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Abstract 
 
The longitudinal shear capacity of the lumber is one of several ultimate limit states assessments that need 
to be undertaken when designing a metal plate-connected truss. In most cases, the shear of the lumber is 
not the controlling parameter when selecting a size, grade, or species of lumber for use in a truss. When it 
does control, the size of the affected member size is either increased and/or the member is replaced with a 
member from a species grouping that is assigned higher specified shear strength. Except for some grades 
of machine-graded lumber, higher shear capacity cannot be obtained by selecting a higher grade of 
lumber. 
 
In 1996, the Truss Plate Institute of Canada (TPIC) adopted the stiffness method as the basis of truss 
design in Canada. Along with this new analytical approach were new truss analogues, the most significant 
being the heel analogue of pitched chord trusses. One of the ramifications of adopting the new TPIC 
design procedures noted by users of the new procedures was the increased incidences of designs where 
shear strength dictated the selection of the chord member, but only if the truss were analyzed using the 
new TPIC procedures. 
 
To better understand this situation and develop a possible solution, a 2-ply pitched chord truss with a 
girder heel detail was selected for analysis using the girder heel analogues from the 1988 and the 1996 
editions of the TPIC “Truss Design Procedures and Specifications for Light Metal Plate Connected Wood 
Trusses.” These results were then compared to results from the Forintek “Structural Analysis of Trusses” 
(NSAT) program. Based on the member forces estimated by the NSAT program, a simplified 2-
dimensional finite element analysis was carried out on the bottom chord at the girder heel. 
 
The following were observed: 
 

• The discrepancy in the computed shear forces between the TPIC-88 and TPIC-96 is confirmed. 
At the traditional design points (location displaying the highest shear force in the bottom chord), 
both the TPIC-88 and NSAT analogues gave similar results. Results from the TPIC-96 analogues 
were typically 18 to 22% higher than the TPIC-88 and NSAT analogue results. 

 
• Both the TPIC-88 and TPIC-96 did not report the presence of a high shear force in the bottom 

chord of the girder heel joint (i.e. a “blind spot”). Only the NSAT model was able to highlight 
this shear force. Although a more detailed finite element analysis of the bottom chord in the 
girder heel joint suggests significantly lower shear stresses, the stresses were still found to be 
higher than that permitted. 

 
The following are recommendations for consideration by the TPIC and the provincial wood truss 
associations: 
 

• The TPIC-96 analogue may be adjusted to give shear force values in the bottom chord that are 
comparable to that in the TPIC-88 and NSAT models. This is achieved by reducing the modulus 
of elasticity of the web members by approximately 10%. 

 
• Given the general uncertainty in estimating member shear force using truss analogues, the 

industry should consider whether or not the adjusted analogue is necessary given that significant 
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increases to the specified shear strength of lumber is currently under consideration by the CSA 
Technical Committee on Engineering. The proposed increases would raise the shear strength of 
lumber by about 50%. 

 
• The high shear stress in the girder heel joint identified by the NSAT analogue, but missed by the 

TPIC-88 and TPIC-96 analogues should be assessed more closely before considering any 
remedial action. Alternate combinations of truss pitch and chord sizes may offer a more severe 
stress condition and thus a more appropriate configuration for developing empirical data is 
needed for supporting the girder heel joint detail. 

 
• The permitted practice of ignoring the “shear due to loads applied near the supports” as described 

in the CSA O86 and the NDS should be considered carefully by the TPIC to determine whether 
the intent of the provisions are properly applied in truss applications. 
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1 Objectives 
The objectives of this project are as follows: 
 

• Review and recommend revisions to the truss analysis procedures used to quantify the 
longitudinal shear stresses in truss members. 

 
• Recommend whether or not experimental verification is required. 

 
 

2 Introduction 
2.1 History of the TPIC Truss Design Procedures 

To ensure consistency in the engineering design of metal plate connected trusses, the Truss Plate Institute 
of Canada (TPIC) has developed, and has been maintaining for the last 30 years, standard procedures for 
truss analysis and the application of the Canadian engineering design code (CSA O86) to wood trusses. 
While it is generally understood that all engineered wood construction in Canada must comply with the 
CSA O86, this has not always been the case for residential wood trusses designed under the TPIC 
procedures. Up until 1996, a number of exceptions from the CSA O86 were written into the TPIC design 
procedures, which were to apply only to residential trusses (i.e. trusses for houses and small buildings as 
defined by the Canadian National Building Code). These exceptions were the result of efforts to 
“calibrate” residential wood trusses to traditional rafter construction. 
 
Over about the last 10 years, the CSA O86 underwent a transition from one following a working stress 
format with design values based on small clear wood testing, to one primarily following a reliability-
based limit states format with lumber design values based on full-size in-grade lumber testing. Changes 
were made not only to the format of the code, but also to the lumber design values, the adjustment factors 
for duration of load, and the compression parallel or column equation. 
 
2.2 Revisions to the TPIC Truss Design Procedures 

While the code system was undergoing this change, the Canadian wood truss industry felt it was an 
opportune time to bring the wood truss design procedures more in-line with the procedures contained in 
the CSA O86. In the case of residential trusses, because some of the truss design procedures were clearly 
in conflict with the CSA O86, structural engineers reviewing engineering calculations provided by the 
truss industry were regularly questioning the truss designs. The introduction of a limit states version of 
the CSA O86 would only further highlight the differences between the CSA O86 requirements and the 
procedures used by the wood truss industry for residential trusses. In addition, the number of jurisdictions 
requiring an engineer of record for residential projects is only expected to increase. 
 
