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SUMMAR7 

When designing long-span wood trusses, one encounters large joint 
eccentricities because of the deep chord members required to carry the 
high tensile or compressive forces. The load carrying capacity of wood 
trusses can be limited by joint failure loads. Improved detailing of 
the truss-plate joints can improve the performance of the entire truss. 
Use of advanced computer models during design can increase the 
r e l i a b i l i t y and competitiveness of wood trusses. 

In the f i r s t year of this project, the data base containing the results 
of (1) short-term tests on heel joints of long-span trusses and (2) 
uniaxial tension tests of truss plate joints was developed. In the 
second year, analysis on failure mode data was performed, and the 
Structural Analysis of Trusses ("SAT") computer program was used to 
predict the strength and stiffness of the heel joints in plate failure 
modes. 

This report, prepared in the third year of the project, describes a 
theoretical model for the analysis of stress distributions in the wood 
members of the truss plate joints. In the 1989/90 f i s c a l year, a 
computer program w i l l be written and the theoretical model for wood 
failure modes w i l l be verified against experimental results. 
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The objective of this project i s to develop and verify a model for 
analyzing the three-dimensional state of stresses in the wood members of 
the truss plate joints to support revisions made to codes and procedures 
used in the engineering design of wood trusses for non-residential and 
residential buildings. 

The specific objective for the 1988/89 f i s c a l year was to develop the 
theoretical model to predict the capacity of truss plate connections in 
wood failure modes. 

2.0 INTRODUCTION 

Long-span wood trusses usually require deep chord members to withstand 
the axial forces. With these deep chord members, the joints often 
experience large eccentricities. In a pitched chord truss testing 
program, McMartin et al. have shown that the load carrying capacity of 
certain 21.3-meter span pitched chord (38 x 287 millimeter) wood trusses 
can be limited by the load carrying capacity of the joints, which i s 
governed by plate or wood failure modes. Improved detailing of the 
joints can increase the performance of these wood trusses. This can be 
achieved by the use of structural computer models. 

This report contains the worlc done in the third year of a four-year 
project. The literature survey was conducted and presented in the 
previous reports (Karacabeyli, 1987,1988). In the f i r s t year of this 
project, .the strength, deformation and failure mode of 52 heel joints 
(five heel joint type, 10 or 11 replicates for each type) of 21.3-meter 
span pitched chord trusses, and of 480 truss plate joints, were obtained 
through testing (Karacabeyli, 1987). 

In the second year, failure mode analysis was performed on the heel 
joint data to determine the effects of plate and wood failure modes on 
the load carrying capacity of the heel joints. As well, the truss plate 
joint data were used to develop the parameters of an exponential 
function to represent the load-slip behavior of truss plate joints in 
tension. These parameters were then used as input to the Structural 
Analysis of Trusses ("SAT") conputer program, which was used to predict 
•the load carrying capacity and deformations of the heel joints in plate 
peeling and plate shearing failure modes. Good agreement was observed 
by Karacabeyli (1988) between the predictions of SAT and the 
experimental results for heel joints. 

This report describes the theoretical model for predicting load carrying 
capacity of the joints in wood failure modes. In the fourth year 
(1989/90 f i s c a l year) of the project, a computer program w i l l be 
written, numerical analysis w i l l be performed, and the model w i l l be 
veri f i e d against test results. 
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4.0 THEORETICAL MODEL FOR WOOD FAILXTOE MODES 

4.1 PROBLEM TO BE SOLVED 

The computer program SAT, which was previously used to model the heel 
joints in plate failure modes (Karacabeyli, 1988), considers the truss 
as a linear e l a s t i c frame and models the wood members as line 
(one-dimensional) f i n i t e elements. SAT i s not suitable to calculate 
localized stresses in wood members. This section describes a method of 
analysis to study the two-dimensional stress distributions i n wood 
members around the truss plates. 

Figure 1 shows one of the heel joint test specimens tested previously 
(Karacabeyli, 1987) where two member heel joint test specimens were 
placed upside-down in the testing apparatus. Detailed information about 
these experiments were given in Karacabeyli (1987,1988). To study the 
stress distributions in these connections, the wood members were 
separated, as shown in Figure 2, where the point load (pĵ ) represents 
the load transferred to the wood member through a tooth of the metal 
truss plate. These point loads were obtained (the method i s discussed 
in Section 4.2) from plate failure mode analysis which used the model 
SAT where the metal truss plates were assumed to behave as r i g i d bodies. 
The results of plate failure mode analysis has shown good agreement 
between the SAT predictions and experimental observations (Karacabeyli, 
1988) . The loads resulting from gap closure and f r i c t i o n between two 
wood members were not talcen into account in this study. The wood member 
was assumed to behave as a linear orthotropic solid. Also, the forces 
p a r a l l e l to the tooth of the truss plate, which tend to withdraw the 
tooth from the wood member, were neglected. In the majority of the heel 
joint experiments, however, the wood failures occurred before tooth 
withdrawal took place. 



