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A commercially available, three-dimensional (3-D) finite-element (FE) analysis

program was used to model metal-plate-connected (MPC) joints in wooden trusses.

The model's features included consideration of material properties, teeth-to-grain-to-

direction-of-force orientation, and wood-to-wood contact. Non-linear spring elements,

placed on the wood surface between wood and plate, were used to represent wood-to-

teeth interaction. Each tooth was represented as a single point consisting of three non-

linear spring elements, accounting for wood-to-teeth stiffness behavior in each of the

three major plate directions. The stiffness properties for the spring elements were

assigned based on tensile joint tests at various teeth-to-grain orientations. Once

incorporated in the model, the per-tooth stiffness need not be adjusted for different

loading conditions applied later to the joint model.

The load-displacement (L-D) results from the model and the experimental

results from tensile and bending tests of splice joints with different teeth-to-grain

orientations showed a good agreement. Simplified models where wood-to-teeth
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interaction was represented using a reduced number of spring elements showed a

potential for application in truss design.

Furthermore, the behavior of five different types of MPC wood joints from an

actual scissors truss was evaluated through testing, while simulating loads carried by

truss members in service. Strength, stiffness, and failure modes were observed. For

three out of five joints, the steel plate size governed the behavior of the entire joint,

causing a steel-tearing failure mode. Models developed to simulate the five joints

predicted axial L-D behavior of the joints relatively well, whereas the rotational

behavior was not evaluated due to insufficiently defined boundary conditions during

testing.

Finally, an FE analysis of the entire scissors truss was performed. The 3-D

truss model was compared to conventionally accepted, two-dimensional (2-D), beam-

element-based truss FE models with different joint stiffness assumptions: pinned, rigid,

semi-rigid, and fictitious element. The 3-D model predicted the overall experimental

L-D truss behavior most accurately. The difference in displacement predictions by the

2-D models indicated that even more substantial discrepancies might exist in their

predictions of truss forces and moments, which are the basis for truss design

considerations.
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ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF THE BEHAVIOR
OF METAL-PLATE-CONNECTED WOOD TRUSS JOINTS

CHAPTER I

INTRODUCTION

Today, metal-plate-connected (MPC) wood trusses are used to build more than

90% of all the homes and apartments in the United States (Carlson, 1992). Showalter

and Grundahl (1991) reported that MPC wood trusses make up about 20 percent of the

wood industry market, which would mean approximately a $400 million potential

market share. However, the amount of research invested in improving the design

procedures for MPC joints is very limited.

Conventional procedures for design and analysis of MPC trusses mostly include

pinned or rigid behavior of connections. Some truss analysis procedures provide an

option for including semi-rigid connection behavior where input parameters for the

members representing joint action are determined in many ways, ranging from specific

experiments to engineering judgement.

The behavior of metal-plate-connected joints in service is very complex and

difficult to analyze without experimental data and verification. Different

configurations of actual MPC joints can-y not only tensile loads, but also compressive

loads and a variety of combined and eccentric loads. However, the accepted and

prescribed test methods do not include MPC joint testing under different loading

conditions, as they occur in trusses in service. Additional experimental or
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analytical methods for determining properties of different joint types in service should

be defined to potentially complement existing techniques.

Comprehensive analyses of joints contribute to the understanding of the overall

behavior of MPC trusses, and could lead to improvements in current design practices.

These advanced design methods could in turn lead to improved cost effectiveness of

engineered trusses. In addition to enhancing the utilization of materials, resulting in a

possible reduction in the amount of wood and metal used in the truss industry, more

accurate predictions of the behavior of MPC joints could also increase the overall level

of safety of MPC structures.

OBJECTIVES

The main objective of this study was to develop, verify and evaluate a three-

dimensional, finite-element (FE) model representing MPC joints in wood trusses. The

model will allow for comprehensive analysis of both connection and truss load-

displacement (L-D) behaviors, as well as member force distributions in joints and

trusses while in service.

In working towards this objective, a model capable of incorporating the major

factors that influence the performance of MPC joints (wood and steel plate properties,

wood-to-plate load-slip interaction that depends on plate-to-grain-orientation, wood-to-

wood contact, load eccentricity, gaps between wood members, etc.), yet relatively

simple to use, was developed. In addition, truss joints were modeled with a readily

available, commercial software, instead of specially developed computer programs that

would be unavailable to practicing engineers.
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A further goal of this project was to establish basic principles and methodology

for developing a simplified version of the model discussed here, through investigating

the load-displacement results, and evaluating the importance of model input

parameters. This new model will be more readily applicable to design, while still

providing a high level of accuracy in predicting MPC joint/truss behavior.

PROCEDURE

The process of developing and testing the model consisted of several steps.

First, the basic aspects of a finite-element model capable of representing joint behavior

under various loading conditions were defined and developed. The model's wood-plate

interaction properties were based on a series of simple tensile tests, conducted

specifically for this purpose. Then, the model was tested for sensitivity to various

input parameters, and re-evaluated through comparison to L-D results of additional

tensile and bending tests of MPC splice joints. Some model simplifications were then

investigated, intended to reduce model complexity and computation time, yet preserve

sufficient accuracy for truss analysis within the design range.

The second phase of the project included model verification against the

observed performance of truss joints from an actual scissors truss. First, the behavior

(strength, stiffness, failure modes) of five joint configurations from the truss were

evaluated through destructive testing developed specifically for this purpose. After

observing the tests and characterizing joint properties, several conclusions and

recommendations were made. The load-displacement data from several tested joints

were then used to compare to the output of the model.



Finally, the third phase of the project included analysis of a full-scale scissors

truss. Several model approaches were evaluated and compared to the overall

experimental truss behavior. The experimental truss load-displacement data were

compared to the L-D results from the model used in this study, and to several two-

dimensional (2-D) beam-element based finite-element truss models: pinned, rigid,

semi-rigid (joint stiffnesses based on the scissors-truss-joint tests performed in this

study), and fictitious-element-based. The investigation of truss-member force

distribution results was left outside the scope of this study.

LITERATURE REVIEW

The history of mechanical fasteners used in connecting wooden members dates

back to ancient Egypt and Rome (Patton-Mallory 1986). In modern times, with the

development of the wood truss industry, problems of connecting truss members

emerged and have resulted in the production of numerous hardware items designed to

improve performance at the joints. Among all the connectors developed (bolts, split

rings, nailed-on plywood and metal gusset plates etc.), none is more economical and

less labor intensive than the punched metal plates. Their low cost and ease of

installation, along with their supremacy in efficiency and effectiveness compared to

other connectors, have made metal-plate-connectors the most widely used for the

fabrication of light-frame roof and floor trusses.

Metal-plate-connectors are a product originally introduced in the USA after

World War II, with their use subsequently spreading worldwide (Stern 1992). Ever

since then, hundreds of millions of wooden trusses with metal-plate-connectors have

4
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been successfully manufactured and erected. According to Carlson (1992), the size of

the truss plate industry is around $250 million (sales per year), all manufactured by

not more than ten truss plate manufacturers in the U.S.

There are several standards in the U.S. that provide testing procedures for

metal plates and for MPC joints used in wooden trusses. ASTM E 489 - 81 (1995)

describes the test method for determining tensile strength properties of steel truss

plates. A standard test method that provides a basic procedure for evaluating the

effective shear resistance of the net section of steel truss plates is given in ASTM E

767 - 80 (1995). A tensile test of plate-type joints, as a part of ASTM D 1761 (1994),

covers the determination of tensile strength and stiffness characteristics of symmetrical

joints in which parallel planar wood members are connected by metal plate fasteners.

This method has especially been designed for determining the tensile properties of

joints that connect nominal 2-in dimension lumber, such as those commonly used in

roof truss assemblies. ASTM D 1761 is actually the only standard that deals with the

concept of joints rather than metal plates, and again it only considers one particular

configuration of jointed truss members, the tensile strength of a butt joint.

The Canadian Standards Association (1980) has provided a method of test for

evaluation of truss plates used in lumber joints (CSA S 347-M1980). This standard

gives basic procedures for the determination of the lateral resistance and stiffness of

several basic truss plate joint types, and for the determination of the tensile and shear

strengths of the net sections of the plates. International Standard (1990) ISO .6891

deals specifically with load slip characteristics and maximum loads resulting from the

lateral resistance of the embedded projections and International Standard (1983) ISO
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8969 specifies test methods for determining the tensile, compressive and shear strength

of the plate at various angles. These standards were approved by CEN (European

Committee for Standardization), and are used in most European countries.

Basic procedures for MPC joint design and construction of wood MPC trusses

are given in the design specifications published by the Truss Plate Institute (ANSI/TPI

1-1995, 1995), and their principles are recognized in nearly all U.S. building codes.

They account for axial and moment effects at the heel joints and for the lateral

resistance at butt joints. ANSI/TPI 1-1995 refers to joint and plate standards,

including the basic four tensile tests described by the CSA S 347. The National

Design Specifications for Wood Construction (1991) (NDS) provides general

provisions which apply to metal connector plates, but it does not give the design

procedures for joints.

A majority of individual efforts reported in the literature in the area of metal

plate-connected joints include physical testing as an integral aspect of the research.

Suddarth et al. (1979) tested 322 MPC tension joints under axial loads to determine

ultimate strength and stiffness. Hayashi and Sasaki (1982) performed static tensile

strength tests on joints connected with sixteen different types of plates. Two failure

modes were observed: withdrawal of the teeth and rupture of the plate. Kanaya (1983)

investigated the following variables in an extensive testing program of MPC tension

joints: plate size and angle, grain angle, specific gravity of timber and the effect of

long term loading. Kirk et al. (1989) examined the effect of the size of gaps between

butting pieces on the performance of metal plated joints in compression.
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Quaile and Keenan (1979) were among the first to emphasize the need to test

different MPC joint configurations existing in actual commercial trusses. Suddarth

and Percival (1972) tested heel, crown, and ridge joints of a King-Post truss, in order

to evaluate the bending and axial stiffness properties of joints. The stiffness data was

later used to determine properties of fictitious elements in a mathematical model of the

truss. Recently, the focus has been shifted to testing different types of joints (e.g.

heel, web, etc.) under various loading conditions. Gupta and Gebremedhin (1990)

developed a testing apparatus to determine strength, stiffness and failure modes of

tension splice, heel and web joints at the bottom chord under different loading

conditions. Wolfe et al. (1991), and Gupta (1994) examined the load capacity of

metal-plate-connections under combined bending and axial loads and showed a

reduction in connection tensile capacity with an increase in applied moment.

Many researchers have tried to find an accurate way to predict global

characteristics of trusses by including the load-slip behavior of the joints. The Purdue

Plane Structures Analyzer (PPSA) (Suddarth, 1972), is a program specifically

developed for the analysis of plane frame structures. PPSA is widely accepted,

industry-tested, and relatively simple to use. Members in the assembly are assumed to

be linear and elastic, and the connections between members can be treated as either

pinned or fully rigid, or fictitious members can be inserted between truss members to

approximate partial fixity of the connections.

However, to date, one of the most advanced methods for determining properties

of MPC joints was a model developed by Foschi (1979), who used a three-parameter

equation to characterize the non-linear load-slip behavior of the connections. The
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basic load-slip properties associated with the entire wood member areas covered by the

plate are obtained from the four tests defined by the Canadian Standard Association

(1980). The load-slip properties for intermediate-angle plate-grain-load orientations

are interpolated using Hankinson's formula (Foschi, 1979). Foschi's connector model

was implemented in SAT (Structural Analysis of Trusses) (Foschi, 1979), a computer

program developed at the Western Forest Products Laboratory.

Lau (1987) used existing computer-based techniques, SAT and PPSA, to model

wood trusses, and compared the results. Lum and Varoglu (1988) compared the

results of full-scale parallel chord truss tests with the predictions of SAT, and the

results matched reasonably well. Karacabeyli, et al. (1990) tested long span trusses

and determined that the trusses could carry four times the design load, while the SAT

program predicted failure at 3.1 times the design load.

Triche and Suddarth (1988) developed a new truss analysis program (PPSAFT)

by modifying and extending the SAT program so that it would provide design

information for the lumber members as well as the plate connectors. They developed

additional subroutines, to evaluate tooth forces throughout the plates in truss joints,

taking into consideration plate size and shape. Cramer et. al. (1993) presented an

alternate stiffness-calculation method for the SAT model, as well as developed an

automated means to compute the geometric characteristics of each plate-wood contact

surface.

Many research efforts have included Foschi's concepts as an aid in

determination of structure properties. Benjamin and Bonhoff (1990) presented a

method for determining the per tooth load-slip relationship, using Foschi's model in



their analysis. Sasaki et al. (1988) used the load-displacement curve expressed by a

very similar equation to the one given by Foschi in order to obtain the stiffness of the

connection. McCarthy and Wolfe (1987) tested several MPC tension joint

configurations with various teeth-grain orientations and examined the Hankinson's

formula interpolation of the three parameters for the intermediate angle plate

orientations. McAlister and Faust (1992) compared experimentally obtained

parameters for Foschi's equation for metal-plate-connected sweet gum and poplar 2 X

4s, to previous results for metal-plate-connectors in southern pine 2 X 4s, and found

them equivalent. McAlister (1989) examined the effects of plate design, type of truss

framing and load orientation on the load-deflection curve parameters, loads at critical

slip, and ultimate loads of joints tested in tension. Gebremedhin, et al. (1992) tested

thirty six metal- plate-connected wood joints in tension and shear to failure to

determine their strength and stiffness characteristics and failure modes. Polynomial,

logarithmic and non-linear, three and two parameter Foschi models were examined to

determine the best fit for the load-displacement curves. Both Foschi's models seemed

to fit the data quite well.