In addition to the need to align the truss design procedures with the latest edition of the CSA O86, the 
TPIC also decided that a more rational truss analogue be adopted. The new analogue would be changed 
from one where the chords are assumed to be pin-connected at the panel points, to one where the chords 
are modelled as continuous members except at chord splices. This was seen as a logical refinement to the 
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industry procedures given that most if not all users now had access to desktop computers, and that the 
practice of modelling truss chords as continuous members between chord splices was now common 
practice not only in wood, but also in other structural material. The motivation to align the truss design 
procedures with the latest edition of the CSA O86 and to adopt a new truss model gave rise to the 
Canadian Truss Research Program, which was carried out in the between 1993 and 1996. The program 
resulted in changes to the CSA O86 in the form of lumber capacity equations developed specifically for 
truss chord members, and changes to the TPIC design procedures in the form of new heel analogues for 
pitched chord trusses. 
 
2.3 Issues Arising from Implementing the New TPIC Truss Design Procedures 

Since the introduction of the new truss design procedures, there have been concerns that designs that were 
acceptable using the old TPIC procedures (TPIC-88) and the 1994 edition of the CSA O86 code, were no 
longer acceptable using the new TPIC procedures (TPIC-96) and the latest edition of the CSA O86. Some 
of the discrepancies identified so far include: 
 

• Higher bottom chord bending moment adjacent to the heel joint thus requiring larger or higher 
grades of lumber for the bottom chord; 

• Higher computed shear forces in the chords thus requiring larger chord members or a species with 
higher published shear strength; 

• Larger minimum sizes for web members in long span trusses; and 
• Larger connector plates as a result of increases in the minimum connector “bite” into the chords. 

 
The last two items are due to revisions judged by the TPIC member engineers to be necessary for 
ensuring the structural reliability of wood trusses. The first two items, however, are the result of the 
switch from the pinned-chord model to the continuous-chord model. 
 
The wood truss industry identified discrepancies in the longitudinal shear design of metal plate connected 
trusses. Based on their experience, some truss designs were rendered ineligible for use because they did 
not meet the shear strength requirements of the engineering design in wood code. Following a preliminary 
review of the issue, it was decided to assess the problem from two vantage points: 1) to assess whether the 
published longitudinal shear design values in Canada were overly conservative; 2) to assess whether the 
analytical procedure used to estimate longitudinal shear stresses in trusses was producing a sufficiently 
accurate value. 
 
This project deals with the latter issue. The first issue dealing with the review and, if justified, update of 
the longitudinal shear values for solid sawn lumber was dealt with under a code review initiative headed 
by the Canadian Wood Council. 
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3 Background 
3.1 CSA O86 Provisions for Longitudinal Shear 

3.1.1 Lumber Design Equation 
 
In nearly all cases, the shear force is due to a laterally applied loading (i.e. applied perpendicular-to-the-
grain) that also produces a bending stress on the cross-section. As in most wood design codes, the 
longitudinal shear design for solid sawn lumber in the Canadian Engineering Design in Wood Code, CSA 
O86 (CSA, 2001) is based on the familiar strength of materials design equation. For a rectangular section 
subject to a shear force: 
 

A
V

A

V
2
3

3
2max ==τ  [1] 

 
Where: 
 
τmax = maximum shear stress in the cross-section 
V = shear force applied to the cross-section 
A = cross-section area 
 
The code also permits load applied within a distance from the support equal to the depth of the member to 
be ignored when computing the shear stress.  In the US, the National Design Specification for Wood 
Construction (AF&PA, 2001) states: 
 

3.4.3.1 …(a) For beams supported by full bearing on one surface and loads applied to the 
opposite surface, uniformly distributed loads within a distance from supports equal to the depth 
of the bending member, d, shall be permitted to be ignored.  For beams supported by full bearing 
on one surface and loads applied to the opposite surface, concentrated loads within a distance, d, 
from supports shall be permitted to be multiplied by x/d where x is the distance from the beam 
support to the load. 
 

The CSA O86, Engineering Design in Wood code, is slightly less restrictive: 
 

5.5.5.2 Loads near Supports 
In the calculation of shear resistance the effect of all loads acting within a distance from a 
support equal to the depth of the member need not be taken into account. 

 
Prior to the 2001 edition, the NDS (AF&PA, 1997) provided the same provisions as the CSA O86 on the 
treatment of loads applied near the supports. 
 
While the NDS and CSA provisions differ slightly, both the NDS and CSA exceptions are based on the 
same concept.  In the limiting case of load applied directly over the supports, the load does not generate 
any longitudinal shear stress in the beam and the loads is transferred into the support as compression 
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perpendicular-to-grain stress (Lum, 1994).  As the load is moved away from the supports, an increasing 
proportion of the lateral load that is transferred to the support is transferred by shear rather than 
compression perpendicular-to-grain (Figure 1).  The code assumes that when the load is located a distance 
greater than the depth of the member away from the support, a sufficient portion of the lateral load is 
transferred by shear to warrant use of equation [1].  In the common case of a bending member, the 
member will normally have a uniform cross-section area between the load and the support.  
 

S
he

ar
 F

or
ce

S
he

ar
 F

or
ce

D D

D D

D D

< D

D D

Load Condition A Load Condition B

Longitudinal shear from bending

Compression perpendicular-to-grain from loading

 
Figure 1: Theoretical shear force distribution in a laterally loaded beam (zones with 

distorted shear stress distributions assumed to be within distance D from the 
supports) 

3.1.2 Recent or Proposed Increased in the Shear Strength Values for Solid Sawn Lumber 
 
Longitudinal shear design values in the US have recently been updated. Following a comprehensive 
review of the ASTM D245 procedures for developing design values from small clear wood test values, 
the allowable stress values were subsequently increased by approximately 90%. This change also resulted 
in a revision to the treatment of loads applied near the supports, as discussed in Section 3.1.1 of this 
report. 
 
