp., and the University of British Columbia, has imdertaken to 
evaluate the structural performance of metal plate cormected wood trusses. The research 
program includes the following elements: 

• full-scale truss capacity tests, 
• comparisons of computed and experimentally determined force and moments 

distributions in truss members and, 
• studies of the strength of sawn lumber members in truss applications. 

These studies are motivated by the need to convert metal plate coimected wood truss 
design to a Limit States Design Format and address certain provisions of the ciurent 
Limit States Design criteria as applied to the design of metal plate cormected wood 
trusses used in residential and light commercial appUcations. 

This paper summarizes the backgroimd for a proposal to improve truss chord design by 
refining the design equations for cdculation of the member strength luider combined 
axial compression and lateral bending loads. This proposal introduces a non-linear 
interaction equation for the calculation of member capacity under combined loads with 
a bending strength modification factor to accoimt for the effects of member size 
and load configuration on member bending capacity. 

2.0 T H E DESIGN PROCEDURES 

Top chord members subject to combined bending and axial compression shall be 
designed to satisfy the following interaction equation: 

<1.0 

where 

/ factored compressive axial load 



Mf = factored bending moment 
Pr = factored compressive load resistance parallel to grain calculated in 

accordance with the requirements of Clause 5.5.6 
Mr = factored bending moment resistance calculated in accordance with the 

requirements of Clause 5.5.4 
KM = bending capacity modification factor as defined in Equation (2) 

When checking a chord member for adequacy for the interaction equation requirements, 
each panel must be checked individually and the appropriate KM factor obtained for each 
panel. 

Based the Howe trusses tested at Forintek Canada Corp., the following procedures are 
reconunended for establishing the stress distribution factor KM. 

(1) obtain the moment diagram of the top chord member using an appropriate 
structural analysis methods such as TPIC procedures, FRAME analysis program, 
NS AT program or other appropriate programs, 

(2) determine the largest (absolute value) mid-panel moment (Mi) and the largest 
(absolute value) panel point moment (M2) within each panel, 

(3) calculate the M1/M2 ratio for each panel while keeping track of the signs of Mi and 
M2, 

(4) based on the panel length L and the member depth in the direction of bending d, 
calculate the length to depth ratio (L/d), 

(5) calculate KM using equation (2), 

(6) using the larger of Mi and Mj, and the associated Ku for input into the interaction 
equation, 

(7) check the interaction equation for adequacy, 

(8) repeat the above procedure for each panel. 

The stress distribution factor KM is a fimction of the mid-panel and panel point moments as 
well as the length to depth ratio. It can be used for 38x89mm, 38x140mm, 38x184mm and 
38x285mm dimensions when the appropriate size factor is applied to theM .̂ 
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Here, positive M1IM2 corresponds to the case when the whole chord is under negative 
moment (as shown in panel 2 of Figure 1) or positive moment. 

Figure 1 Moment Distribution along a Top Chord Truss Member for Unequal Spans 

3.0 BACKGROUND 

This section proves the rational and background for the proposed non-linear interaction 
equation and the bending property modification factors Ku. 

3.1 Non-linear Interaction Equation 

Several studies on the strength of flill-size members under combined axial and bending 
loads have demonstrated a non-linear relationship between the ultimate axial load and 
bending moment (Johns and Buchanan 1982, Zahn 1982 and 1986). An example of such 
relationship based on experimental data is shown in Figure 2 (Buchanan 1984). The 
simplified linear interaction equation adopted in CSA 086-M94 generally provides a 



conservative estimate of member capacity for cases of combined compression and 
bending. 
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Figure 2 Buchanan's Strength Model and Test Results (Buchanan, 1984) 

The proposed nonlinear interaction relationship provides estimates of member capacity in 
closer agreement with the nonlinear trend of the experimental results (Figure 1). Members 
designed using the non-linear expression will have tiigher calculated capacities when 
compared with current CSA 086 design criteria. The nonlmear form of the proposed 
interaction equation has also been adopted in the U.S. in the National Design Specification 
(NDS). 

3.2 Size and stress distribution effects 

Recogniang that bending members, especially the low quality material, fail in tension 
which is very similar to specimens under pure tensile loads, the ultimate bending strengths 
can be predicted by their ultimate tensile strengths using a weakest link failure concept. It 
is especially true for low quality material because compression strength well exceeds 



tensile strength. However, in high quality material the tension strength in general exceeds 
the compression strength resulting in significant yielding in the compression zone prior to 
final failure in the tensile mode. 

Experimental studies on quantifying these size factors for diflFerent orientations were 
conducted by many researchers (Nfadsen and Kielsen 1976, Madsen and Nielsen 1978a, 
Johnson et al. 1989, Barrett and Fewell 1990, Madsen and Tomoi 1991). Using the 5th 
percentile values, weakest link theory based length effect factor of 0.17 and width effect 
factor of 0.23 were obtained for both tension and bending (Barrett et ai, 1992). These 
factors are consistent across a number of species and grades. 