Several researchers used other approaches to modeling of MPC joints. Palka

(1985) used an elastic model and a four parameter, linear viscoelastic spring and dash-

pot model to predict both short and long term behavior of truss plate joints in tension.

King and Wheat (1988) created a computer model to study load transfer mechanisms

in trusses by observing deflections, member axial forces, and bending moments.

Experimental and model results were compared, and a good agreement was shown for

axial forces, while the bending moment results were found significantly different.

9
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Cramer et al. (1990) presented a non-linear, plane-stress finite-element model

that allows computation of the internal deformations, stress conditions, and ultimate

strength for MPC joints loaded in tension and bending. In an oversimplified sense, the

model accounts for the individual stiffnesses of the wood members in the contact area,

the steel plate, and the tooth-wood interaction, through a set of three springs in series.

Gupta (1990), and Hata et al. (1977) independently developed models that

address the semi-rigid nature of an MPC joint by modifying the element stiffness

matrix of the wood elements to include the effects of axial and rotational stiffness of a

joint.

Reynolds (1988) expanded an existing finite-element analysis program by

adding the "interface element" stiffness matrix to account for the overall wood-plate

interface behavior. The interface elements were linear, two-dimensional triangular

elements with zero thickness, representing an average relative stiffness throughout the

plate-wood contact area. A good agreement was found between the load-slip test

results for ridge joints, and the theoretical model results.

Gebremedhin and Crovella (1991) developed an elastic foundation model

(based on the assumption that each tooth acts as a cantilever beam in an elastic

supporting medium) and a simple finite-element model to predict joint stiffness.

Based on experimental verification, the elastic foundation model yielded better results.

Groom and Polensek (1992) compared results from a model that treats a truss-

plate tooth as a beam on an inelastic foundation (and applies Runge-Kutta numerical

analysis to solve the governing differential equations) to experimental results, and

found good agreement between load-deflection and ultimate load data.
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Although a great deal of research effort has been invested in developing MPC

joints and truss analysis techniques and procedures, a comprehensive analysis and

design method capable of providing sufficient accuracy in predicting forces and

displacements of MPC joints in-service, yet which is simple to use and commercially

available, does not exist. If created, it would certainly become a valuable instrument

in the process of designing wood trusses, and an inevitable catalyst for enhanced

analysis, providing better confidence in truss performance.
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PROCEDURE

In this chapter, the development of the finite-element model will be discussed.

Model parameters are obtained through several experimental tests and through

available literature. The model performance is investigated for sensitivity to various

input parameters, and then re-evaluated through comparison to results of additional

MPC joint tests. Also, several possible model simplifications are investigated.

METHODS

Development of Finite-Element Model for MPC Joints

All joint modeling was done with the commercial software, ANSYS® (1992), a

general-purpose, finite-element analysis program. ANS YSe was used because: it is a

powerful tool capable of, but not limited to, performing the analysis of individual

MPC joints; it will allow for more extensive design and optimization analyses of MPC

joints and full-scale trusses in the future; and, it is widely available, unlike some other

tools whose use is generally limited to the researchers that developed them. A general

description of the finite-element method is not presented here and it is available in any

text on the finite-element method (e.g. Bickford 1990). A more detailed description of

the ANSYS® elements used in this study is given in Appendix A.

The basic approach was to build a finite-element model to represent the joint

behavior "from the bottom up", by first incorporating the parameters influencing the

13
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joint behavior at the per-tooth level, then building the rest of the model and exposing

it to a particular set of global boundary and static loading conditions.

All joints were modeled in three dimensions. A simplified schematic of a

portion of a typical MPC joint, along with the approach used to model it, are shown in

Figures 1 a and b, respectively.

Since one of the major goals was to represent MPC joints in the most realistic

manner possible, the selected ANSYS® element types were capable of including most

parameters describing the physical and mechanical properties of the constituent

materials, as well as the parameters associated with interaction of the components

(plate and wood members). All ANSYS® element types used in this part of the study,

along with the element parameters' description, sources, and values, are listed in Table

1. A general discussion of the elements used in this chapter is presented in the next

several paragraphs, and a more elaborate description is presented in Appendix A.

Wood and Steel-Plate Elements (ANSYS® Element 45). The wood members

and steel plates of the MPC joints were modeled with 3-D Structural Solid elements

(ANSYS® Element 45, ANSYS®, 1992). Wood and plate elements were defined by

two independent sets of nodes, where the nodes in the plane between the plate and

wood were geometrically coincident.

The mesh of elements preserved the actual global geometry of the joint,

although only one quarter of the joint was modeled. This was possible since all

modeled MPC joints were symmetric with respect to the plane parallel to and between

the plates, and to the plane coinciding with the wood member-to-member interface

plane.



a)

b)
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Figure 1. Schematic representation of a) portion of an actual MPC joint: wood
members, plate, tooth, plate-grain orientation, and b) MPC joint model:
wood and plate elements, spring elements representing wood-to-plate
interaction, and wood-to-wood elements.
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Table 1. Element Types Used in Modeling of MPC Joints.

16

A set of boundary conditions was then imposed, preventing the nodes on those

two planes from rotating about the two axes defining the planes of symmetry, as well

as translating in the direction perpendicular to the planes of symmetry.

The steel plate elements were assigned elastic-plastic bilinear material

properties (modulus of elasticity and yield point), as shown in Table 2. The material

properties for the wood portion of the model include moduli of elasticity (MOE) in the

three principal directions (longitudinal, radial, and tangential), shear moduli (G) for the

three principal orientations, and Poisson's ratios. The longitudinal (1) MOE values for

Model
Component

ANSYS
Element
Type

Parameters
Description

Parameter
Values

Obtained From:

Wood 3-D Solid
45

MOE (psi)
Longitudinal,
Radial,
Tangential

Varies
depending on
the model,

Longitudinal values from pertinent
test's average. Radial and
tangential values calculated
according to literature (Forest
Products Laboratory, 1987).

Plate 3-D Solid
45

E (psi) 29,000,000 Standard Steel Modulus of
Elasticity

Yield Stress
(psi)

47,400 Manufacturer's specifications

Wood-Teeth
Interaction

Non-
linear
Spring 39

User Defined
Load-Deflection
Curve

Varies, based
on simple
tensile tests
performed to
obtain model
parameters

X plate direction: T tests (Fig. 2)

Y plate direction: TP tests (Fig. 2)

Z plate direction: Pilot study
(Appendix B)

Wood-to-
Wood
Contact

3-D
Contact
52

Stiffness in the
plane of contact

Coulomb
Friction: 0.4

From Literature
(Eshbach, 1990)

Stiffness
perpendicular to
the plane of
contact

320 Icips/in/in2
Estimated as an order of
magnitude greater than the
adjacent wood element stiffness
and verified by test (Appendix C)
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each model were assigned based on the corresponding average test values (Tables 3 to

6, pages 31, 32, 39 and 42), and the MOE values for the other two orientations, radial

(r), and tangential (t), as well as the shear moduli for all three orientations, were

derived from the MOE/ using the guidelines given in the Wood Handbook (Forest

Products Laboratory, 1987): MOE, = 0.068 x MOE/, MOE, = 0.050 x MOE/, Gir =

0.064 x MOEI, Git = 0.078 MOEI, and G, = 0.007 x MOE/. Only one value for

Poison's ratio was assigned (p. = 0.022), and the ANSYSe program determined the

others based on the symmetry of element stiffness matrices.

Table 2. Metal plate specifications and dimensions.

Spring Elements (ANSYS® Element 39). The interaction between wood

members and steel plate teeth in the finite-element model was represented by Non-

linear Spring elements. The spring elements in the model assume the "role" of the

teeth on the plate. This feature, and the way it is incorporated in the model, is

probably the most important component of the model, and it separates this model from

Plate Description Plate Specifications and Dimensions

Type of Steel
Modulus of Elasticity
Average Yield Strength
Average Ultimate Strength Plate
Thickness
Tooth Length
Slots Dimensions
Tooth Density
Teeth Configuration
Dimensions of Tested Plates

ASTM A446 Grade A, ASTM A525 G60 coating
29,000 ksi
47.4 ksi
51.8 ksi
0.0345 in (20 gauge)
0.33 in
0.5 x 0.125 in, in-line
8 teeth per square inch
in-line and twisted
3 x 4 in and 1 x 3 in
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others. The spring elements define the plate-to-grain-orientation-dependent load-slip

relationships (stiffnesses) for the joint on a per-tooth level, and govern the overall

behavior of the joint.

Although an attempt was made to preserve the actual joint geometry in the

modeling process, some assumptions and simplifications were needed. The steel plate

was modeled without slots between the teeth, and the three-dimensional nature of the

teeth was modeled as wood-teeth interaction that occurs at a single point, as shown in

Figure 1 b (point A). The complex nature of the force-carrying mechanism of each

tooth was difficult to characterize, and it significantly complicated the model in early

attempts when all teeth were modeled in three-dimensions. The tooth behavior was

therefore characterized by "lumping" the tooth action at one, non-dimensional point.

By doing so, a compromise was made with respect to the stresses created in the wood

member in the vicinity of the plate and in the plate itself, yet it was assumed that most

other model output parameters remained unaffected.

The load-slip characteristics of each tooth with respect to the wood were

represented by a set of three non-linear spring elements "connecting" two coincident

nodes in the model, one belonging to wood, the other to the plate_ Each spring

element was defined by a single load-displacement (L-D) curve, defined by the user,

which was input to represent the per-tooth load-slip behavior (stiffness) in one of the

three principal plate orientations. The three principal plate (teeth) orientations were

recognized as: the major plate axis (x) that coincides with the direction of the plate

slots, the minor plate axis (y) that is in the plane of the plate, but perpendicular to x,

and the z axis that is perpendicular to the plate (Fig. 1 a).
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The finite-element model's L-D parameters characterizing the behavior

(stiffness) of spring elements in the plane of the plate (x and y directions), were

ascertained through tensile tests on simple joints, which eliminated the need for more

expensive procedures involving testing of various joint configurations. These tensile

tests were specific for each plate-to-grain orientation, and in general for a particular

wood species, plate type, etc. The properties of spring elements characterizing wood-

plate interaction in the direction perpendicular to the plate (z-direction) were obtained

from a pilot study (Appendix B). The assignment of stiffness properties to wood-plate

interaction elements will be discussed in the 'Stiffness Model Parameters' section in

this chapter (page 45).

Contact Elements (ANSYS® Element 52). When MPC joints are loaded in

compression or bending, or are subject to eccentric axial loading, the overall behavior

of the joint is greatly influenced by the wood surfaces that come into contact.

Therefore, the presence of contact elements in the model is essential. The size of the

gap that is created between actual joint members during fabrication governs the

occurrence of contact.

Wood-to-wood interaction in the MPC joints was represented by the 3-D Point-

to-Point Contact Elements (ANSYS®, element 52). The contact element represents two

surfaces that may maintain or break physical contact and may slide relative to each

other. The contact elements are capable of supporting only compression in the

direction normal to the surfaces that come in contact, and shear (Coulomb friction) in

the tangential direction.
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In the model, they were used to represent the physical interaction of two or

more wood members that may come into contact while the joint is loaded. If the

surfaces do not touch, the contact elements do not influence the behavior of the model.

Physically, they connect two geometrically non-coincident nodes, each belonging to

one of the wood members that may come into contact.

Since only one quarter of each joint was modeled (only one half of one wood

member), the contact elements were placed to connect each wood node that would

ordinarily touch the other wood member when loaded in bending, with another node

from a set of properly constrained nodes located in the plane of wood-to-wood

interaction. These nodes were used in the model solely for the purpose of constraining

joints loaded in bending, by assuming the role of the other wood member, and were

prevented from translation in all directions except in the direction of applied load.

The properties of contact elements were assigned according to the

recommendations given by ANSYS (ANSYS®, 1992). Each contact element was

defined by two stiffnesses: the Coulomb coefficient of friction (0.4) for wood-to-wood

contact governing stiffness properties in the plane of contact (Eshbach, 1990); and

stiffness in the direction perpendicular to the plane of contact (320 kips/in/in2),

estimated as an order of magnitude greater than the adjacent wood element's stiffness,

as recommended by the ANSYS® manual guidelines. The adjacent wood element's

normal stiffness value was verified by a set of compressive tests on small clear wood

specimens, discussed in Appendix C.

An example of an input data file for a simple tension joint model is given in

Appendix D.



Fabrication of MPC Joints

Wood used in this study was machine-stress-rated (1800f-1.6E) nominal two-

by-four in (1.5 x 3.5 in) and two-by-six (1.5 x 5.5 in) Douglas-Fir lumber from Frank

Lumber Co., Mill City, OR. The MOE of each board was determined using an E-

computer ("Metriguard..." 1991), before the lumber was conditioned in a controlled

environment at 68°F, and 70% R.H. Appendix E contains the MOE data, and all

other material property data, along with the explanations for procedures to obtain

material properties. The material properties were determined from small wood

samples that were cut from each joint near the failed side of the plate, in order to

obtain properties at the location nearest to the part of the joint that governed the

failure.

Metal plates used for fabrication of joints were supplied by Alpine Engineered

Products®, Pompano Beach, FL. Properties of plates and steel coils from which the

plates were manufactured are shown in Table 2.

The MPC joints were fabricated as shown in Figures 2 and 3.

Testing of MPC Joints

IvITC joints were tested both to obtain model input parameters and to verify the

model as it was developed in this study. Tensile tests were conducted to determine

input parameters; tensile and bending tests were used to verify the model.

Six MPC joint specimens were tested for each specific test configuration (84

joints total). Within each test configuration, wood pieces were selected to cover a

21
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range of specific gravities. Some data were discarded later due to fixture failures and

failures at locations other than near the plates. Testing of all joints was implemented

with a universal testing machine (8000 lb capacity), using a constant rate of

displacement (0.04 in/min). All joint specimens were loaded until failure.