Although the CSA O86 specified shear strength values for structural lumber are on a different basis than 
the US design values, there is also a proposal to update the shear design values. The Canadian Technical 
Committee on Engineering Design in Wood is currently considering increases on the order of 50% to the 
longitudinal shear design values for solid sawn members.  It is interesting to note that although the data 
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set used to support the increases to the US and Canadian shear design values differ, the resulting section 
sizes for a specified loading are quite similar. 
 
3.1.3 Application of CSA O86 to Metal Plate Connected Trusses 
 
CSA O86 does not provide explicit guidance on how the shear design equations are to be applied to metal 
plate connected trusses. It is expected that an engineer familiar with the design and end use of the truss 
will be applying the equation. 
 
The TPIC provides this guidance by reproducing the CSA O86 design equation for shear in the truss 
design procedures. Specified shear strength values, however, continue to be referenced from the CSA 
O86 code. One item in the CSA O86 shear design procedures that is omitted in the TPIC truss design 
procedures is the provision to ignore the shear due to loads applied near the supports (see Section 3.1.1). 
Because of this omission and the concerns with the increased frequency of shear-controlled designs when 
using the TPIC truss design procedures, it is suggested that perhaps the adoption of this special provision 
in CSA O86 would alleviate the discrepancies. 
 
As discussed in Section 3.1.1, the reason for ignoring the shear due to loads applied near the supports is 
because these loads do not produce a shear but rather a compression perpendicular to grain stress in the 
member. Whether or not this situation occurs at the locations that produce shear forces high enough to 
control design and whether application of this CSA provision (CSA O86 Clause 5.5.5.2) would alleviate 
the discrepancies will be discussed later in this report. In the specific example of a girder truss with 
concentrated loads applied by hangers applied to the bottom chord, the loading produces perpendicular-
to-grain stresses that potentially could result in tension perpendicular-to-grain failures unless chord-to-
web connection at the panel points are properly detailed. On the other hand, hangers attached to the top 
chord of a girder truss may result in a stress condition that is similar to that assumed for basis of the CSA 
O86 Clause 5.5.5.2. What is obvious from this cursory examination is that it may not be appropriate to 
support a blanket application of CSA Clause 5.5.5.2 to truss design. Nevertheless, it is a concept that 
should be considered when assessing the performance of wood trusses. 
 
3.2 Truss Design – General Assumptions 

In truss design, member forces are estimated using a standard plane frame analysis program (also known 
as a “stiffness analysis”). The actual truss is represented in the analysis program with a series of straight-
line beam-column members (with three degrees of freedom at each end) joined at points which either 
pinned (i.e. do no transfer bending moments) or continuous (i.e. transfers bending moments). 
Standardized truss analysis procedures, such as that published by the TPIC, are an attempt to provide 
engineers with acceptable analogues for applying the standard plane frame analysis program to typical 
metal plate connected truss details. Although the building code does not make it mandatory to follow the 
TPIC design procedures, they are cited as an example of acceptable engineering practice. Most, if not all, 
metal plate connected trusses are designed in accordance with the TPIC. 
 
At the core, all truss analysis programs are a variation of the standard plane frame analysis program. 
Background on these programs may be found in any textbook on structural analysis. Where programs 
differ is in how the basic elements (consisting of straight-line beam-column members and joints) are used 
to represent the actual structure so that the member forces can be estimated with reasonable accuracy. 
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The SAT (Structural Analysis of Trusses) program conceived by Foschi (1977) still remains as one of the 
more sophisticated computer programs for analyzing metal plate-connected wood trusses. The SAT 
program provides for partial fixity or slip at the joints to better represent the behaviour and contribution of 
the truss plate to the overall truss performance. A newer version of this program, NSAT, was used in this 
study. 
 
3.3 Methodology for Comparing Truss Analysis Models 

Aside from adjustments to the basic shear design value for solid sawn lumber which may help to increase 
the shear capacity of truss members, the discrepancy in the shear design of metal plate connected trusses 
may be attributed to one or more of the following: 
 

1. The plane frame analysis program and the corresponding analogue incorrectly estimates the 
member shear force; 

2. Application of the shear design provisions in the code is incorrect or does not apply to 
trusses; 

3. Other simplifying assumptions regarding the behaviour of the metal plate connected joint. 
 
In addition to the direct comparison of the shear forces computed at the same locations in a truss, it may 
be necessary to assess the actual shear stress field in the area of the truss that have been found to control 
shear design if the reasons for the model differences are not obvious. Although verification may be done 
experimentally (i.e. with strain gauges or photo-stress analysis), they are technically difficult and costly to 
undertake, and are only recommended as a last resort. 
 
A more cost effective approach is to utilize finite element (FE) analysis, where numerical techniques are 
used to estimate the stress field. One of the weaknesses of the FE analysis, as in all computer-based 
modelling methods and especially when applied to wood, is the need for the user to make assumptions on 
how best to mathematically represent the problem and what material properties to use. 
 
As this was the first attempt at assessing the shear design of metal-plate connected trusses, it was judged 
to be acceptable to gather information from an FE analysis rather than an experimental analysis. The 
analysis would consist of two phases as described in Table 1. The first phase consisted of truss analysis 
using either the standard plane frame analysis program or the NSAT program. Once the member forces 
were estimated, FE analysis was used to provide further insight into the shear stress levels. To simplify 
the presentation, all truss analyses were carried out using the working stress or unfactored design loads. 
 