Based on the Weibull weakest link failure criteria that members will fail in higher load if 
less volume is under stress, size factors have been applied to predict the ultimate loads of 
columns and beam-columns (Buchanan 1984). In order to predict the ultimate loads, 
several failure criteria have to be checked. The stress volume of the region of the beam-
column under tensile stress will be check for tensile failures. Similarly, the stress volume 
of the region under compressive stress will be checked for initiation of yielding. "Yielding 
does not always lead to inunediate failure so a criterion for compression failure has to be 
specified. Koka (1987) assumed failure in compression when the column is unable to 
develop the compression stresses required to achieve equilibrium. In additioî  beam-
columns and columns have to be considered for buckling failure mode. 

4.0 Derivation of Bending Capacity Adjustment Factors 

The bending capacity factor (KM) is derived based on the following assumptions. 

(a) The axial compression load component of the combined bending and compression 
is ignored which yields bending capacity factors which are more conservative, 

(b) The stress distribution across a section is assumed to be linear in both tension and 
compression regions until failure, 

(c) Failure of the member is defined as the extreme fibre stress at the tension side 
reaches a ultimate value predicted by considering both the size and stress 
distribution effects, 

(d) Size and stress distribution effects are based on the weakest-link brittle failure 
model. 

The factored bending moment resistance Mr mentioned in the design proposal and 
referenced in the Code on Engineering Design of Wood is based on test results fi"om the 
Canadian Wood Council Lumber Properties In-Grade Testing Program. The testing 
program followed ASTM standard D4761 where dimension lumber specimens were tested 
in third point bending under a span to depth ratio of 17:1. In application as top chord 



members for the trusses considered in this proposal, the dimension lumber is of different 
lengths and subjected to bending moments with a form shown in Figure 1. Based on the 
weakest link failure concept, the ultimate capacity of a member depends on the stressed 
volume and therefore the loading conditions. The derivation of the bending capacity 
adjustment factors is based on the comparisons of the theoretical cumulative probability 
distributions of bending strengths of the material tested in the Ingrade test program and 
the material subjected to bending moments of the form shown in Figure 3. 

Figure 3 Typical Howe Truss and its Moment Distribution along top chord 

Assuming that the strength of a member is govern by brittle tension failure mode, for an 
arbitrary member of volume V and subjected to a stress distribution o{x,y,z)= Gr^f(x.y.z), 
the Weibull based cumulative probability of strength for the members can be represented 
by: 

F = l-e = l-e (3) 

where Vt is the volume of material in the member under tensile stress, fl[x,y,z) is a 
dimensionless normalized stress function in the member with respect to a reference stress 
Grtf, and /w and A: are the 2-parameter Weibull scale and shape parameters, respectively. 

Consider now the bending strength of members under third point loading, the Weibull 
based cumulative probability distribution of strength for the members is represented by: 

l + t /3 

F = \ - e 2 ( 1 - * ) ' 

'MORV 

< m ) 
(4) 



where V is the volume of the member and MOR is bending strength of the members 
obtained from the In-grade third point bending tests. 

Equating the two cumulative probability distributions in equations 3 and 4 yields a bending 
capacity adjustment factor, Ku, relating the standard In-grade third point bending test 
resuhs to the same material subjected to any arbitrary stress distribution (with brittle 
tension failure mode). 

MOR 

where 

I = jf(x,y,zydV 

In our work the integral I was evaluated using a numerical integration scheme for a given 
normalized stress function. 

A plot of KM factors against M1IM2 and associated regression lines are shown in Figure 4. 
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Figure 4 Bending Capacity Modification Factors for Combined Bending and Axial Compression 

For the top chord of a typical Howe truss with schematic dravsnng and hypothetical 
moment distribution as shown in Figure 3, the moment distribution within each panel has a 
parabolic shape. Assuming that the panel point moments at both ends are the same, we can 

F(I + A:/3) 
2I{\-\-kf 

1/t 
(5) 
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L / d = 50 



can characterize the moment distribution of each panel by the panel length-to-depth ratio, 
(JJd), and the ratio of the mid-panel moment (A/,) to panel point moment {Mi). By 
varying these two parameters, a set of /T^ factors for the working range of trusses are 
generated according to eqn. (5) and shown in Figure 4. Most of the trusses manufactured 
have a M^IMi ratio in the range of -0.5 and -1.0. For a simply-supported uniformly 
loaded member with no end-moment, M^IMi will approach positive or negative infinity 
and will have a of 1.67 • (Z, / rf)""*. Observing the shape of the plot, regression 
equations were fitted to four regions of Mi/Mi- This yields a cubic equation for M1/M2 
between -1 and 1, a linear equation for M^IMi between 1 and 3, and a constant equation 
for other M1/M2 ratios. There is a maximum permitted value for AT̂  of 1.30 for all 
combination of L/d and M^/Mi- Since the factors are derived assuming that the panel 
point moments are the same at both end, the greater (absolute value) of the two panel 
point moments should be used in the calculation of the factor. 