Tests to Determine Model Stiffness Parameters. Tensile tests were

conducted to obtain teeth load-slip stiffness parameters in the direction parallel to the

plate's major axis (parallel to plate slots), and from now on referred to as T tests (Fig.

2 a), and in the direction perpendicular to the plate major axis (perpendicular to plate

slots), from now on referred to as TP tests (Fig. 2 b). For both types of tests, the

orientations of wood grain to the plate's major axis were 0, 30, 60, and 90 degrees.

The T and TP test configurations, and the specimen dimensions, are shown in Figures

2 a and b. The numbers following the letters designate the angle in degrees between

the direction of the grain and the major axis of the plate. The test setups for T and

TP tests are shown in Figures 4 a and b.

The geometric constraints associated with the grain angle in a typical nominal

two-by-four or two-by-six board, along with the fact that specimens tend to split along

the grain at higher loads, instead of failing at the joint if a full-size plate is used,

prompted the use of smaller plates in the T30, T60, TP30, and TP60 tests.

For all tensile tests, the area covered with the plate was clamped on one side of

the joint (Fig. 4), therefore preventing displacements and failure of the plate or wood

on that side. Hence, the behavior of only half of the joint was investigated. This was

done because only one side (the unclamped side) of most of the tested joints had the

desired plate-grain orientation. Two displacement transducers (linearly variable



a)

b)

LVDT

Clamp

Load Cell
Load Head

LVDT

Clamp

Load Cell
Load Head
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differential transducers, or LVDTs) were used to measure displacements of the

"measured" side of the joint relative to the clamped side. The LVDTs were attached

to the wood member 1 in. above the metal plate to measure displacements relative to

the plane between the two members. Force and the average axial displacement were

continually recorded and saved in a computer file via a data acquisition system.

The load-displacement properties for the direction perpendicular to the plate

(plate stiffness in withdrawal) were obtained from a pilot study, and the results are

given in Appendix B.

Tests to Verify the Model. Two different types of tests were conducted to

verify the model: tensile (R) tests, and bending (B) tests (Figs. 3 a and b,

respectively). The overall L-D behaviors of these test specimens were compared to

those obtained from the model.

The seemingly simple configurations of these joints (tensile and bending joints

with various plate-grain orientations) exemplify the conditions existing in a variety of

typical truss-joint configurations when in service. Individual wood members in joints

from actual trusses can be oriented at any angle to the plate major axis and can be

exposed to a variety of different loads when in service. To verify the model, joints

that represented conditions typically existing in actual trusses were chosen (various

plate-grain, and plate-grain-load orientations).

Two different joint configurations were tested in tension (R30 and R60). In

both cases the force was applied parallel to the grain, through the axial centroid of the

joints. However, the plate-to-grain orientation was varied (30 and 60 degrees). Figure

3 a summarizes these two joint configurations.



The plate dimensions were 3 by 4 in, but they were cut such that the plate

major axis was not parallel to either edge of the plate. The test setup was identical to

the setup for TO and TP90 tests (Fig. 4 a).

Four joint configurations were tested in bending. The angle between wood

grain and plate major axis was varied, while keeping the plate size constant. Four

different plate-grain angle combinations were tested: 0, 30, 60, and 90 degrees (BO,

B30, B60, and B90). Bending specimens and the dimensions are shown in Figure 3 b.

Bending specimens were tested on a span of 30 in, and the load was applied at

1/3-points. The load and the mid-span vertical deflection, measured at the center of

the plate, were continually monitored until failure. The test setup for bending

specimens is shown in Figure 5.

24.00

Figure 5. B test setup.
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Test Data Analyses. Load-displacement curves for all joints were recorded

and plotted. For all tests, the observed deflection was associated with the direction of

the applied load.

A computer-based, non-linear curve-fitting technique was used to fit a three-

parameter equation to each data curve. The Foschi (1979) equation was found to fit

the data quite well.

F = (mo mi I - exp(-1(1A1/1110))

where F represents load, A represents displacement, and k, m1 and mo are equation

parameters, representing the L-D curves' initial slope (initial stiffness), the slope of the

asymptote at large deflections (stiffness at large slip), and the y-axis intercept of the

asymptote with slope ml, respectively.

The equation parameters defining average L-D curves for each test type were

obtained by averaging the appropriate parameter values from the individual tests.

The per-tooth L-D curves for each T and TP test, used to assign stiffness

properties to the models, were obtained by dividing the load values by the number of

teeth in the half of the joint of interest. Therefore, it was assumed that all teeth over

the entire area of the plate had approximately the same stiffness (Foschi, 1979), which

significantly simplified the process of assigning model properties.

Verification of the Use of Smaller Plates in T30, T60, TP30 and TP60 Tests.

To verify the assumption that the stiffnesses of all the teeth in the plate were

approximately equal, and to justify the use of smaller plates in T30, T60, TP30 and



29

TP60 tests, an extra set of TO-type tensile tests with a smaller plate size (1 x 3 in) was

conducted, and the average per-tooth L-D curves were compared.

The following method was defined and used throughout this study whenever

two L-D curves were to be compared. First, the curves were inspected visually, and

the "match" was qualitatively characterized. In addition, the displacements at specific

points of the curve were compared, and the percentage difference was reported.

Specifically, the displacements were observed at one-third of the ultimate load, which

was defined as the design load (Quaile and Keenan, 1979), two-thirds of the ultimate

load, and at the ultimate load of one of the curves, designated as the control specimen.

The displacements were the criterion for comparison since this method was generally

used to compare the test results to model predictions, where the displacements were

the dependent variable (model output). The match between the curves was declared

"good" when the percentage differences in displacement were under 25%. This was

chosen based on the nature of the experiment, number of test observations, and general

variation of wood as a material.

The comparison of average per-tooth L-D curves for joints with different plate

sizes is shown in Figure 6. Visually, the curves show a good fit. The percentage

differences in displacement at one-third of ultimate load (design load), two thirds of

ultimate load, and at ultimate load of the full-size-plate (96 teeth) test curve are

16.11%, 5.11% and 10.67%, respectively. After concluding that there was no

significant difference between the average per-tooth L-D curves for those two joint

configurations, it was decided that smaller plates could be used to determine per-tooth

load-slip characteristics for intermediate plate-to-grain orientations.
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Figure 6. Average per-tooth L-D curves for TO tests with different plate sizes.

T and TP Tests. The per-tooth curve-fitting parameters (k, mo, and m1) for T

and TP tests along with the average values, are shown in Tables 3 and 4, respectively.

The coefficient of variation for the k parameter, denoting the initial slope of the curve

varies between 0.16 and 0.27 for T tests, and between 0.07 and 0.22 for TP tests.

Considering the nature of the conducted experiment, involving wood specimens with a

wide range of MOE and specific gravity, and the fact that only six specimens were

tested for each test type, the COV values are within the expected range. The other

two parameters, mo and ml, denoting the y intercept of the tangent to the last part of

the curve, and the slope of the same tangent (stiffness at failure), respectively, vary

somewhat more.
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Table 3. T Test Results (Per-Tooth Curve Parameter Values).
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Test Spec.
No.

Piece
No.

m,
(lb)

k
(1b/in)

mi
(1b/in)

Failure Mode SG MOE
(106 psi)

1 16 52.4 9418.6 917.5 Teeth Withdrawal 0.70 2.64
2 59 50.8 10110.4 729.7 Plate Tear 0.59 2.48

TO 3 24 54.5 7722.6 412.7 Teeth Withdrawal 0.56 2.45
4 14 53.7 5840.2 347.8 Teeth Withdrawal 0.58 2.18
5 31 44.0 6924.0 411.9 Teeth Withdrawal 0.48 1.97
6 20 55.5 7398.2 390.4 Teeth Withdrawal 0.46 2.00

Avg. 51.8 7902.4 535.0 0.56 2.29
COV 0.07 0.18 0.40 0.14 0.11

1 3 33.4 5139.3 554.3 Plate Tear 0.58 2.34
2 3 55.6 3525.0 -42.2 Plate Tear 0.59 2.34

T30 3 1 35.1 7778.8 355.8 Plate Tear 0.41 1.53
4 2 56.0 5859.8 78.2 Teeth Withdrawal 0.51 1.83
5 2 41.2 4456.3 249.2 Plate Tear 0.54 1.83

Avg. 44.3 5351.8 239.1 0.53 1.97
COY 0.22 0.27 0.87 0.12 0.16

1 3 34.0 4066.8 321.1 Plate Tear 0.58 2.34
2 3 37.8 4077.9 287.8 Plate Tear 0.60 2.34

T60 3 1 35.6 5176.0 216.0 Teeth Withdrawal 0.41 1.53
4 1 36.2 4974.0 317.0 Teeth Withdrawal 0.42 1.53
5 2 35.3 6527.3 425.6 Teeth Withdrawal 0.50 1.83
6 2 45.6 4820.7 109.1 Teeth Withdrawal 0.52 1.83

Avg. 37.4 4940.4 279.4 0.51 1.90
COV 0.10 0.17 0.35 0.14 0.18

1 18 72.0 1556.7 -261.8 Teeth Withdrawal 0.62 1.78
2 59 42.2 1895.9 -13.3 Teeth Withdrawal 0.59 2.48

T90 3 17 60.4 1482.0 -183.6 Teeth Withdrawal 0.57 1.89
4 14 73.8 1084.9 -576.7 Teeth Withdrawal 0.54 2.18
5 31 96.0 1452.2 -834.6 Teeth Withdrawal 0.48 1.97
6 20 112.1 1493.6 -943.5 Teeth Withdrawal 0.52 2.00

Avg. 76.1 1494.2 -468.9 0.55 2.05
COV 0.30 0.16 -0.73 0.08 0.11



Table 4. TP Test Results (Per-Tooth Curve Parameter Values).
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Test Spec.
No.

Piece
No.

mo

(lb)
k

(1b/in)
mi

(1b/in)
Failure Mode SG MOE

(106 psi)

1 16 71.6 2439.4 -196.9 Teeth Withdrawal 0.67 2.64
2 59 72.9 2530.3 -335.3 Teeth Withdrawal 0.59 2.48

TPO 3 17 97.4 1721.9 -551.0 Teeth Withdrawal 0.56 1.89
4 14 59.5 1967.8 -96.1 Teeth Withdrawal 0.54 2.18
5 31 162.4 1657.2 -1416.8 Teeth Withdrawal 0.51 1.97
6 20 406.1 1695.0 -3616.6 Teeth Withdrawal 0.46 2.00

Avg. 145.0 2001.9 -1035.4 0.56 2.19
COV 0.84 0.18 1.19 0.12 0.13

1 3 40.9 6536.7 86.0 Plate Tear 0.57 2.34
2 3 62.9 4701.4 -491.4 Plate Tear 0.60 2.34

TP30 3 1 13.1 3542.0 720.9 Plate Tear 0.42 1.53
4 2 32.1 5512.5 482.9 Teeth Withdrawal 0.50 1.83
5 2 28.9 4085.7 341.1 Plate Tear 0.52 1.83

Avg. 35.6 4875.7 227.9 0.52 1.97
COV 0.46 0.22 1.82 0.12 0.16

1 3 35.7 6410.3 285.8 Plate Tear 0.59 2.34
2 1 44.5 6044.5 103.9 Teeth Withdrawal 0.43 1.53

TP60 3 1 31.2 7332.1 314.7 Teeth Withdrawal 0.43 1.53
4 2 40.2 6997.3 150.5 Teeth Withdrawal 0.52 1.83
5 2 36.4 7081.8 355.3 Teeth Withdrawal 0.52 1.83

Avg. 37.6 6773.2 242.0 0.50 1.81
COV 0.12 0.07 0.40 0.12 0.16

1 18 59.4 8397.0 -135.1 Teeth Withdrawal 0.66 1.78
2 59 46.6 9383.7 142.7 Teeth Withdrawal 0.6 2.48

TP90 3 24 62.2 5635.3 -57.8 Teeth Withdrawal 0.52 2.45
4 14 40.0 9252.0 343.0 Teeth Withdrawal 0.56 2.18
5 31 30.1 5747.9 226.3 Teeth Withdrawal 0.54 1.97
6 20 34.8 6381.4 188.8 Teeth Withdrawal 0.46 2.00

Avg. 45.5 7466.2 118.0 0.55 2.14
COV 0.26 0.21 1.40 0.11 0.12
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Figures 7 and 8 show the per-tooth data load-deflection curves, along with

fitted curves and averages, for T and TP tests, respectively. After inspecting the

curves visually, it can be concluded that most L-D data were adequately described by

their equation counterparts. The average curves, based on the average parameter

values for each group of tests, fall in the middle of the region covered by the data

curves, as expected.

The average per-tooth L-D curves for T and TP tests are shown in Figures 9 a

and b, respectively. These curves were used to represent the per-tooth stiffness

behavior of all tested joints in later analysis. Note that in both cases the curves for

intermediate angles (30, 60 degrees) fall in the region between the two basic curves, as

expected. The order is reversed for the tests where the load was oriented

perpendicular to the plate's major direction, which agrees with the results of McCarthy

and Wolfe (1987), and may be attributed to the stiffer response of joints when force is

applied parallel, or close to parallel to the direction of the grain.

R Tests. The curve-fitting results for two tensile tests used in the verification

of the model (R30 and R60), are shown in Table 5. The results show that the

coefficient of variation for all three parameters is somewhat smaller than for the T and

TP tests.