Table 1: Analytical Procedures 

Analysis Method Purpose 

Phase I TPIC-88 Plane frame analysis 
Reproduce the results prior to the TPIC adopting 
the stiffness approach and the new heel joint 
analogue (TPIC-88). 
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Analysis Method Purpose 

TPIC-96 Plane frame analysis 
Reproduce the results reported by the truss 
designers using the current industry standard 
analogue (TPIC-96). 

 

NSAT analysis 
Provide an estimate of the member shear forces 
but using a different computer model and 
analogue. 

Phase II 2-dimensional finite element 
analysis 

Numerically estimate the shear stress field in the 
bottom chord of the girder heel joint. 

 
3.4 Truss Designs Selected for Evaluation 

Two truss designs were identified for the Phase I analysis. The first truss, shown in Figure 2, is a two-ply 
pitched chord Howe truss girder with a girder heel detail, which is a common girder truss configuration. 
The details of the pitch chord girder summarized in Table 2. 

 
Table 2: Two-ply Pitched Chord Girder Truss Detail 

Item 2-ply Girder [2] Per Ply [2] 

Top chord = 
Bottom chord = 

Web = 
 

Overall length = 
Length of each end bearing = 

Pitch = 
 

Top chord live load = 
Top chord dead load = 
Total top chord load = 

 
Bottom chord live load = 

Bottom chord dead load = 
Total bottom chord load = 

2x6 – D.fir, No. 2 
2x8 – SPF, 1950f-1.7E 

2x6 – SPF, No. 2 
 

29 feet 
6 13/16 inches 

4/12 
 

25.2 lb/foot 
3.0 lb/foot 
28.2 lb/foot 

 
378.0 lb/foot 
157.0 lb/foot 
535.0 lb/foot 

2x6 – D.fir, No. 2 
2x8 – SPF, 1950f-1.7E 

2x6 – SPF, No. 2 
 

29 feet 
6 13/16 inches 

4/12 
 

1.05 lb/inch [1] 
0.13 lb/inch 
1.18 lb/inch 

 
15.75 lb/inch 
6.54 lb/inch 
22.29 lb/inch 

[1] The top chord live load is normally a snow load and should be treated as a distributed load over the 
projected horizontal distance. However, for the purposes of this study, all loads will be treated as the 
specified distributed load over the length of the member. 

[2] 1 lb = 4.448 N, 1 in = 0.0254 m, 1 ft = 0.305 m 
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Figure 2: Pitched chord girder truss design offered for analysis 

The second truss, shown in Figure 3, is a parallel chord or flat truss with a heavy top chord load: 1-foot 
truss spacing and unfactored top chord live and dead loads of 334.3 and 66.8 pounds per lineal foot, 
respectively. It is a very deep truss relative to the overall length. This is not a common configuration but 
was produced primarily to highlight the discrepancy in the shear design. Following discussions with the 
TPIC, it was decided to only apply the steps in Table 1 to only the first truss. 
  

 
Figure 3: Parallel chord truss design offered for analysis (not used) 
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4 Truss Analysis 
4.1 TPCI-88 Analysis (Pinned Chords) 

Prior to 1996, the TPIC truss design procedure was based on a pinned-chord and pinned-web analysis. 
Chord members were pinned at the panel points even though they were continuous. The main advantage 
of this approach was simplicity and ease of computing the axial forces, which was necessary especially 
when the computational power available to the design engineer was limited. By assuming pinned-chord 
members, axial forces could be determined without knowledge of the member size and stiffness 
properties; the analysis only required that the geometry of the truss be known. In most cases, the 
architectural requirements dictated the truss geometry. 
 
The TPIC-88 analogue for the girder heel is shown in Figure 4. In addition to inserting pinned joints at 
the chord panel points, the procedures required that the bottom chord analogue be drawn along the bottom 
edge of the bottom chord out to the outer edged of the bearing. From the outer edge of the bearing, the top 
chord analogue would then be drawn parallel to the top chord until the peak. Analogue lines for the 
vertical web members run along the centerline of the actual members, while the analogue lines for the 
diagonals would simply connected the appropriate top and bottom chord joints. 
 
Because the chord analogue lines run to the outer edge of the bearing, the analogue is independent of the 
bearing length. The advantage of this is that if the bearing length were to change, the analysis would still 
apply. 

 
Figure 4: TPIC-88 analysis pinned-chord/pinned web-to-chord member (left half of 

girder heel) 

4.2 TPIC-96 Analysis 

In 1996, the TPIC adopted “stiffness” analysis as the model from which new truss analogues would be 
developed. Except near the heel joint, the analogue lines for the top and bottom chords run along the 
actual centrelines of the chord members (Figure 5). 
 
At the heel joint, a heel analogue is inserted, which attempts to duplicate the rotational rigidity of the 
joint. At 75% of the horizontal distance, S, between the crotch of the heel joint and the outer edge of the 
bearing, a pin-ended vertical member is inserted between the top and bottom chords. The top chord 
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analogue line is permitted to continue down along the same slope until it reaches the outside bearing. At 
this point, a pin-joint is permitted. An analogue line is then drawn jointing this point with the point where 
the bottom chord analogue member intersects the bottom end of the fictitious member. 
 

 
Figure 5: TPIC 96 plane frame continuous chord/pinned web-to-chord analogue with 

girder heel detail (left half of girder heel truss) 

Like the TPIC-88 analogue, the chord analogue lines run to the outside edge of the bearing, which means 
that the results are independent of the bearing length used. Web members are pin-end connected to the 
continuous chords, with web analogue lines running along the centrelines of the vertical web members 
only. 
 