5.0 Verifications 

Extensive testing of columns and beam-coliuims were performed by Buchanan (1984). 
Based on his experimental results, interaction equations were developed and were 
compared with the size and stress distribution effects based theoretical interaction curves. 
Shown in Figure 2 Jire the test results and size and stress distribution based strength 
models of 38x89 mm member imder eccentric axial loads. Clearly good agreement 
between size and stress distribution based strength model can be observed. Fiuther, the 
linear interaction curve used in the current code is also shown which tends to be over 
conservative in most applications. 

Considering several typical truss configurations, a comparison of the combined stress 
indices computed for these trusses using different criteria is shown in Table 1. In general, 
designs based on the proposed procedures have combined stress indices that are similar to 
the indices computed using the CSA-086-M84/ TPIC-88 procediu-es. In almost all cases, 
the CSA-086-M84/TPIC-88 procedures produce slightly smaller CSI than the proposed 
procedures. 

The same trusses designed according to CSA-086.1-M94 give combined stress indices 
which are up to 60% higher than the current CSA-086.1/TPIC-88 procedures. However, 
testing of typical Part 9 trusses (designed using current TPIC procedures) by Forintek 
Canada Corp. showed that they have adequate short-term capacities. Clearly the CSA-
086-M84/TPIC-88 procedures are too conservative and the proposed procedures seem to 
be more reasonable. 

The proposed interaction equation and the associated factors, which based on the 
stress distribution effect and experimental results, appear to better reflect the behavior of 
structural lumber under combined bending and axial compression loading and thus it is 
appropriate for the design of top chord members of wood trusses. 



Experiments are in progress to verify the siiape of the interaction equation for members 
with length similar to truss application under combined bending and axial compression 
loads. The results of these experiments can be used to fine-tune the proposed interaction 
equation and the factors. 

Truss CSA-086.1-M94 
+ Proposed 
Interaction 

Eqn.+TPIC-95 

CSA-086.1-M94 CSA-086-M84 
+TPIC-88 

9.1 m , 4 bay 2/12 Howe with 
38x89mm chords 

0.92 1.14 0.79 

9.1 m. 4 bay 4/12 Howe (test 
truss) with 38x89mni chords 

1.03 1.45 0.99 

9.1 m, 4 bay 7/12 Howe (test 
truss) with 38x89min chords 

0.99 1.47 0.99 

9.1 m, 4 bay fmk truss with 
38x89mm chords 

1.07 1.50 0.99 

12.2 m, 4 bay 4/12 Howe with 
38x1 g4mm chords 

0.86 1.24 0.99 

12.2 m, 6 bay 4/12 Howe with 
38x89mm chords 

1.18 1.33 0.95 

9.8 m, 6 bay 4/12 Howe with 
38x89mm chords and variable 
panel lengths 

1.00 1.24 0.90 

9.1 m, 5 bay flat truss with-
38x89mm chords 

0.92 1.27 1.04 

Table 1 Summary of Combined Stress Indices for different design criteria. 
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Subject: Lumber Properties for Metal Plate Connected Wood Trusses 

LUMBER PROPERTIES FOR COMPRESSION CHORDS OF PITCHED TRUSSES -- CODE 
IMPLEMENTATION 

Problem/Opportunity 

Although tests on fiill size wood trusses indicated that the test trusses performed satisfactorily, it was not 
possible to demonstrate that performance using die design information contained in the Canadian 
Engineering Design in Wood code, CSA-086.1-M94. This code discrepancy could only be addressed by 
implementing design procedures in the code that better reflects die performance of structural lumber when 
in truss applications. 

The objectives of this project were: 

• To design and build a testing apparatus to test lumber under combined axial and bending loads 
• To carry out a testing program on lumber; and 
• To develop an analytical model. 

The work completed in die 1995/96 fiscal year focused on die second and tiiird objectives. 

A lumber testing program on 2x4 S-P-F MSR lumber was conducted at Forintek to provide test data for a 
Ph.D. research program at the Department of Wood Science at the University of British Columbia (UBC). 
The research will eventually develop a comprehensive computer model to predict the performance of 
lumber under combined bending and axial loading. However, a simplified model based on past research 
and verified with preliminary data from the testing program was sufficient for code implementation. 

The simplified lumber properties model for lumber under combined compression and bending loading was 
developed by UBC and included wifli die code change proposal submitted to the Technical Committee on 
CSA-086.1 in November of 1995. The proposal which applies only the top chords of pitched chord 
trusses was accepted in principle. When adopted, die revised design procedures will allow die truss 
industiy to maintain tiieir current ti-uss spans for houses and small buildings. 

The research program at UBC is continuing and will be utilizing die test data from this project to develop a 
stochastic finite element computer program. This program will allow die strength of lumber under 
arbiti-ary loading to be predicted. The work is expected to be completed by UBC in late 1997. 

Objective 
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Results 



Implications 

By basing the code proposal on technical information and by ensuring that it is consistent with the state-of-
the-art, benefits that the truss industry has taken advantage of in the past, but in an ad hoc manner, can 
now be applied to short to medium span commercial trusses. Overall, the code change proposal has 
removed the negative impact of the code change and has allowed short to medium commercial span trusses 
to be built more economically. 
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