The raw per-tooth L-D data for R tests, along with fitted curves and the

averages, are shown in Figure 10. Figure 11 shows the average per-tooth L-D curve

for R30 and R60 tests. These two average curves, after adjusting for number of teeth

in appropriate models, were used to compare with outputs from models representing

R30 and R60 joint configurations.
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Table 5. R Test Results (Per-Tooth Curve Parameter Values).

a)

70-

60-
R30

- Test Data Fitted Data --)K- Average

0.101 0.102 0.03 0.104 0.105 0.106 0.07 0.108 0.109

Displacement (in)
01

Figure 10. R tests per-tooth load-displacement results: a) R 30 tests; b) R 60 tests.
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Test Spec.
No.

Piece
No.

rn,
(lb)

k
(1b/in)

m1
(1b/in)

Failure Mode SG
_

MOE
(106 psi)

1 25 48.9 5245.7 223.1 Plate Tear 0.65 2.55
2 41 45.8 6021.4 200.5 Plate Tear 0.60 2.65

R30 3 17 48.3 6248.4 273.5 Plate Tear 0.60 1.89
4 30 47.3 6507.7 224.3 Plate Tear 0.55 2.20
5 22 42.3 5701.8 325.3 Plate Withdrawal 0.48 2.34

Avg. 46.5 5945.0 249.3 0.58 2.33
COV 0.05 0.07 0.18 0.10 0.12

1 18 52.9 6518.4 123.2 Plate Tear 0.62 1.78
2 41 51.3 5204.6 93.7 Plate Tear 0.60 2.65

R60 3 23 44.9 5830.3 179.3 Teeth Withdrawal 0.55 2.15
4 22 42.1 6370.3 250.6 Teeth Withdrawal 0.52 2.34
5 53 44.8 5761.5 166.6 Teeth Withdrawal 0.56 2.01
6 19 49.5 4890.3 113.1 Teeth Withdrawal 0.45 1.74

Avg. 47.6 5762.6 154.4 0.55 2.11
COV 0.08 0.10 0.34 0.10 0.15
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B Tests. The results for the four bending tests (BO, B30, B60 and B90) are

shown in Table 6. The overall load-deflection results for the four bending tests, along

with fitted data and averages, are shown in Figure 12. After visual inspection, the

parameters obtained from the curve-fitting program were found to inadequately

describe the load-deflection curves for one from each group of six bending tests.

Also, the parameters describing those curves were significantly larger than the rest of

the parameters, causing the average curves to shift towards the outlier curves.

Therefore, those data were discarded, and were not included in the calculation of

averages, providing only five joint results for all bending test types. Based on the fact

that not all curves could be successfully fitted, it could be presumed that the three-

parameter Foschi curve does not describe the bending L-D data as successfully as

tensile MPC joint L-D data.

The average load-deflection curves for the remaining bending tests are shown

in Figure 13. These four curves were then compared to the bending models' outputs.

It is important to point out that for a number of tests, the m1 value obtained

from the curve-fitting computer program was negative. That did not mean that the

slope of the curve was negative for the displacement range of interest in a particular

test. Mathematically, it meant that the equation fitted to a particular L-D curve was

best described using those particular parameters, even though the slope of the curve

may become negative outside the deflection range for which the curve was fitted,

which was for each test from zero-load to failure.



Table 6. B Test Results.

* Combination Failure: Combination of plate withdrawal and plate tear.
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Test Spe
c.

No.

Piece
No.

mo

(lb)
k

(1b/in)
m, (113/in) Failure Mode * SG MOE

(106 psi)

1 9 4173.3 9066.3 -3091.9 Combination Failure 0.57 2.41
2 42 3252.9 8734.8 -1367.2 Combination Failure 0.54 2.30

BO 3 32 2082.8 9752.2 79.9 Combination Failure 0.49 1.81
4 8 2381.3 9903.9 -559.8 Combination Failure 0.45 1.72
5 11 2392.9 7125.7 -623.7 Teeth Withdrawal 0.46 2.07

Avg. 2856.6 8916.6 -1112.5 0.50 2.06
COV 0.27 0.11 0.98 0.09 0.13

1 48 1226.4 8999.2 988.9 Plate Tear 0.58 2.26
2 22 2370.9 6176.9 -602.6 Plate Tear 0.53 2.34

B30 3 32 2560.9 8032.6 -1163.7 Plate Tear 0.49 1.81
4 29 4904.8 6093.5 -3242.1 Combination Failure 0.47 2.03
5 34 2092.5 6155.9 -426.2 Plate Tear 0.46 1.72

Avg. 2631.1 7089.8 -889.2 0.50 2.03
COV 0.47 0.17 1.54 0.09 0.12

1 27 2048.9 12178.2 -1262.8 Combination Failure 0.62 2.87
2 23 1485.4 9402.07 -251.3 Teeth Withdrawal 0.51 2.15

B60 3 42 1285.8 12328.8 289.7 Teeth Withdrawal 0.53 2.30
4 29 2757.7 9369.0 -1397.2 Combination Failure 0.50 2.03
5 11 731.5 7855.9 1478.9 Teeth Withdrawal 0.46 2.07

Avg. 1661.9 10226.8 -228.6 0.52 2.28
COV 0.42 0.17 4.64 0.10 0.13

1 25 1300.2 7849.0 97.29 Teeth Withdrawal 0.63 2.55
2 21 1865.4 11353.7 -301.41 Teeth Withdrawal 0.59 1.82

B90 3 30 1254.3 9938.4 345.2 Teeth Withdrawal 0.55 2.20
4 53 9097.8 6411.5 -10169.6 Teeth Withdrawal 0.47 2.01
5 11 3862.6 6324.1 -3170.7 Teeth Withdrawal 0.45 2.07

Avg. 3440.1 8375.4 -2639.8 0.54 2.13
COV 0.86 0.24 1.50 0.13 0.11
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Stiffness Model Parameters

The method of assigning in-plane stiffness properties to spring elements in

particular models is shown in Figure 14. For instance, in order to model a joint where

the angle between the plate major orientation (x axis) and grain is 60 degrees, namely

for models R60 and B60, one needs to obtain the per-tooth stiffness characteristics in

the x and y plate directions from only two types of tensile tests. The per-tooth

stiffness properties in the direction parallel to the plate major axis will be determined

from the T60 tests, since for that test the angle between the plate major axis and grain

is 60 degrees, and the force is applied along the plate x axis. Similarly, the stiffness

properties in the direction perpendicular to the plate main axis ( y direction) will be

0:1 0.2 0:3 0.4
Displacement (in)

0.5 0.6 07
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determined from the TP60 tests, where the plate-grain orientation was again 60

degrees, and the force was applied along the y axis. The equations that will be used

to describe per-tooth stiffnesses for those two orientations are defined by the

appropriate parametersshown in Tables 3 and 4.

A

WOOD MEMBER

SET OF SPRING ELEMENTS

Global Coordinate
System

PLATE

Properties in Plate X Direction
Obtained from T60 Test

TOOTH

4-7

Grain Orientation

Properties in Plate Y Direction
Obtained from TP60 Test

Symmetry Plane

Figure 14. R60 model: plate-grain orientation, orientation of assigned load-slip
properties.
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Once the assigned per-tooth load-slip characteristics (stiffnesses) are

incorporated in the model, they need not be adjusted for different load conditions

(orientations, magnitudes, etc.) applied later to the joint model. Table 7 shows the

appropriate tests used to determine the per-tooth stiffness characteristics in the x and y

directions for all models developed in this study.

Table 7. Tests used to obtain model parameters.

The per-tooth load-slip behavior of plates in withdrawal was assumed

independent of plate-to-grain orientation, and the average curve from Figure 15 was

used to characterize the joint load-slip behavior in the z direction for all models

created in this study.

The ANSYS® program does not generate a per-tooth stiffness curve directly

from the parameters of the L-D equation. Each spring element is defined by a set of

discrete L-D points. Therefore, from each of the average T and TP test L-D curves, a

set of discrete points along the L-D curve was visually selected to best "describe" the

nature of the curve (at every 0.05 or 0.03 in., depending on the test). Figure 16 shows

the comparison between average TO per-tooth L-D curves created by Foschi's equation,

and by curve discretization.

Model Test to Determine Properties in
the Plate x Direction

Test to Determine Properties in
the Plate y Direction

TO, TPO, BO
T90, TP90, B90

R30, B30
R60, B60

TO

T90
T30
T60

TPO
TP90
TP30
TP60



Figure 15. Per-tooth load-displacement results in the z-direction (perpendicular to
plate).
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Figure 16. TO Test: Per-Tooth L-D curves defined by Foschi's equation, and by a set
of discrete points.
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Also, as a result of testing joints in tension with different plate sizes, the T30,

T60, TP30 and TP60 specimens' ultimate loads were not comparable with the rest of

the joints. Therefore, even though the ultimate loads were recorded for each test, they

will not be included in the results section of this chapter. The ultimate loads were

also not of primary interest in this study. It is important to note that the model

developed in this study was not designed to be capable of predicting the occurrence of

failure. Despite the fact that the spring element's capabilities include a pre-defined

load displacement curve (and therefore a failure load can be input on a per-tooth

level), it was decided to primarily focus on the MPC joints' response in the initial,

design-load region. However, the ultimate load results for all tested joints are shown

in Appendix F.

Verification of Four Basic Tensile Models and Sensitivity Analysis

Verification of Four Basic Tensile Models. The first models developed in

this study actually represented basic joint geometries, under simple load

configurations. Specifically, a model was developed for each of the basic four tests

described by the Canadian Standard (1980), for the purpose of comparing them to

model outputs. In this text these models are identified as TO, T90, TPO, and TP90.

The model geometry for the joint test TO is shown in Figure 17. The model

copied the geometry and simulated the loading conditions of the corresponding

physical test. The load in the model was applied in a number of discrete load steps,

with the final load step magnitude near the average failure load for the corresponding

physical test. All joints in this study were modeled in a similar manner.



Plate

Figure 17. Model geometry for TO joint.

Sensitivity Analysis. Furthermore, before proceeding to compare the model

performance against the physical tests where the influence of plate-grain orientation

was investigated (R and B tests), a sensitivity analysis was performed to determine

which parameters govern the behavior of the TO joint model. The influences of

several model input parameters on the overall joint stiffness were investigated: the

assigned wood-member and steel-element stiffnesses, and the assigned per-tooth load-

slip parameters in the plane of the plate and perpendicular to the plane of the plate (z-

direction).

Symmetry Plane

Wood Member
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Model Verification

Models were developed for each of the R and B joint configurations for the

purpose of comparing the model L-D output to the joint testing results.

R Models. The element layout, loading conditions and a center-joint symmetry

plane for models representing R30 and R60 joints are shown in Figure 18. As in the

case for the R60 model, the geometric pattern of the nodes defining the location of

spring element sets coincided with the teeth pattern of the tested joint. The forces in

these two models (R30 and R60) were not coincident with the direction of either plate

axis.

The average experimental per-tooth L-D curves for R30 and R60 tests were

converted into full joint L-D curves by adjusting for the number of teeth in the

appropriate models, and were compared to the appropriate model outputs.

B Models. The models representing MPC joints loaded in bending were based

on the same nodal geometry used for the corresponding tensile models (TO, R30, R60,

and TP90). The differences were in the loading and boundary conditions: third-span

point loading, and the reaction point node prevented from translation. Also, a number

of wood-to-wood contact elements were inserted along the wood surfaces that come

into contact during bending. The element layout, along with loading and boundary

conditions, for the BO model are shown in Figure 19.
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Figure 18. Model geometries for a) R30 and b) R60 models.
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Figure 19. Model geometry for BO model.

Model Simplifications

The main goal of this study was to develop a comprehensive model capable of

realistically representing the behavior and characteristics of different joint

configurations. However, in an attempt to reduce the overall engineering time

involved in the model creation process, and perhaps enable this concept to become

more useful to the industry, several possible model simplifications, along with some

simplifications already incorporated in the model, were examined.
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Plate Slots. Initially, the joint models included the slots in the metal plate.

This process complicated the analysis significantly, and all metal plates were modeled

without taking the slots between the teeth into consideration. All steel plates were

considered rectangular in shape, with thickness being the actual thickness of the plate.

To investigate the influence of plate slots on the overall model's L-D behavior, the

outputs of TO models developed with and without slots were compared.

3-D Teeth Modeling. The method used to represent teeth in the model was

also investigated. Each tooth in the model was represented by three coincident spring

elements. Each spring defined the load-slip characteristics of that tooth in one of the

three major plate directions. However, the original approach to modeling in this study

was to actually represent each tooth in the metal plate by using three-dimensional solid

elements. The geometry of the actual teeth was largely preserved, and the wood-to-

steel interface was represented by a number of spring elements distributed along the

teeth faces, as shown in Figure 20. The problem with this approach was that it was

very difficult to assign the proper load-slip properties to the spring elements, in

addition to the added complexity. After several unsuccessful attempts to analyze these

models, this approach was abandoned, and a single-point, interface-element approach

was embraced.

Teeth Layout. The geometric layout for wood-to-steel interface elements in

the R30 and R60 models copied the actual teeth pattern in real joints (Fig. 18). The

area beneath the plate was 6 in2 (one half of 3 x 4 in) in both cases, and 47 teeth were

modeled in each half of the joint. However, the specific orientation of teeth rows, 30

and 60 degrees to the joint main axis, respectively, added complexity to the model.
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Figure 20. Model of a metal plate: teeth represented by 3-D solid elements.