The stress distribution around the truss plate was studied by the f i n i t e 
element method; the X-Y plane of the wood members in Figure 2 was 
divided into f i n i t e elements. For siirpl i c i t y , the stresses were assumed 
to be uniform through the thickness of the wood member and the plane 
stress problem was considered. 

The theoretical model for wood failure modes w i l l be used for three 
specific applications: 

1. To determine the stress distributions around the truss plate, and 
identify stress concentration points for different joint 
configurations. 

2. To investigate the po s s i b i l i t y of predicting the failure loads of 
the heel joints from test results on small, defect free specimens 
cut from the heel joints. 

3. To apply Weibull's b r i t t l e fracture theory to account for volume 
effect when computing the theoretical failure loads in 
longitudinal shear and tension perpendicular-to-grain failure 
modes. 

4.2 APPLICATION OF THE FINITE ELEMENT METHOD 

The X-Y plane of the wood members in Figure 2 was divided into quadratic 
isoparametric elements. Stiffness matrices and consistent load vectors 
were assembled following standard procedures for f i n i t e element analyses 
(Cook, 1981). The point loads (p^), transferred from the teeth of the 
truss plate to the wood member, were obtained from the results of plate 
failure mode analysis performed earlier (Karacabeyli, 1988) . F i r s t , the 
s l i p of a tooth, and the angle between the s l i p and the wood grain, were 
determined from the r i g i d body displacements of the plate. Next, the 
point load (p^) on the wood member was determined according to 
Equation [1]: 

Pi = <Po Pidi)exp(-kdi/p„) [1] 

where p^, p^ and k are the load-slip parameters and d^ i s the s l i p of 
the i"^^ tooth. The load-slip parameters for the i* * * tooth may be 
obtained by using Hankinson's formula as described in Foschi (1977). 

The reaction points of the heel joint specimen were modelled such that 
the wood members rest on steel-bearing plates which can freely rotate on 
points G and F of Figure 2. Steel-bearing plates were modelled with 
their respective elastic properties. A f i c t i t i o u s member was placed 
between points E and C of Figure 2 to account for the settlement in the 
tension shoulders and elongation of the wood member between points E and 
C. The modulus of e l a s t i c i t y of this member can be determined in a 
similar manner described in Karacabeyli (1988). 

Finer f i n i t e element mesh w i l l be used at the joint part of the member 
where point loads are applied, and also at the reaction points where a 



transition from wood to steel plate takes place. For the remaining part 
of the wood member, a coarse f i n i t e element mesh w i l l be used. 

A verification process of the theoretical model i s discussed i n 
Section 4.5. 

4.3 STRESS DISTRIBUTIONS IN THE WOOD MEMBER 

The five heel joint types were previously tested under short-term ramp 
loading. The replicates (10 or 11) of each heel joint type f a i l e d in 
different failure modes (Karacabeyli, 1988). For each replicate, the 
theoretical longitudinal shear, and the tension and compre^ssion pa r a l l e l 
and perpendicular-to-grain stresses w i l l be determined at test failure 
load level. These results w i l l be used for the following purposes: 

1. To identify the stress concentrations to assist evaluating 
different truss plate configurations. 

2. To see i f the failure loads of the heel joints can be predicted 
from the test results on small, defect-free specimens. For this 
purpose, the theoretical shear and tension perpendicular to grain 
stresses w i l l be compared against the mean test strengths of 
shear and tension perpendicular-to-grain defect-free blocks cut 
from the top chord of the heel joint replicate. Karacabeyli 
(1987) took three shear and nine tension perpendicular-to-grain 
specimens from the top chord member of each heel joint replicate 
and tested them to failure under short-term ramp loading. 

3. To calculate the failure loads in longitudinal shear and tension 
perpendicular-to-grain failure modes by accounting for volume 
effects. This subject i s discussed next in Section 4.4. 

4.4 APPLICATION OF WEIBULL'S WEAKEST LINK THEORY 

Research has shown that Weibull's theory of b r i t t l e fracture can be 
applied well in determining Douglas-fir strength in longitudinal shear 
and tension perpendicular to grain (Foschi and Barrett, 1976; Barrett 
et al., 1975) . 

Briefly, i f V is a volvune with a particular stress (0> distribution 
(either longitudinal shear or tensile perpendicular-to-grain), the 
probability of failure Fy of V is given by: 

1.0-exd V* V dV [2] 

where m and k are material constants, V* i s the reference volume, and 
i s the minimum strength of the material. Since three material constants 
are involved. Equation [2] i s referred to as a "three parameter" Weibull 
model. A simpler two parameter model is used in this study by assuming 
0„ = 0. 