4.3 Forintek NSAT Model Analysis 

The Forintek NSAT model is based on the computer model, Structural Analysis of Trusses (SAT), which 
was originally developed by Foschi (1977). The SAT program represents truss members as beam-column 
elements. The main advantage of SAT over other plane frame analysis programs is the algorithm built 
into SAT for accounting for the rotational rigidity and the slip between the connector plates and the wood 
members. These are represented by springs, but unlike other advanced truss analysis programs, SAT 
computes the properties of these springs from the physical properties and relative locations of the 
connector plates. Thus, in addition to entering the physical properties of the connector plates, the user is 
also required to input the size of the connector overlapping each member and the length of connector 
joining each of the members. SAT is also able to model the wood-to-wood contact; however, this requires 
that the user enter the locations where wood-to-wood contact is likely to occur and the amount of gap 
present between the members. 
 
Unlike the TPIC analogues, the member analogue lines all run along the member centrelines (Figure 6). 
With the exception of the bottom chord, the analogue lines are equal in length to the centrelines of the 
members. For the bottom chord, the analogue line is terminated immediately above the centre of the 
bearing. Thus if the bearing length were to be changed, the computed member forces would also change. 
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Figure 6: Forintek NSAT analogue continuous chord/semi-rigid web-to-chord connection 
(left half of girder heel truss) 

 
4.4 Discussions 

4.4.1 Comparison of Analogue Rules 
 
As seen in Figure 4 to Figure 6, the tendency is for the member analogue lines to follow the centreline of 
the actual member whenever possible. More complex models such as NSAT permit not only the analogue 
members to follow the actual member centreline, but also permit the analogue member to terminate at 
approximately the same locations as the actual truss. The heel joint is where there is the largest 
discrepancy between the three models. Because of the significant differences in the analogue rules used to 
represent the same truss (i.e. type and position of the analogue joints, length and position of the analogue 
lines, etc.), differences in the computed results are to be expected. The challenge in selecting an 
appropriate computer model and analogue has always been to balance the need for simplicity, accuracy, 
and generality (or the ability of the rules to be applied to a wide range of similar but not identical truss 
configurations). 
 
4.4.2 Comparison of Member Shear Forces 
 
The shear forces computed using the three analogues are shown in Figure 7 and Figure 8. As expected, all 
three models estimate not only a different shear force level, but also a different shear force distribution 
along the member length. To facilitate the comparison, Figure 9 identifies all the possible design points in 
the girder truss that a designer may check the shear force against the shear capacity. The predicted results 
from each of the three analogues at the design points in the girder heel truss are summarized in Figure 10. 
 
4.4.2.1 Top Chord Shear Forces 
In the top chord, the TPIC-96 and NSAT analogues predict similar shear forces, which is consistently 
higher than the TPIC-88 analogue. Because the top chord lateral loads are not high, this discrepancy is not 
expected to be a controlling issue in the shear design of the top chord. 
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4.4.2.2 Bottom Chord Shear Forces 
Due to the high bottom chord loading on a girder truss, the shear forces in the bottom chord may be 
sufficiently high to dictate the design of the bottom chord. Of the three models evaluated, the TPIC-88 
analogue predicts the lowest bottom chord shear forces. Comparing the TPIC-96 to the TPIC-88 results, 
there are two locations in a girder heel truss whose shear design appear to have been significantly affected 
by the switch from the pinned-joint model with moment factors to the continuous chord model with the 
heel joint analogue to model heel joint fixity: 1) in the bottom chord between the support and the end of 
the bottom chord scarf cut (i.e. where the top chord bears on the bottom chord); and 2) at the bottom 
chord panel point. Away from the heel joint (more than 20 inches away from the end of the truss) and at 
points in the bottom chord that normally dictate the shear design, the NSAT analogue appear to support 
the results from the TPIC-88 rather than the TPIC-96 analogue. 
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Figure 7: Comparison of TPIC 96 and TPIC 88 analogue results for longitudinal shear (1 

lb = 4.448 N, 1 in = 0.0254 m) 
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Figure 8: Comparison of Forintek NSAT and TPIC 96 analogue results for longitudinal 

shear (1 lb = 4.448 N, 1 in = 0.0254 m) 
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Figure 9: Design points for comparing computed shear forces in the girder heel chords 

Although there are discrepancies in the estimated shear between the TPIC-96, TPCI-88 and NSAT 
analogues at nearly every location in the truss, the greatest difference occurs in the heel joint (location H 
in Figure 9). Of the three analogues, only the NSAT analogue reports a member shear force that is 
consistent with the support reaction force. The reason the TPIC-96 and TPIC-88 analogues report a 
significantly lower shear force than the NSAT analogue is because both the TPIC-96 and TPIC-88 
analogues require that the top chord extend to the bearing. This affects the computed shear in two ways. 
First, two members are effectively resisting the applied vertical force, although in reality only the bottom 
chord is doing this. Secondly, because the top chord is inclined, the vertical force applied to the top chord 
is resisted partially as an axial force and partially as a shear force. In the actual heel, only the bottom 
chord is resisting the vertical force present at the support, which should make computation of the shear in 
this zone relatively straightforward. 
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Figure 10: Comparison of unfactored shear stresses at design points from three models (1 

lb = 4.448 N) and the “modified” TPIC-96 (see Section 4.5). 

To address the issue of discrepancies in the shear forces computed between the three analogues, the 
problem was divided into the shear force within the girder heel joint, and the shear forces computed at the 
chord panel points. The former was studied more closely by undertaking a finite element (FE) analysis of 
the bottom chord (see Section 5), while the latter was addressed by studying possible adjustments to the 
TPIC-96 analogue rules. 
 