To simplify the model, the exact geometric layout of the spring elements was

disregarded, and the spring elements were distributed in a simpler fashion, copying the

teeth layout of models TO and TP90. However, the overall shape of the plate, the

number of teeth (sets of spring elements), and teeth density were kept the same. Also,

the load-slip properties of the spring elements were still defined in the directions of

the original plate main axes from R30 and R60 models. R30 and R60 were the only

joint configurations investigated in this manner.
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Lumping the Teeth Properties. Instead of three spring elements describing

the behavior of each tooth separately in the model, a number of teeth represented by

one group of three spring elements ("super nodes") was also examined. These

elements were assigned the load-slip characteristics for a group of teeth. This was

implemented by multiplying the load side of the L-D curve by the number of teeth

involved in that particular group. TO and BO were the only joint configurations

examined in this manner. Two combinations for super node locations were

investigated: four super nodes located at the corners of half the plate, and four super

nodes each placed at one quarter of the corresponding plate dimension from plate

corners (shown in Fig. 21).

b)

Joint

Typical Super Node Locations

Joint

Plate

0 0

Plate

0 0

W/4W/2W/4
0-40+-01

41-
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Figure 21. Two configurations of super node layouts for modified TO and BO models.



RESULTS AND DISCUSSION

Verification of Four Basic Tensile Models and Sensitivity Analysis

Verification of Four Basic Tensile Models (CSA, 1980). The models of four

basic joints (TO, T90, TPO, and TP90) were loaded in the same direction as one of the

original tests that yielded their properties (Table 7). Thus, their model results were

expected to match the test results, since, in essence, the models were "calibrated" with

the experimental data.

The comparisons between the average test results and the four basic model

results are shown in Figure 22. The percentage differences in displacement at one-

third, two-thirds of ultimate load, and at ultimate load, measured relative to the test

results, were as follows: for the TO model, 14.82%, 8.45%, and 0.70%; for the T90

model, 3.97%, 3.85%, and -4.23%; for the TPO model, 8.40%, 7.40%, and -0.91%; and

for the TP90 model, 22.26%, 12.77%, and 5.37%. Upon visual inspection, and based

on the displacement comparisons, it was found that the experimental and model results

matched well over the L-D path for all four basic tensile models, which was expected.

It is important to emphasize that the model displacement predictions were

linear between discrete load points on the curves. This in turn generated a larger error

in the results, unless the point of comparison between the two curves was exactly at

one of the model-defined load-output points. Generally, that was not the case for most

of the curves compared in this study.
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Sensitivity Analysis. Wood Stiffness. The stiffness properties assigned to

wood elements (MOEs) were reduced to one half of their original values, and model

results were compared to the original TO results. The overall joint stiffness measured

at the plate was not influenced noticeably with this variation of the assigned wood

member stiffness. Visually, there was no noticeable deviation between the curves, and

the differences between models' displacement predictions were less than one percent at

all three points of interest on the curves (one-third, two thirds of ultimate load, and at

ultimate load). However, it is important to note that the per-tooth load-slip properties

obtained from testing partially depend on the actual wood member's stiffness (along

with the specific gravity, etc.). Therefore, the stiffness is partially incorporated in the

model. Also, the joint displacements for all tests and for all models were observed

near the plate and relative to the plane between the two members, therefore the overall

wood elongation did not significantly affect the deflection at the observed point.

Steel Stiffness. A similar comparison was done with steel stiffness reduced to

half of its original value. The assigned steel stiffness did not influence the overall

stiffness of the modeled joint. As in the case for models with varied wood stiffness,

the percentage differences in displacement at one-third, two-thirds of ultimate load,

and at ultimate load were all under 1%. This phenomenon may be explained by the

fact that for joints with the investigated plate size, the stiffness and failure mode are

governed by the plate-wood interface behavior, which is included in the model through

the per-tooth load-slip curves. For joints with larger plates, however, the steel

stiffness and strength may become the determining factor governing the overall

behavior of the joints.
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In-Plane Per-Tooth Parameters. Furthermore, a comparison was made between

two joint models where the in-plane per-tooth load-slip parameters were varied.

Figure 23 shows the comparison between the overall stiffness of the TO joint model,

and the same model, but with the stiffness in the x direction assigned based on the x

direction stiffness from the T90 test. There is a significant difference between the

two. It could be observed that the latter model is much more flexible in the non-linear

region. The differences between the displacement results from the two models at one-

third, two-thirds of ultimate load, and at ultimate load were as follows: 16.20%,

66.64%, and 72.03%. It was concluded that the behavior of joint models loaded in

tension with the investigated plate size is governed by the in-plane load-slip

parameters assigned at the per-tooth level.



Z-Direction Stiffness. Finally, it was necessary to verify the assumption that

the assigned stiffness in the z direction does not affect the behavior of joint models

when loaded in the plane of the joint. After comparing the TO model results with a

model for which the stiffness in the z direction was reduced to half of its original

value, it was shown that the overall L-D behavior of the joint was not affected. The

displacement prediction differences at one-third, two-thirds of ultimate load, and at

ultimate load were all under one percent. Therefore, it was decided that the same

average per-tooth L-D curve in the z direction was to be assigned to all of the other

joint models.

Model Verification

R Models. The loads imposed on R30 and R60 models (and tested joints)

were not coincident with the direction of either plate axis, so the results were not

simply "calibrated", as was the case in previous models (TO, T90, TPO, and TP90).

Figures 24 a and b show the comparisons between the test and model results for tests

R30 and R60. A minor difference for both L-D curves is visually noticeable. The

model shows less stiffness in the failure region in both cases. The percentage

differences in displacement at one-third, two-thirds of ultimate load, and at ultimate

load for the R30 model were 25.43%, 12.12%, and -38.73%. For the R60 model, they

were 11.22%, -2.71%, and -44.60%. However, the results for both models fall well

within the region covered by the original L-D curves for the corresponding tests.

62



a)

b)

6000-

5000-

4000-

Zi
z.---

a) 3000-2
o

LL

2000-

6000-

5000

4000-

-o

a) 3000-2
o
IL

2000-

1000 -

o.bi

1)3c1 Ult. load

2/3 of Ult. Load

R30 Model

i 1/3 of Ult. Load

2/3 of Ult. Load

o.bi 0.02

-
.0...........

..... ...........

0.03i 0.04
Displacement (in)

R60 Model

- Test Average Model

Ultimate Load

Ultimate Load

0.05 0.06

Figure 24. R models: comparison with test results: a) R30 model; b) R60 model.

0.07

0.07

63

1000-
- Test Average ---- Model

0.02 0.03 0.041 0.05 0:06
Displacement (in)



64

B Models. The comparison between the L-D curves obtained from testing and

the model, for four bending tests, is shown in Figures 25 a, b, c, and d. Upon visual

inspection, it was found that the models' predictions fit the test data well. At one-

third, two-thirds of ultimate load, and at ultimate load, the percentage differences in

displacement, measured relative to the test results, were as follows: for BO model,

5.57%, 1.40%, and -50.71%; for B30 model, -8.29%, -10.64%, and -18.60%; for B60

model, 14.19%, 6.34%, and -12.34%; and for B90 model, 2.01%, 2.43%, and -6.64%.

The model's predictions for BO, B30, and B60 tests were somewhat stiffer in the

failure region, but, overall, the curve fit was characterized as good.

The wood-to-wood contact elements are a very important feature of the model.

For comparison purposes, several joint models loaded in bending were developed

without wood-to-wood contact elements, and the results were compared, as shown in

Figure 26. The model without contact elements proved to be too flexible in bending.

The percentage differences in displacement at one-third, two-thirds of ultimate load,

and at ultimate load were 43.97%, 62.14%, and 71.14%, respectively. The models

with contact elements predict the behavior well, while the ones without contact

elements do not. This demonstrates that wood-to-wood contact is a significant feature

determining the overall behavior of MPC joints where wood members come in contact.

Since all joints tested in bending were fabricated without noticeable gaps

between wood members, the effect of gaps was not included in the models. In order

to account for plate buckling that occurs when wood members separated by a gap

come in contact under compressive forces, special considerations would have to be

included in the model, and they were not exercised in this study.
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Model Simplifications

Plate Slots. Figure 27 shows the comparison between the L-D results of the

two model approaches, one with slots, and one without slots, for the same joint (TO).

Only a slight difference exists between the two. The percentage differences in

displacement between the models at one-third, two-thirds of ultimate load, and at

ultimate load were 3.75%, 1.40%, and 1.66%, and are almost imperceptible on the

figure. It was concluded that the stiffness of joints with the investigated plate sizes is

mostly determined by the plate-wood interaction. However, for joints with larger

plates, the plate properties may become the determining factor governing the stiffness

and failure mode of the joints, and plate slots may need to be included in the model.
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Also, when omitting the slots from the model (therefore eliminating stress

concentrations and increasing the overall cross section of the plate), a compromise was

obviously made with respect to the stresses created in the model plate.

Teeth Layout. There was no noticeable difference in the L-D curves, as well

as in the displacement predictions at one-third, two-thirds of ultimate load, and at

ultimate load (all less than 1%), when the results from the original R30 and R60

models and the results from the modified R models, based on the teeth geometries of

TO and TP90 models, were compared. A comparison for model configurations loaded

in bending (B30 and B60 versus modified B models based on the geometries of TO

and TP90 models) showed that the results were again very similar. The same

0.05 0.060.01 0.02 0.03 0.04
Displacement (in)
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conclusions were drawn: the "micro-distribution" of spring elements, given the same

number and density of "teeth", does not play a significant role in the overall

displacement of MPC joints.

Lumping the Teeth Properties. The results from joint models with lumped

teeth properties, loaded in tension and bending, are shown in Figures 28 a and b,

respectively. For the investigated tensile-joint model, both altered-teeth layout

configurations proved to be less stiff than the original one. After comparison, the

model where super-nodes were more uniformly distributed over the area of the plate

showed a better match (26.55%, 20.09%, and 10.89% difference in displacements at

one-third, two-thirds of ultimate load, and at ultimate load, respectively) than the

model with super-nodes on the plate edges (35.71%, 31.85%, and 31.50%). In the

bending model, the model became stiffer as the super nodes were moved farther from

the geometric center of the plate, which was to be expected because of the increased

polar moment of inertia about the geometric center of the plate. The displacement

predictions at the three points on the L-D curves differed by -26.11%, -34.21%, and -

26.51% for the model with distributed super-nodes, and by 19.47%, 19.27%, and

21.09% for the model with super-nodes on the plate edge.

It is a matter for future studies to search for the optimum number and location

of super nodes that would model the MPC joint behavior most successfully. However,

even the preliminary results obtained from these two simplified super-node layouts

show a potential value. It is conceivable that such simplifications at the joint level,

once resolved, might be successfully used in the overall truss analyses, where one is

mostly concerned with global truss displacements and member force distribution.
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PROCEDURE

A description of destructive testing of several MPC joint configurations from a

scissors truss is presented in this chapter. The test loading simulated the actual

conditions at the joints generated by the loading of the truss when in service. Thus,

the MPC joints' behavior when in service was evaluated. The joints' strengths, failure

modes, and stiffnesses are discussed, and several recommendations are made. The

load and displacement data from joint tests are used to compare with the predictions

from finite-element models.

The average translational and rotational stiffness values for joint members

obtained from testing in this part of the study were used in the full-scale truss analysis

(Chapter IV), as a joint-stiffness input to a two-dimensional, beam-element based

finite-element model of the scissors truss.

JOINT TESTING AND EVALUATION

Test Methods

Joint Fabrication. Each joint type tested in this part of the study represented

an actual joint configuration for a specific forty-foot-span residential roof scissors truss

shown in Figure 29. The bottom chord of the truss consisted of two nominal two-by-

four lumber members, connected at the bottom-chord splice joint (BSJ). The two top-

chord members were connected at the top-chord splice joint (TSJ).
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The five tested joints were: bottom-chord splice joint at web (BSJ), heel joint

(Hi), crown joint (CJ), bottom-chord ridge joint (BRJ), and top-chord splice joint at

web (TSJ). All joints were manufactured and supplied by Alpine Engineered

Products, Inc., Pompano Beach, Florida. The joints were made of Southern Pine

nominal two-by-four (1.5 x 3.5 in) lumber. The lumber grade for the majority of the

chord members for all joint types was No. 2 Dense, while for all of the web members

it was No. 3. The lumber grades, along with moisture content (MC) and specific

gravity (SG) data, both determined from a small wood sample from each joint, are

listed in Appendix E. The MOE values for individual wood members were not

determined, since the joints arrived to the Forest Research Laboratory (FRL) at Oregon

State University already fabricated.

The metal plates used in the fabrication of the joints were standard 20 gauge

Alpine plates, which were the same type of plates used in Chapter II of the study.

The specifications and dimensions of the plates are given in Table 2. Ten each of five

different types of joints (total 50), were shipped to the FRL.

Determination of Test Parameters. One of the original goals of the testing

was to simulate loading conditions that exist in a truss when in service. Therefore,

prior to testing, a finite-element (FE) analysis of the entire truss was performed in

order to determine internal force distribution throughout the truss, and incorporate it in

the testing procedure. The analysis was performed using ANSYS® (1992), a

commercially available software. The FE model, or analog, consisted of beam

elements (ANS YS® Element 3), connected at joint locations with revolute joint

elements (ANS YS® Element 7). A detailed description of all element types used in
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this study is given in Appendix A. Also, a more detailed description of the two-

dimensional, beam-element based finite-element truss modeling approach is presented

in Chapter IV.

The analog followed the exact geometry of the truss, with the beams defmed

by locations of member center lines, except for the heel joints, where the two beam

elements intersected directly above the supports. This approach allowed for a direct

input of joint stiffness values, along with the material properties of lumber (beams)

into the program (Vatovec et al., 1993). Since at that point stiffnesses of joints were

unknown, all members of the truss were assumed to be rigidly connected at the joints.

Moreover, Alpine Engineered Products, Inc. had performed a full-scale test on

the same scissors truss in the past (Alpine Engineered Products, 1993). The basic

dead load condition from their test, bottom chord uniformly loaded with a total of 820

lb, and top-chord uniformly loaded with a total of 1220 lb, was applied to the FE

model, which yielded axial forces and moments throughout the entire truss.