For tension perpendicular-to-grain failure mode, the parameters k and m 
are determined from the test data collected earlier (Karacabeyli, 1987). 
For each heel joint type (five heel joint types were tested), nine 
tension perpendicular to grain blocks — in lengths equal to f u l l , half, 
and cjuarter of the top chords' depth — were tested. There were 10 or 
11 replications for each heel joint type, and thus a sample of 30 or 33 
specimens were tested per specimen length. Test data were presented in 
Karacabeyli (1987) . The parameters k and m are determined as follows: 
i f the volume of the smallest specimen (which has the length equal to 
the quarter of the top chords' depth) is considered to be unit volume 
(V*), and the tension perpendicular-to-grain stresses are considered 
uniformly distributed, then we can write: 

In 0(0.5) = lnO*(0.5) - i inV [3] 

where O*(0.5) is the median uniform stress on the unit volume V* and 
CJ(0.5) i s the median uniform stress on the volume V. Equation [3] can 
be used to plot the logarithm of the median uniform stress versus the 
logarithm of volume data, and the shape parameter k can be obtained from 
the slope of a regression line f i t t e d to this data. The scale parameter 
m can then be calculated with Equation [2] for any desired probability 
level. 

For longitudinal shear failure mode, the parameter k = 5.53 for air-dry 
Douglas-fir (Foschi and Barrett, 1976) w i l l be used for a l l species. 
The parameter k i s related to the v a r i a b i l i t y of shear strength, which 
i s relatively independent of species. The parameter m can be related to 
the mean ASTM shear block strength Xj^^^y^ according to: 

m = XTASTM [4] 

where X i s species independent. Using the ASTM shear block strength 
for air-dry Douglas-fir, Foschi and Barrett (1976) found X = 1.954. 
For each heel joint type, a total of 30 or 33 ASTM shear blocks were 
tested earlier (Karacabeyli, 1987). The median ASTM shear block test 
result for each heel joint type w i l l be used in Equation [4] to compute 
the parameter m in longitudinal shear failure mode. 

Having obtained the parameters k and m and stresses from the f i n i t e 
element analysis, the ultimate load carrying capacity of the connection 
in longitudinal shear and tension perpendicular-to-grain failure modes 
is determined as follows: i f the stress analysis is carried out for an 
applied load resulting in stresses Ô , the stresses corresponding to 
a general load P w i l l be, assuming linearity, 

a = o . ( ^ ) [5] 

Thus, i f P̂, i s the wood failure load corresponding to the failure mode 
for the direction of Ô , then: 

16] 

Unit volume V* and volume V w i l l have the same probability of failure 
under their respective stresses i f : 



< dv = a*^ [7] 

where O * i s the uniform stress in unit volxame. From Equations [6] and 
[7], we can write: 

Pw = Pi ̂  [8] 

where: 

I l = ojdv [9] 

The integration in Ec[uation [9] can be done numerically from the output 
of stress analysis for longitudinal shear or tension perpendicular-to-
grain stresses. In the heel joint experiments conducted, there were no 
tension perpendicular-to-grain failures observed (Karacabeyli, 1988). 
It i s suspected, however, that the longitudinal shear failures in the 
upper chord could be influenced by tension perpendicular-to-the grain 
stresses. An approach similar to the one described by Karacabeyli and 
Foschi (1987) can be used to predict ultimate failure loads due to 
combined shear and tension perpendicular-to-grain stresses. The method 
described here for talcing into account volume effect can also be applied' 
to the connections f a i l i n g because of tension parallel-to-grain 
stresses, since i t i s a b r i t t l e failure mode. 

4.5 VERIFICATION OF THE MODEL 

The verification of the model w i l l be performed in two steps. F i r s t , to 
ensure that the f i n i t e element model i s giving the correct stress state, 
additional experiments on 10 tension and 10 bending specimens (wood 
member-metal truss plate-wood member) w i l l be performed where the strain 
in several directions and the modulus of e l a s t i c i t y of the wood members 
are determined. The stresses in wood member w i l l then be calculated and 
compared against theoretical results. In the second step, the model 
predictions for median failure load for heel joints in a combined 
shear-tension perpendicular-to-grain failure mode w i l l be compared 
against experimental observations. 

5.0 CONCLUSIOKS 

The theoretical model for analyzing the stress distributions in the wood 
members of the truss plate joints has been presented. The problem, 
assumptions, the application of the f i n i t e element method for obtaining 
stress distributions in the wood members, and the application of 
Weibull's weakest link theory to account for volume effect i n 
determination of failure loads in longitudinal shear and tension 
perpendicular to grain failure modes were described. 

In the 1989/90 f i s c a l year, the numerical analysis w i l l be performed, 
additional experiments w i l l be conducted, and the model w i l l be verified 
against the experimental results. 
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