4.5 Adjustments to the TPIC-96 Analogue Rules 

The shear force that is present at the panel point consists of two components. The first is due to the 
loading applied to the chord between the panel points. This component, because it can be determined 
from statics (i.e. statically determinant), can be computed with reasonable precision regardless of the 
analogue used. The second component cannot be determined from statics (i.e. statically indeterminant) 
because it arises from analogue assumptions such as the fixity at the heel joint and the continuity of the 
chords. Consequently, it is this component that is sensitive to the analogue assumptions. 
 
If we accept the magnitude of the shear forces computed by the TPIC-88 and NSAT analogues as being 
correct, adjustments can be made to the TPIC-96 analogue. Ideally, these adjustments should be 
accompanied by a rational explanation for their use. In the case of estimating the shear force at the chord 
panel points, both the TPIC-88 and NSAT analogues are similar in that they permit some elongation or 
shortening of the web members without inducing additional shear in the chord members. In the TPIC-88 



Recommendations on the Longitudinal Shear Design of a Metal Plate Connected Girder Heel 

  
 
 
 

 
 

16 of 26 
 

analogue, this is achieved by pin-connecting the cord members at the panel point. In the NSAT model, 
this is achieved by permitting relative slip between the end of the web member and the chord. This is not 
possible in the TPIC-96 analogue as web members are pin-connected to the chord members. 
 
In an attempt to model the same conditions with the TPIC-96 analogue, the modulus of elasticity of the 
web members were arbitrarily reduced to 90% of their original value. The results of the modified analysis 
using the TPIC-96 analogue are shown in Figure 10 as “Modified”. As indicated, using the modified 
analogue, the shear force at the design points can be reduced to the same level as that found using the 
TPIC-88 and NSAT analogues. The impact of this modification should be studied further as it may have 
ramifications on the computed bending moments and the overall truss deflections. Furthermore, the 
impact may depend on the truss configuration. 
 
 

5 Finite Element Analysis of the Girder Heel 
The presence of a large shear stress in the heel joint area warrants further investigation. Although the high 
shear force in the girder heel predicted by the NSAT model can be easily verified by hand calculation 
using elementary beam mechanics, it cannot automatically be assumed to be correct. The extremely high 
stress levels are not consistent with the performance history observed for the girder heel detail. While it is 
generally accepted that the lumber possess much higher shear capacity than indicated by the specified 
shear strength, thus warranting a review as discussed in 3.1.2, a stress of this magnitude would have most 
likely resulted in failures. A likely explanation for the good performance may be because of the close 
proximity to bearing stresses from the end support on the bottom edge, and the top chord on the top edge 
of the bottom chord (see Section 3.1.1 and Figure 1).  
 
5.1 Model Parameters 

A 2-dimension linear finite element analysis was undertaken on the bottom chord of the girder heel 
(Figure 11). For simplicity, the connector plate was not modelled as part of the analysis. Instead, forces 
transferred from the top chord into the bottom chord were divided into two components.  Ideally, the 
entire truss or at least half the girder truss and the connector plates should be modelled using the finite 
elements.  However, as a first approximation to study the shear stress distribution in the girder heel, this 
approach was judged to be sufficient.  A more rigorous finite element analysis and/or testing could follow 
if the results are found to be significantly different from that determined using the NSAT analysis. 
 
The NSAT results were applied to the finite element model as follows: 
 

1. The vertical component of the compression chord force (as determined by the NSAT model) was 
uniformly distributed over the contact surface between the top and bottom chords. 

2. The bending moment in the compression chord adjacent to the girder heel was reduced to a 
couple. The couple consisted of an upward body force applied over the wide face of the bottom 
chord that was covered with the heel plate, and a downward line load on the contact surface 
between the top and bottom chords. 

 
All downward compression forces from the top chord into the bottom chord were assumed transferred by 
wood-to-wood contract. Although most truss-plated joints would have small gaps between the wood 
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members, it was assumed that under load, these gaps would close either immediately or over time due to 
creep in the wood or slip between the connector plate and the wood members. The boundary conditions 
and resultant of the applied forces are shown in Figure 12. 
 

 
Figure 11:  Girder heel joint 

The mesh consisted of 466 elements (8-noded iso-parametric quadratic) and 1521 nodes. The elastic 
properties used for the bottom chord are summarized in the Table 3. 
 
Table 3: Linear Elastic Properties for Lumber Member 

Bottom Chord Elastic property Value [1] 

Modulus of elasticity (homogeneous orthotropic material) 
 Tension and compression parallel-to-grain 
 Tension and compression perpendicular-to-grain 

 
1.70 (106) psi 

0.034 (106) psi 

Shear modulus 0.110(106) psi 

Poisson ratio 
 Strain perpendicular-to-grain due to stress parallel-to-grain 
 Strain parallel-to-grain due to stress perpendicular-to-grain 

 
0.600 
0.012 

[1] 1 psi = 0.00689 MPa 
 
At the end support shown in Figure 11, the steel bearing plate is modelled using the following parameters 
shown in Table 4. 
 