With the existing test setup, where loads were applied at isolated joints, it was

very difficult to attain exactly the desired loading conditions at the joints predicted by

the FE analysis. Therefore, the loading of truss joints during testing was somewhat

modified from the predicted values to fit the conditions of the apparatus. Furthermore,

for crown and bottom-chord ridge joints, eccentric forces were applied at some

members framing into the joints (described later). Using this approach, most of the

member axial forces were of the desired magnitude and direction at the joints. In

addition, an effort was made to create a sizable controlled moment at the chord as
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well, for all joint types. This was particularly important for determining rotational

stiffnesses of chords, and it will be addressed later.

The forces and moments applied to the joints during testing were linearly

increased with time from zero to the failure load. Since the truss FE model used to

determine forces applied at the joints was linear, no results were available to show

how the ratios between truss member forces changed with the level of the applied

load. Therefore, it was decided to keep the ratios between forces applied to tested

joints constant during loading, from zero to failure load. Axial forces and chord

moments at each joint predicted by the FE program, and target axial forces and chord

moments generated during testing, are presented in Tables 8 a and b, respectively.

Tables 8 a and b show the loading conditions where the largest force in all joints was

1 lb, and the rest of the forces were normalized with respect to that force. Positive

force values correspond to tension, and negative to compression. The moments shown

in Tables 8 a and b are created by the force configuration shown in the corresponding

parts of the tables.

Test Setup. Testing of joints was performed on a load-controlled testing

apparatus developed specifically for this purpose. This device allowed for testing of

all five types of joints, without major modifications. The test setup, along with the

hydraulic system and data acquisition scheme, are shown in Figure 30.

Hydraulic cylinders, the test specimen and reaction fixtures, links and restraints

are supported by a frame that is bolted to the floor. Three load cells are threaded on

the hydraulic powered cylinder pistons to record the applied forces to the joints to the

nearest 10 lb. The control system for the apparatus consists of a 486-generation
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* Calculated, not Measured
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Table 8. Loads at the joints from the FE analysis and from the test: a) Loads at the
joints from the FE analysis; b) Applied loads at joints

a) Finite-Element Model

Joint Axial Forces (lb) Moments (1b-in)

B.C.
Splice
Joint

Bottom Chord Tension Web Compression Web Bottom Chord

1 0.13 -0.10 0.01

Heel
Joint

Top Chord Bottom Chord N/A Bottom Chord

-1 0.91 N/A 0.63

Crown
Joint

Top Chord Tension Web N/A Top Chord

-1 0.82 N/A 0.08

B.C.
Ridge
Joint

Bottom Chord Tension Web Compression Web Bottom Chord

1 0.72 0.2 0.04

T.C.
Splice
Joint

Top Chord Tension Web Compression Web Top Chord

-1 0.06 0.09 0.02

b) Testing of Joints

Joint Axial Forces (lb) Moments (1b-in)

B.C.
Splice
Joint

Bottom Chord Tension Web Compression Web Bottom Chord

1 0.15 -0.23 .051

Heel
Joint

Top Chord * Bottom Chord N/A Bottom Chord

-1 0.96 N/A 2.96

Crown
Joint

Top Chord Tension Web N/A Top Chord

-1 0.75 N/A 3.60

B.C.
Ridge
Joint

Bottom Chord Tension Web Compression Web Bottom Chord

1 0.73 -0.43 0.10

T.C.
Splice
Joint

Top Chord Tension Web Compression Web Top Chord

-1 0.2 0.1 0.17



SIGNAL
CONDITIONERS

COMPUTER WITH DATA ACQUISITION CARDS

PUMP

LVDTS

OIL TANK

FILTER

HYDRAULIC
CYLINDERS

Figure 30. The test setup for scissors truss joint testing.

AMPLIFIER

LOAD CELL1 113-7

PROP.
VALVES

SIGNAL
CONDITIONERS



79

personal computer with data acquisition and control cards, an amplifier that generates

a voltage governing the fluid flow to the cylinders and also provides the feedback

control, the load cells, the displacement transducers (linearly variable differential

transducers - LVDTs) and signal conditioning amplifiers.

Note that not all the joints that arrived at the FRL were tested. The goal was

to obtain results from 6 tests of each joint type.

Bottom-Chord Splice Joint. Two bottom-chord splice joints were used in

tuning the test setup, and their results are not included. Each joint connected spliced

bottom-chord members and two web members. The plate was centered on the joint

side to side, and is positioned flush with the outside bottom-chord edge. The test

frame with a bottom-chord splice joint specimen in place is shown in Figure 31. The

bottom chord (1,2) and one web member (4) were loaded in tension, and the other

web member (3) was loaded in compression. The loads simulating the axial tensile

force in the bottom chord and the corresponding axial forces in the web members were

applied by three hydraulic cylinders. Load cells were mounted on the cylinder pistons

and connected to the joint specimen. The tension members were linked to the

apparatus through steel plates reinforced with a metal pin running perpendicularly

through each wood member. The compression member was inserted in a specially

designed compression "shoe", which was in turn connected to the load cell and the

cylinder, and also prevented from out-of-plane movement by placing lead weights on

each side of the shoe. The fixture was assumed to allow for free rotation of the

member end, therefore no moments were carried through the "shoe". The force in one



Metal Frame
ydraulic Cylinders

6 x 8 in

NNW WOMetal
Plate

416.

Bottom Chord Splice Joint/cal Location of Paired LVDTs el

,...",11=111:1E11111W'.1quipppp-

Load72 in
Lateral Restraints

Cell

Figure 31. Test frame with bottom-chord splice joint (BSJ).
00



8 1

of the chord members (1) was generated directly by the cylinder, while the other chord

member (2) was connected to the frame. Lead weights were placed on one side of the

bottom chord to prevent the chord lateral movement. From static equilibrium, the

moment created at the plate in member 1 (equal to the moment created in member 2

since the loading of web members did not contribute to the overall moment at the

plate) was calculated using the perpendicular-to-the-chord component of the web

forces acting at the joint. Deflections were measured at specific locations, as explained

later for all joint types.

Heel Joint. The heel joint connects the bottom chord and the top chord of the

truss, near the support location. The plate is positioned parallel to the bottom chord (1

in. offset), with the bottom left corner of the plate aligned with the bottom chord edge.

The test setup for heel joints is shown in Figure 32. The tensile force is applied at the

bottom chord (1). The top chord (2) was attached to a stationary metal shoe-like

fixture that was pinned to the floor. It was subjected to a compressive reaction force

equal to a known component of the tensile force. The tensile force generated in the

bottom chord was recorded with the load cell. A load cell was not positioned at the

compression chord member due to geometric limitations of the fixtures. The reaction

force at the support and the moment at the joint were calculated from static

equilibrium, assuming that members intersect where the member centerlines converge.

The moment arm was the distance between the intersection of center lines and the

support. No joint eccentricity was accounted for in the calculations.
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Crown Joint. The crown joint consisted of two chord members meeting with a

web member at the top ridge of the truss. The plate was centered on the joint side-to-

side, with its upper corners flush with the top-chord outside edges. The test frame

with a crown joint in place is shown in Figure 33. Chord members (1,2) were

positioned inside the compression fixtures. The shoe-like fixture of the reaction

member (2) was pinned to the metal frame, whereas the one next to the compression

cylinder (1) was free to translate in the direction of the force. The top chord was

subjected to a non-axial (eccentric) compressive force, generated by the hydraulic

cylinder. Axial compressive forces of the top chord were calculated using static

equilibrium. The eccentricity of the compressive force acting on the chords created a

moment similar to that created at the joint in the finite-element model. The web

member (3) was loaded in tension. Two load cells recorded the forces in the joint.

Bottom-Chord Ridge Joint. The bottom-chord ridge joint connected five

members: two chords and three web members. The plate was centered on the joint

side to side, such that bottom comers were aligned with the outside edge of the bottom

chords. The test setup is shown in Figure 34. The bottom chord (1,2) was not loaded

along the axis of the member (as shown in Figure 34) in order to create a moment at

the joint. One chord member (1) was linked to the load cell and the cylinder through

sandwich plates, whereas the other (2) was connected to the frame. Both chord

members were partially restrained from rotation. One compression web member (3)

was eccentrically loaded, and the other (5) was subjected only to the reaction force.

Both compression web members were placed in the compression shoe-like fixtures.

The remaining web member (4) was loaded in axial tension via the friction plates.
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Three load cells measured loads in one of the chord members (1), in one of the

compression web members (3), and the tension web member (4).

Top-Chord Splice Joint. This connection is characterized by two web members

framing in at the splice connection of the top chord. The metal plate was centered

side-to-side on the joint, with the top edge of the plate flush with the outside top-

chord edge. The test configuration is shown in Figure 35. The top chord was

connected on one end (2) to the metal frame via a shoe-like fixture. The other end (1)

was subjected to a compressive force, and was free to translate in the direction of the

force. A load cell recorded loads generated at that end. One web member (3) was

loaded in axial tension, in a similar fashion to the previous setups, whereas the other

web member (4) was subjected to an axial compressive force through a small metal

"cap", which provided relatively unrestricted rotation. Two additional load cells

recorded loads generated in the web members. Similar to the bottom-chord splice

joint, a perpendicular-to-the-chord force component created a controlled moment in the

top chord at the joint.

Displacement Measurements and Stiffness Calculations. The same

displacement and rotation measuring technique was used for all joint types. Quarter-

inch-diameter metal pins were vertically embedded in the wood and metal plates at the

points where the measurements were to be taken. A number of paired LVDTs

suspended from a specially-designed frame were positioned orthogonally, and were

attached to the pin. LVDTs measured displacements to the nearest 0.01 inch in two

perpendicular directions in the plane of the truss throughout the experiment, which

allowed for monitoring of translational "movements" of truss members. The rotation
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of members was determined from the geometry and in-plane displacements of two

points on the member.

Two types of stiffnesses were determined from measured loads and

displacements: translational and rotational stiffness. The behavior of most joints was

not linear throughout the loading process, therefore a method for defining single values

of rotational and translational stiffnesses for a joint needed to be determined. Since

for most of the joints in question there are more than just two members framing into

the joint, it was decided that the stiffness of each member with respect to the plate (at

the joint) would be evaluated. Single values for those two stiffness types would then

characterize the connection to that particular member and will be used in the analysis

process. Relative displacement along the member center line and with respect to the

plate, and relative rotation with respect to the plate of all members were measured. It

was assumed that both wood members and metal plates were relatively rigid in

evaluating the rotation in the teeth array. Load versus relative displacement, and

moment versus relative rotation data for all the members where measurements were

taken were plotted for all tests.

It was decided to define both stiffnesses as the slope of the linear portion of

the respective curves, as opposed to choosing a specific point on the curve (0.015 in

deflection, or 1/3 of the ultimate load, for example). This was done due to

instrumentation limitations. Namely, for several tests, deflection measurements went

out of range, and for most tests the initial signal was fairly noisy due to small

deflections. Also, for some of the tested joints, the load-deflection and moment-

rotation curves were fairly noisy and unstable throughout the deflection path. This
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circumstance could be attributed to the fact that a substantial level of vibration was

observed while joints were loaded in the testing machine, due to simultaneous action

of multiple hydraulic cylinders.

However, the data were inspected visually, and linear regression was used to fit

a line to the linear portion of the curves following the initial "noisy" region. The

slope of the line fit to the load-relative displacement curve defined translational

stiffness, and the slope of the respective line for the moment-relative rotation curve

defined rotational stiffness.

The load-displacement data for the joints will be used to compare with the

predictions of FE models. Joint stiffnesses will be used in Chapter IV as a joint-

stiffness input to a two-dimensional, beam-element based FE model. of the entire

scissors truss.

Testing Procedure. All joints were stored in the standard room (68°F, 64%

relative humidity), in order to reach equilibrium moisture content before testing. The

moisture content and specific gravity for all wood members were determined after the

conclusion of testing. The loading procedure for each of the five joint types was as

follows:

Position the specimen on the test frame and initialize the LVDTs.

Start recording load and displacement data into a file.

Start the command signal and observe the feedback value. All the loads

were applied in equal increments from zero to failure. The projected time

to failure was approximately ten minutes.



4. Terminate the loading after the loads start decreasing and upon visual

observation of failure.

Time to failure was consistent with the ASTM D 1761 (1994) recommendation

that failure should occur between 5 and 20 min.

Test Results and Discussion

The average moisture content (MC) for all wood members was 14% (9%

COY), and the average specific gravity (SG) was 0.62 (12% COY), which is

somewhat higher than the listed value in the Wood Handbook (Forest Products

Laboratory, 1987).

Joint Strength and Failure Modes. The results for all five joint types are

summarized in Table 9. Only a few of all tested joints failed at the fixture locations,

and the strength values for those joints were discarded. However, six valid test results

for each joint type were obtained. Each joint was tested to failure. Load was

recorded at each member of a joint that had a load cell attached (Figs. 31 to 35).