 Table 4: Linear Elastic Properties for Steel Bearing Plate 

Bearing Plate Elastic property Value [1] 

Modulus of elasticity (homogeneous isotropic material) 30(106) psi 

Shear modulus 11.5(106) psi 

Poisson ratio 0.333 
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Bearing Plate Elastic property Value [1] 

[1] 1 psi = 0.00689 MPa 
 
The boundary conditions and loading applied to the finite element mesh are summarized in Figure 12 and 
Table 5. The length of the section analyzed and the applied loads were based on local member forces as 
determined by the NSAT analysis. The horizontal component of the top chord axial compression force 
(LX) was assumed to be transferred to the bottom chord by the connector grip and is represented by a 
distributed force over the connector area (shown as A2 in Figure 12). The vertical component (LY) of the 
compression force was applied as a distributed line load over the top edged of the bottom chord. 
 
Bending moment from the top chord was applied as a couple LY1 and LY2, which were spaced at a 
distance ‘e’. The upward component (LY1) of the couple was assumed transferred to the bottom chord by 
the connector plate and distributed over the area (A1), while the downward component (LY2) was 
assumed transferred to the bottom chord by wood-to-wood contact and is represented by a distributed line 
load over the bottom half of the top chord. 
 

 
Figure 12: Loading and boundary conditions applied to bottom chord finite element mesh 
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Table 5: Boundary Conditions and Applied Loading for Finite Element Analysis 

Description Code 
(Figure 12) Value 

Truss support BC1 

Single roller support under steel 
bearing plate – constrained 
to permit only rotation of 
the bearing plate and 
horizontal movement 

Bottom chord (specified boundary condition 
located at the zero shear location as 
determined by NSAT) 

BC2 
Multiple rollers – constrained to 
permit only vertical movement 
of the cross-section 

Horizontal component of top chord axial load 
distributed over the bottom chord connector area, 
A2 (no force is assumed to be transferred from 
friction) 

LX 9,613 lbs 

Vertical component of top chord axial load 
distributed over the top-to-bottom chord contact 
area as shown in Figure 12. 

LY 3,201 lbs (184 lb/in) 

Shear loading from bottom chord distributed over 
the depth of the member. LY3 200 lbs 

Eccentricity between couple to duplicate the 
bending moment applied by the top chord. e 8.52 in. 

Couple used to apply bending moment from top 
chord. LY1 and LY2 distributed as shown in Figure 
12. 

LY1 
LY2 1,355.6 lbs (each) 

Applied moment from top chord e · LY1 
e · LY2 11,550 in.-lbs 

 
5.2 Results and Discussions 

5.2.1 Deflected Shape 
 
The deflected shape of the bottom chord under the specified design loading is shown in Figure 13. The 
distortion in the mesh indicates approximately which portions of the bottom chord are subjected to shear. 
Shear deformation is evident at the cross-section under the connector plate where plane cross-sections are 
no longer plane. Along these planes, there is a clear inflection point at approximately mid-depth. The 
crushing is also evident over the bearing plate and at the top edge of the bottom chord just to the left of 
the crotch. 
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Figure 13: Deflected bottom chord of girder heel (amplified 20 times) 

5.2.2 Bottom Chord Stresses 
 
Contour diagrams of the parallel-to-grain, perpendicular-to-grain, and the longitudinal shear stress 
distribution in the bottom chord are shown in Figure 14 to Figure 16, which give a clearer indication of 
the stress distributions. As expected, parallel to grain stresses due to the combined bending and tension 
diminish for location close to the bearing plate (Figure 14), even though the net area of the bottom chord 
is decreased because of the scarf cut on the top edge. At the point where the parallel-to-grain stresses 
begin to drop, the compression perpendicular-to-grain stresses start to increase; they reach a maximum at 
locations directly over the support. At these points, the parallel-to-grain and shear stresses are negligible. 
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Figure 14: Parallel-to-grain stresses under specified loading (psi) as determined by NSAT 

(1 psi = 0.00689 MPa, 1 in = 2.54 cm) 
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Figure 15: Perpendicular-to-grain stresses under specified loading (psi) as determined by 

NSAT (1 psi = 0.00689 MPa, 1 in = 2.54 cm) 

At the point of maximum shear in the bottom chord (approximately 15 inches from the end of the truss), 
there are two sources for the shear force. One is due to the bending in the bottom chord as a result of the 
lateral loading applied to the chord. The other source is due to the load applied by the top chord to the 
bottom chord via the connector plate. As shown in Figure 16, the zone of high shear stress (indicated by 
the -394 psi contour about 15 inches along the chord) exists only under the connector plate. 
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Figure 16: Longitudinal shear stresses under specified loading (psi) as determined by 

NSAT (1 psi = 0.00689 MPa, 1 in = 2.54 cm)  

It should be noted that the high shear does not occur in conjunction with compression perpendicular-to-
grain stresses. Comparing Figure 15 to Figure 16, the areas of high shear have relatively low levels of 
compression perpendicular-to-grain stresses. At the end of the bottom chord immediately above the left 
edge of the bearing, the shear stresses are, as expected, essentially zero. The critical zone appears to be 
along the scarf cut. Assuming uniform shear strength and no pre-existing fissures at the end of the bottom 
chord, the contours shown in Figure 16 would suggest that the zone most prone to shear failure would be 
approximately half way up the bottom chord scarf cut.a 
 

                                                 
a The finite element analysis should have shown a zero shear stress along the scarf cut as no load is applied to this surface.  This 
is a limitation of the analysis and the utility used to determine the contour lines.  A more refined mesh would have produced more 
realistic results.  Nevertheless, the analysis does indicate the presence of relatively high gradient in the longitudinal shear stresses 
near the edges of the scarf cut.  

 

Likely point of shear failure 
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The FE analysis indicates a maximum shear stress of about 350 psi. Assuming a chord depth of 5 inches 
at the point of maximum shear, the FE analysis results are significantly lower than the 700-psi shear stress 
according to the NSAT model. Still, at 350 psi the stress level exceeds the permissible shear stress. 
  