However, in Table 9, only the highest load carried by a chord member at a joint is

shown (members in question shown in Table 9), and that load was used to characterize

the strength of the joint. The loads at other members can be calculated from the

maximum load in the joint by applying member load ratios shown in Table 8.
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* Values correspond to Member 1 (Fig. 31).

b)

* Values correspond to bottom chord (Fig. 32).
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Table 9. Scissors truss joint test results: a) Bottom-Chord Splice Joint; b) Heel Joint;
c) Crown Joint; d) Bottom-Chord Ridge Joint; e) Top-Chord Splice Joint

a)

BSJ
Specimen
Number

Rotational
Stiffness *
(in-lb/rad)

Translational
Stiffness *

(lb/in)

Ultimate
Load *

(lb)
Failure Mode

1 2 997 000 250 000 12 069 Plate Tom in Tension

2 1 611 000 175 000 11 667 Plate Tom in Tension

3 1 117 000 141 000 10 965 Plate Tom in Tension

5 N/A N/A 11 520 Plate Tom in Tension

6 1 178 000 429 000 11 422 Plate Tom in Tension

7 3 945 000 766 000 11 400 Plate Tom in Tension

Average 2 170 000 352 000 11 507 N/A

COV (%) 51.48 65.20 2.80 N/A

HJ
Specimen
Number

Rotational
Stiffness *
(in-lb/rad)

Translational
Stiffness *

(lb/in)

Ultimate
Load *

(lb)

I

Failure Mode

1 3 116 000 142 000 10 591 Buckling of Top Chord

4 1 196 000 109 000 10 051 Buckling of Top Chord

6 1 627 000 188 000 11 281 Buckling of Top Chord

7 2 279 000 224 000 12 026 Plate Failed in Shear

8 2 814 000 170 000 11 720 Plate Failed in Shear

9 N/A N/A 11 431 Plate Failed in Shear

Average 2 206 000 167 000 11 183 N/A

COV (%) 32.42 23.40 6.00 N/A



Table 9. Continued.

c)

* Values correspond to Member 1 (Fig. 33)

d)
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* Values correspond to Member 1 (Fig. 34).

Specimen
Number

Rotational
Stiffness *
(in-lb/rad)

Translational
Stiffness *

(1b/in)

Ultimate
Load *

(lb)
Failure Mode

1 N/A N/A 7 368 Web Member Pullout

3 N/A N/A 9 099 Buckling of Top Chord

4 N/A N/A 7 890 Web Member Pullout

7 N/A N/A 8 819 Web Member Pullout

9 N/A N/A 4 778 Web Member Pullout

10 2 064 000 N/A 6 493 Web Member Pullout

Average N/A N/A 7 408 N/A

COV (%) N/A N/A 19.75 N/A

Specimen
Number

Rotational
Stiffness *
(in-lb/rad)

Translational
Stiffness *

(1b/in)

Ultimate
Load *

(lb)
Failure Mode

3 904 000 164 000 11 657 Chord Tore Plate in Tension

4 437 000 267 000 10 802 Chord Tore Plate in Tension

5 839 000 302 000 12 015 Chord Tore Plate in Tension

6 1 397 000 315 000 12 026 Chord Tore Plate in Tension

7 1 355 000 193 000 11 322 Chord Tore Plate in Tension

9 747 000 193 000 12 101 Chord Tore Plate in Tension

10 756 000 174 000 12 208 Chord Tore Plate in Tension

Average 916 000 229 000 11 733 N/A

COV (%) 34.42 25.5 4.05 N/A



Table 9. Continued.

e)
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* Values correspond to Member 1 (Fig. 35).

Bottom-chord splice joint. The results for six bottom-chord splice joints show

that the ultimate strength values were extremely consistent for all specimens (COV

2.8%). the failure modes were also uniform. All tested joints failed in tension

through the plate in the bottom chord. A common plate failure is shown in Figure

36 a. The mode of failure can be characterized as follows: as the loading progressed,

the gap between the bottom-chord members expanded noticeably and the metal plate

directly above the gap started stretching. No other deformations were noticed until

failure. No teeth withdrawal was noticed. Tearing of the plate dominated the failure.

Heel Joint. The ultimate load for the heel joint was taken as the force in the

bottom chord of the joint. The ultimate load for heel joints was fairly consistent

(COY of 6%). The failure mode, however, was observed to be inconsistent. About

Specimen
Number

Rotational
Stiffness *
(in-lb/rad)

Translational
Stiffness *

(1b/in)

Ultimate
Load *

(lb)
Failure Mode

3 224 000 N/A 10 325 Web Pullout

5 185 000 N/A 9 647 Web Pullout

6 479 000 N/A 8 452 Web Pullout

7 148 000 N/A 9 368 Web Pullout

9 523 000 N/A 9 887 Web Pullout

10 234 000 N/A 10 387 Web Pullout

Average 299 000 N/A 9 678 N/A

COV (%) 48.90 N/A 6.81 N/A
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other three joints, the plate deformation continued to increase, and the plate

eventually tore in shear along the gap line. Since both groups of joints failed at

approximately the same load level, one can assume that the buckling of the top chords

occurred just before the plate would have failed in shear. Nevertheless, possible

similar future experiments should provide increased lateral buckling restraint for the

top chord.

Crown Joint. The variation in strength values for crown joints is greater than

for the other joints. The ultimate force presented in Table 9a is actually the maximum

force recorded at the top chord, even though the majority of failures occurred

elsewhere. The failure modes observed for this joint were fairly uniform. Only one

joint tested failed in buckling of the top chord. The governing failure mode was a

pullout of the web member. A typical failed joint is shown in Figure 36c. It was

observed that as the loading progressed, teeth embedded in the tension web member

started to bend and crush the wood against which they bear. Essentially, the teeth

"cut" through the lumber until the web member pulled out. It should be noted that the

web member tensile force is oriented such that the force is resisted by the narrow

faces of the teeth.

Bottom-Chord Ridge Joint. The bottom-chord ridge joint strength showed a

COY of only 4%. The failure mode for all joints was uniform. A typical failure

mode for this type of joint is shown in Figure 36d. The bottom chord tore its portion

of the plate almost exclusively along the gap lines. The failure occurred in a similar

fashion to the bottom-chord splice joint. At first, the gap between chord members
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increased in width, and then the section of the plate covering the bottom chord tore.

No other plate or lumber deformations were observed visually.

Top-Chord Splice Joint. The top-chord splice joint strength data showed a

coefficient of variation of 7 %. Analogous to the crown joint, the maximum recorded

force in the joint (ultimate load) occurred at the top-chord member, but all of the

failures occurred in the web member. All of the failure modes resembled the one

shown in Figure 36 e. During the loading phase, very little deformation was noticed

visually anywhere on the joint. At high loads, the tension member loudly pulled out

of the joint. It was observed that the teeth crushed the wood against which they were

bearing, and were pulled out. Several specimens showed a small wrinlde-like feature

on the plate, created above the gap between the chord members, due to the large

compressive forces in the top chord.

Summary. The failure mode for three types of joints tested in this study (BSJ,

HJ, and BRJ) was steel tearing, resulting in a low ultimate load COY. Therefore, for

these joints, their strength was mainly a function of steel properties. It is probable that

this behavior was due to the large wood member areas covered by plates. Top-chord

splice and crown joints failed in teeth withdrawal of web members, showing that their

strength was mainly a function of wood-plate interaction, and resulted in high

coefficients of variation for ultimate loads. Based on these results, some advantage

from a lower variation in ultimate loads due to steel failure may exist (easier to predict

truss/joint behavior), outweighing economic benefits from optimizing joint design to

balance steel and plate withdrawal failures (material savings).
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After considering different failure modes of joints tested in this study and what

governs them, it is recommended that MPC joint models used in truss analysis

procedures should include both steel properties and wood-plate interaction behavior.

Also, based on observed joint failures, it may be possible to improve the joint

load capacity by increasing the net cross section of the plates for joints predestined to

fail in steel tearing, or eliminate the slots in the plate near the gap lines, therefore

increasing the net steel strength. On the other hand, for the joints that didn't fail in

plate tearing, where chord members were loaded in compression, the most obvious

reasons for a web-member teeth-withdrawal failure were the size of the area covered

by the plate and the plate-grain orientation of the web members in question. Perhaps

certain modifications with respect to the plate configurations would increase the

overall capacity of those types of joints as well. Besides increasing the overall web

member area covered by the plate, the plate orientation could be changed such that the

wider faces of the teeth would resist the tensile force in the web members (plate major

axis aligned with the web member), instead of resisting the compressive force in the

chord members, which are already partially constrained by wood-to-wood contact.

As opposed to standard tests conducted on standard testing machines, the

testing apparatus used in this study can be employed to test actual joint configurations

under different types of loading conditions. One possible application of such an

apparatus would be to compare the strength of different joint configurations against the

strength predicted on the basis of standard joint test procedures (which was outside the

scope of this study).
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Joint Stiffness. Joint stiffness data will be used in the last part of this study,

as input data to a simple, 2-D, beam-element based FE program of the entire truss.

Stiffness data for all joints are summarized in Table 9. It was mentioned earlier that

stiffness values were obtained by fitting a line to the initial portion of the load-relative

deflection and moment-relative rotation curves. Originally, it was planned to measure

translational stiffnesses of each of the members framing into each of the different

joints, and rotational stiffnesses of all chords. However, upon testing several joint

types, it was observed that relative displacements with respect to the plate of the web

members were negligible and extremely difficult to measure with the existing setup,

and it was decided to limit the results of this. study only to stiffnesses of chord

members in all joints. This does not mean that web members were rigidly connected

to the joints, only that the loads did not produce large enough deflections to enable

measuring of the stiffnesses with sufficient accuracy (except for two joint types,

namely crown joint and top-chord splice joint, where the predominant failure mode

was web pullout).

It was also observed that relative-to-the-joint axial deformations of members

subjected to compressive forces were so insignificant that no stiffness values could be

determined. That was the case for all of the joints where chord members were loaded

in compression, thus the lack of translational stiffness results for crown and top-chord

splice joints. These observations were not surprising, since the TPI (1995) design

procedure allows for up to 50% of the joint resistance to be provided by wood-to-

wood contact. No sizeable gaps were noticed prior to testing, therefore the effect of

gaps between chord members on the displacement measurements was not investigated.
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Bottom-Chord Splice Joint. Of seven bottom-chord splice joints tested, only

six provided stiffness data. One joint's displacement data were lost due to incorrect

positioning of LVDTs. The values obtained for both rotational and translational

stiffnesses for the bottom chord of this joint type showed a substantial level of

variation. The moment-rotation curves for bottom-chord splice joints were noticeably

coarse. This can possibly be attributed to the lack of adequate lateral support of the

bottom chord at load points during testing.

Heel Joint. Heel joint results showed that the variability for both rotational and

translational stiffnesses of the bottom chord was smaller than for the bottom-chord

splice joint. The stiffness of the top chord was not determined, since the actual force

in that member was not recorded.

Crown Joint. The only stiffness that was measured for the crown joint was the

rotational stiffness of the top chord. Unfortunately, due to an error in the apparatus

setup, for all crown joints but one, the configuration of applied forces was such that

virtually no moment was created at the plate. Instead of applying the ratio of forces

as shown in Table 8b, both the compressive force applied to the chord and tensile

force at the web were of the same magnitude. Therefore, the chord members were not

subjected to rotation, and stiffness values were inconsequential. The stiffness values

in Table 9 were determined from the one joint that was properly loaded.

Bottom-Chord Ridge Joint. As expected, the rotational stiffness values in the

bottom chord of the bottom-chord ridge joint proved to be the smallest of all the

joints loaded in tension, due to a small wood member area covered with the plate

(smaller polar moment of inertia for the contact area about the center of rotation).



Top-Chord Splice Joint. Translational stiffnesses of top-chord splice joints

were again impossible to measure due to the small axial displacements of the

compression members. However, the rotational stiffness values were measured, and,

as expected, it was observed that they were smaller than those of other joints, again

due to the smaller connector area.

Summary. The average COV for joint stiffness values was much larger

(rotational stiffness COY = 42%, translational stiffness COY = 39%) than for joint

strength values (COV = 8%). One source of the high COV for stiffness values could

be the accuracy of the displacement instrumentation setup. Moreover, for a given

joint, stiffness is primarily a function of combined wood properties and wood-to-plate

interaction, while joint strength (where steel failure is the failure mode) is primarily a

function of steel ultimate stress. Since COV for wood properties, and therefore for the

wood-plate interaction as well, is typically much higher than COY for steel properties,

this difference is not unexpected. Also, joint stiffness appears to be a property

influenced by a more complex set of parameters than the joint strength. A more

comprehensive investigation of the influence of teeth-to-grain orientation, gap size,

area of wood covered by the plate, etc. on joint strength and stiffness should be a

matter of future studies.
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JOINT MODELING

Model Development

The modeling approach introduced in Chapter II of this study was used to

model all scissor truss joints. Each model consisted of three types of elements: 3-D

structural solid elements were used to model steel plates and wood members, non-

linear spring elements simulated the wood-plate interaction, and 3-D point-to-point

contact elements accounted for wood-to-wood contact. A detailed description of all

element types is presented in Appendix A.

The model geometry along with the element layout and boundary conditions

for each modeled joint are shown in Figures 37 a to e. The joint geometry and

loading conditions for each modeled joint simulated the test setup conditions. All

loads at all wood members were applied linearly, according to the scheme presented in

Table 8 b, through a number of load sub-steps (ANS YS° program requirement).

Boundary Conditions. Originally, the testing of MPC joints from the scissors

truss was designed solely for the purpose of evaluating the joints' behavior under in-

service loading conditions. The concept of developing a finite-element model for each

of the tested joints was added later to the experimental design. Therefore, it was

difficult to implement the identical boundary conditions that existed during testing in

the model. Specifically, the boundary conditions preventing joint rotation during

testing were extremely difficult to simulate using the finite-element model. For some

of the joints, for example, the loads at chord members were applied via hydraulic

cylinders or reaction fixtures that were not laterally constrained at the force-application
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a)

Figure 37. Model layout for five truss joints: a) Bottom-chord splice joint (BSJ); b) Heel joint (R1), c) Crown joint (CJ);
d) Bottom-chord ridge joint (BRJ); c) Top-chord splice joint (TSJ).



b)

Figure 37. Continued.
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Figure 37. Continued.
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d)

Figure 37. Continued.