 

6 Conclusions and Recommendations 
6.1 Computation of Member Shear Forces 

There are two main locations in the truss that generate significant levels of shear: at the heel joint and 
other support locations; and at the web-to-chord connections or panel points. The assessment of a model’s 
ability to estimate the shear forces at these two locations need to carried out separately. Similarly, 
solutions to address anomalies need to be developed separately. 
 
At the web-to-chord connections, the TPIC-96 analogue was generally found to estimate shear forces that 
were higher than that found using either the TPIC-88 or NSAT analogues. At the location in the truss 
bottom chord where the TPIC-88 identified significant levels of shear forces (i.e. the bottom chord panel 
point), the TPIC-96 analogue result was 18% and 22% higher than the NSAT and TPIC-88 analogues, 
respectively. The discrepancy is due to the effective stiffness of the web. The TPIC-88 analogue 
compensates for this by using pin-joints in the chord at the web-to-chord joints, while the NSAT allows 
for connector plate slip at the joint. A similar effect can be achieved by reducing the axial stiffness of the 
web (e.g. as with the “PPSA” model). Given the uncertainty in the shear forces and given that the shear 
capacity of dimension lumber is proposed to be increased by 50%, it is recommended that this 
discrepancy not be addressed unless the proposed revisions fail to gain approval. 
 
Both the TPIC-96 and TPIC-88 analogues are unable to directly estimate the shear force in the bottom 
chord at the girder heel joint. Although the NSAT analogue is able to estimate a shear force that 
corresponds with the force at the support reaction, it may not be correct as the finite element analysis 
suggests a shear stress corresponding to a shear force that is about 65% of the support reaction force 
predicted by NSAT. These results highlight the inability of truss analysis models to provide accurate 
assessment of the shear and compression perpendicular-to-grain stresses in the vicinity of a joint or 
concentrated load. 
 
6.2 Detailing for the Girder Heel Joint Shear 

The shear force estimated by the NSAT model in the girder heel joint is of a magnitude that it cannot be 
designed to be in compliance, even with the higher proposed shear values and truss plate reinforcements. 
Although the more detailed finite element analysis suggests a lower shear stress level, the stress level is 
still so high that a solution cannot be demonstrated. It is recommended that the girder heel detail 
(including other pitches) be assessed empirically and a suitable database, if justified, be established to 
support this detail. 
 
If the high shear stress were confirmed to be an issue, one solution would be to extend the connector plate 
over the high shear stress zone (Figure 17) and to confirm by testing whether this solution results in a 
higher shear capacity. Some preliminary (but unsuccessful) calculations following the CSA O86 are 
included in Appendix A. 
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Figure 17: Theoretical zone of high shear in the girder heel joint 

6.3 Other Considerations 

The TPIC Design Procedures reproduces the basic shear resistance equation from the CSA O86 
Engineering Design in Wood code, but leaves out the CSA provision which permits “loads near supports” 
to be ignored (CSA O86-01, Clause 5.5.5.2). There are locations in a truss, such as at the girder heel, 
where the shear design could benefit from the judicious application of this provision and thus reduce the 
design shear force levels. However, because of the complexity in which the shear is developed in truss 
members (i.e. from direct loading, member-to-member contact, or transfer through the connector plate), it 
is recommended that TPIC maintain this position, and that this clause only be used when it has been 
documented as to how it may be applied. 
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Appendix A 
 

 Preliminary Calculations –Shear Capacity from Increase by Extending Heel Plate
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Grip (MPa / plate) Sym Ult Slip θ ρ Specified live load = 12.6 kN
Load parallel to grain, plate length parallel to load pu 2.10 2.22 0° 0° Specified dead load = 5.0 kN
Load parallel to grain, plate length perpendicular to load pu ' 2.16 2.16 0° 90° Total specified load = 17.5 kN
Load perpendicular to grain, plate length parallel to load qu 1.48 1.14 90° 0° Total factored load = 25.1 kN
Load perpendicular to grain, plate length perpendicular to load qu ' 1.49 1.35 90° 90°

Applied factored shear force = 25.1 kN
Gross grip area = 9500 m m2 Shear flow to transfer at mid-depth = 0.99 kN/mm

Reduced grip area = 7600 m m2

(Clause 10.8.3.1a)
φ = 0.9

Shear Strength (N/mm/plate) KD = 1.0
15° = 102.5 Tension KSF = 1.0
30° = 126.8 Tension KT = 1.0

Nu = 2.1 single plate
Angle between load direction and grain direction (θ) = 0.0°

nu = 2.1 N r = 3.8 N/mm 2 (plate pair)

nu ' = 2.16
Angle between load direction and primary axis of the plate (ρ) = 18.4° (Clause 10.8.3.1b)

nu = 2.11 φ = 0.6
vp = 108.1 single plate

Lumber Shear Strength (MPa) - Current
φ = 0.9 KZv = 1.2 V r = 129.7 N/mm (plate pair)

KD = 1.0 KT = 1.0
KSv = 1.0 KH = 1.1

fv = 1.0 MPa
b = 38 m m
d = 184 m m

Shear Flow Capacity Check
(Lumber shear flow capacity) Vr/b = 0.15 kN/mm not ok

Plate shear capacity = 0.13 kN/mm not ok
Total lumber and plate shear capacity = 0.28 kN/mm not ok

Permitted overstress tolerance on capacity = 2%

"Bite" Required to Develop Plate Shear Capacity
Average bite required below high shear plane (Vr/N r) = 34 m m

Factored Ultimate Lateral Resistance

Factored Shear Resistance

 

 