Symmetry Plane



e)

Figure 37. Continued.
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point, but at the connection with the frame, providing an additional rotational degree

of freedom. In the finite-element model, however, such a force configuration would

cause an unstable condition, so the boundary conditions were altered. In the next few

paragraphs, boundary conditions for each tested joint, and the way they were

modified in the model, will be discussed.

During bottom-chord splice joint testing, the chord members were laterally

restrained above the pins that transferred loads from the cylinder and the reaction

fixture to the joint (Chords 1 and 2, Fig. 31). However, the lateral movement of the

entire joint was restrained by placing heavy lead weights on one side of the chord,

and not the other (Fig. 31). Due to the nature of the imposed loads, the one-sided

lateral restraints proved insufficient to prevent the joint lateral movement in its

entirety. In the model, it was impossible to simulate those conditions, i.e. allowing

movement in one direction, but not the other. The modeled chord was totally

constrained from lateral movement at the locations of fixture pins.

The heel joint test restraint consisted of a roller support located below the

bottom chord at the seat cut (Fig. 32). The tensile loads in the bottom chord were

transferred through a cylinder that was not laterally supported. The joint was

"allowed" some rotational movement due to the angle difference between the seat cut

and the bottom-chord member edge. In the model, the bottom chord was laterally

restrained at the force application location.

The cylinder applying a compressive force at the crown joint's Chord 1 was

laterally supported at the connection between the cylinder rod and the compression

fixture (Fig. 33), allowing free rotation of the compression shoe during testing. The
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center of rotation was approximately 10 in from the joint member. Since it would be

difficult to model such a boundary condition, the point of force application was

prevented from lateral movement in the model.

Similar to the bottom-chord splice joint, the chord members of the bottom-

chord ridge joint were laterally constrained only from one side during testing (Fig.

34). Again, the modeled joint included complete lateral restraint at the force

application points.

The boundary conditions of the tested top-chord splice joint (Fig. 35) were

simulated in their entirety in the model.

Model Parameters

Steel Plates. The metal plates were modeled without slots, with each tooth

represented as a non-dimensional point on the surface of the plate. Plate elements

were assigned bilinear elastic-plastic material properties, according to the values

presented in Table 2 (the same as for the Douglas-Fir joints, discussed in Chapter II).

All modeled plates were the same size as the actual plates from tested joints.

Wood Members. Modeled wood members copied the geometry of actual

tested truss joints. However, for three joints (BSJ, Fll, and TSJ), only one half of

each joint was modeled, due to the symmetry with respect to the plane between and

parallel to the steel plates. In the case of symmetric joints (BRJ and CJ), only one

quarter of a joint was modeled. The nodes along the planes of symmetry were

prevented from translation in the direction perpendicular to the plane of the joints,

and from rotation about axes in the plane of symmetry.
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Since the MOE values for tested joints were unknown, the modeled wood

members were assigned material properties according to the appropriate MOE values

for appropriate grades of Southern Pine nominal two-by-four lumber, given in the

National Design Specification® (NDS) for Wood Construction (1991). Therefore, the

modeled wood members were assigned orthotropic material properties, with the

longitudinal MOE values acquired from the NDS, and radial and tangential values

determined according to the recommendations given in the Wood Handbook (1987).

The assigned longitudinal MOE value for chord members for all modeled joints was

1,700,000 psi, since the grade for chord members in most cases was No. 2 Dense.

The assigned MOE value for all web members was 1,400,000 psi, since the grade for

most web members was No. 3.

The average SG values for tested joint wood members were slightly higher

than the listed values in Wood Handbook (1987), possibly indicating that the

specimens' MOE values were higher than expected as well. Also, not all chord

members were graded No. 2 Dense, and all web members No. 3. However, due to

the sensitivity analysis results (Chapter II), which showed that wood-member MOE

values were not critical for the joint model's displacement results near the plate, the

NDS (1991) recommended MOE values were assigned.

Wood-to-Plate Interaction. The wood-to-plate interaction for each tooth was

modeled through a set of three non-linear spring elements, each one representing the

wood-plate stiffness in one of the three main plate orientations (discussed in Chapter

II). The per-tooth stiffness properties in the first two directions (parallel and

perpendicular to the plate main axis, in the plane of the plate), were based on a set of
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simple tensile MPC joint tests using Southern-Pine lumber. The teeth wood-plate

stiffness in the z direction (perpendicular to the plane of the plate) was assumed to be

independent of wood-plate orientation and species, and the same z-direction load-

displacement data from a pilot study (Appendix B) were used to assign wood-plate

properties in the z-direction to all joint models.

Joint testing to obtain stiffness parameters. An additional set of tensile tests

was performed to determine per-tooth stiffness properties for Southern Pine MPC

joints. The four basic tensile tests, defined by the Canadian Standard Association

(CSA 1980), were performed. In this text these tests are designated as STO, ST90,

STPO, and STP90, where the numbers represent the angle between the plate and the

grain, and 'P' denotes that the applied load is perpendicular to the plate main axis.

The nomenclature is the same as for the Douglas-Fir specimens, except for the

additional 'S', denoting Southern Pine. These test configurations, with the standard

nomenclature shown in parentheses, are shown in Figures 2a and b, and represent the

same configurations as tests TO, T90, TPO, and TP90. Material properties data for

tested specimens are given in Appendix E.

The testing setup, methods, and data analysis were identical to those of four

basic tensile Douglas Fir tests (TO, T90, TPO, TP90). Six joints were tested for each

of the four test configurations. The metal plates used to fabricate all the joints came

from the same shipment that was used to assemble the Douglas-Fir specimens,

provided by Alpine Engineered Products, Inc., Pompano Beach, FL. The plate

specifications are given in Table 2.
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From the four basic tests, the per-tooth load-slip properties in the directions

parallel to the plate main axis, and perpendicular to the plate main axis, in the plane

of the plate, for plate-grain orientations of 0 and 90 degrees, were determined. For

the joints where the grain is not aligned with either of the two main plate axes, the

intermediate angle stiffness properties were determined using interpolation techniques

(discussed later).

The per-tooth load-deflection data for Southern Pine tests STO, ST90, STPO,

and STP90 are shown in Figures 38a to d, respectively. The average load-deflection

curves for the four tests are shown in Figure 39. The per-tooth load-deflection curve

parameters, along with wood member properties, are listed in Table 10. The test

ultimate loads are shown in Appendix F.

Figure 38. Per-tooth load-displacement results for Southern-Pine tests a) STO tests; b)
ST90 tests; c) STPO tests; d) STP90 tests.

o.bi 0.02 0.03 0.04
Displacement (in)

0.05 0.06 0.07



b)

c)

50-

45-

40-

6:- 35-
r..--...

a)
2 30-
o

u_
25-

o
20-

IT
45 15-o_

10-

50-

Figure 38. Continued.

STPO

Test Data - Fitted Data --)K-- Average

Test Data Fitted Data --*(-- Average

0.01 0.02 0.103 0.04
Displacement (in)

114

0.06

of% 0.060.02 0.03 0.04
Displacement (in)



Figure 38. Continued
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Figure 39. Average per-tooth load-displacement results for Southern-Pine tests.
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Table 10. Southern-pine joint tensile test results.
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Test Sp.
No.

Pce.
No.

mo

(lb)
k

(1b/in)

m,
(1b/in)

Failure Mode SG MOE
(106 psi)

1 34 58.4 6072.0 290.1 Teeth Withdrawal 0.44 1.52
2 6 47.7 7238.4 567.3 Teeth Withdrawal 0.52 1.83

STO 3 9 46.7 7231.3 491.9 Teeth Withdrawal 0.50 1.51
4 10 53.2 6312.0 426.0 Teeth Withdrawal 0.39 2.00
5 33 50.1 7754.2 516.6 Teeth Withdrawal 0.52 1.54
6 18 N/A N/A N/A Fixture Failure N/A N/A

Avg. 51.2 6921.6 458.4 0.47 1.68
COV 0.08 0.08 0.19 0.09 0.11

1 34 30.0 1616.0 66.6 Teeth Withdrawal 0.48 1.52
2 6 83.3 1778.4 -511.7 Teeth Withdrawal 0.53 1.83

ST90 3 9 47.9 1794.2 -157.8 Teeth Withdrawal 0.46 1.51
4 10 89.3 1512.1 -594.8 Teeth Withdrawal 0.58 2.00
5 33 . 45.3 1713.1 -81.8 Teeth Withdrawal 0.49 1.54
6 18 88.3 2267.3 -477.0 Teeth Withdrawal 0.65 2.00

Avg. 64.0 1780.2 -292.8 0.53 1.73
COV 0.34 0.12 -0.78 0.11 0.12

1 34 66.4 1683.5 -212.7 Teeth Withdrawal 0.48 1.52
2 6 57.7 2370.9 19.4 Teeth Withdrawal 0.58 1.83

STPO 3 24 36.1 2294.5 342.5 Teeth Withdrawal 0.47 1.43
4 10 39.4 2410.6 192.2 Teeth Withdrawal 0.58 2.00
5 33 175.6 2013.3 -1426.6 Teeth Withdrawal 0.54 1.54
6 18 73.8 2620.5 -87.2 Teeth Withdrawal 0.62 2.00

Avg. 74.8 2232.2 -195.4 0.55 1.72
COV 0.58 0.13 -2.75 0.09 0.13

1 34 29.1 9971.9 758.8 Teeth Withdrawal 0.45 1.52
2 6 29.9 10268.7 619.2 Teeth Withdrawal 0.53 1.83

STP90 3 9 36.7 5540.3 238.5 Teeth Withdrawal 0.49 1.51
4 10 62.7 4963.5 -587.6 Teeth Withdrawal 0.60 2.00
5 33 37.5 7776.9 372.4 Teeth Withdrawal 0.50 1.54
6 18 48.1 8492.2 232.4 Teeth Withdrawal 0.69 2.00

Avg. 40.7 7835.6 272.3 0.54 1.73
COV 0.27 0.24 1.46 0.13 0.12
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Per-Tooth Wood-Plate Stiffness Model Parameters for Intermediate Wood-

Grain Angles. The joints in the modelled truss generally represented configurations

where the plate main axes and the wood grain were not parallel or perpendicular to

each other. Hence, a method to determine load-slip properties between wood and

plates for those joints needed to be identified. It was intended to use the Hankinson's

Formula to interpolate between the parameters that describe the per-tooth load-

deflection curves (Foschi, 1979) for the four basic orientations.

Hankinson's Formula. The use of Hankinson's formula is a widely accepted

interpolation method used in timber engineering to represent the dependence of

mechanical properties on grain orientation. For this study it was to be used to

determine teeth stiffness properties for intermediate plate-to-grain-to-force orientations.

The objective was to determine the per-tooth stiffness properties in two main

plate directions, for various plate-grain orientations, regardless of the applied load.

Hence, only one interpolation was needed to obtain the desired parameters. For

instance, if the initial stiffness parameter k was to be found, for a grain angle of 30

degrees to the plate main axis, in the direction parallel to the main plate axis, and if

KO and K90 were the initial stiffness parameters in that direction for grain angles 0

and 90 degrees, respectively, then Hankinson's formula was used in the following way:

K30 - KO - K90
KO sinN 30+K90 cosN 30
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Similarly, if the initial stiffness parameter k in the direction perpendicular to

the main plate axis was to be found, for the same grain-plate angle (30 degrees), and

if KPO and KP90 are the initial stiffness parameters in the direction perpendicular to

the plate main axis, for grain angles 0 and 90 degrees, respectively, the formula would

be used in the following way:

KP30 - KPO KP90
KPO sinN 30 + KP90 cosN 30

where N = 1,2,3,... (exponent defined by user)

The determination of the intermediate angle plate-to-grain values for the other

two Foschi equation parameters, mo and ml, was carried out in a similar fashion.

With the intention of verifying the predictions given by Hankinson's formula, a

comparison was made between the Douglas-Fir test results (presented in Chapter II),

and the predicted values obtained using the formula. The four basic Douglas-Fir tests'

(TO, T90, TPO, TP90) per-tooth stiffness parameter values, were used to obtain

interpolated parameters for 30 and 60 degree plate-grain angles (T30, T60, TP30, and

TP60), using Hankinson's formula. The results for different values of the exponent N

were compared to the test results, and are shown in Tables 11 a and b.
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Table 11. Comparison of tested and predicted values for per-tooth stiffness parameters
for a) 30 and b) 60 degree plate-to-grain angles.

a)

b)

Parameter Exponent T30 Test T30
Hankinson

TP30 Test TP30
Hanlcinson

1 1256.6 1578.6
2 3813.6 2450.3

k (1b/in) 2.5 6316.5 4839.6 4875.7 2685.9
3 6029.6 2930.9
4 8848.8 3456.0

1 42.9 60.0
2 56.3 93.8

m0 (lb) 2.5 42.8 63.3 35.6 115.0
3 70.6 138.4
4 86.7 190.4

1 1810.1 294.0
2 1151.1 717.0

m, (1b/in) 2.5 303.19 1078.0 227.91 1213.2
3 1055.4 2313.7
4 1089.2 -74093.3

Parameter Exponent T60 Test T60
Hanlcinson

TP60 Test TP60
Hanldnson

1 1555.6 2734.1
2 1874.2 4437.9

k (1b/in) 2.5 4940.4 2043.0 6773.2 4685.9
3 2219.7 6520.1
4 2601.7 9384.5

1 47.6 44.5
2 68.1 54.9

m, (lb) 2.5 37.4 79.5 37.6 60.4
3 91.3 66.1
4 116.3 78.2

1 -1096.1 145.8
2 -883.3 163.5

m, (1b/in) 2.5 279.4 -863.5 242.0 174.1
3 -868.4 185.7
4 -923.6 212.4
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As mentioned earlier, for models with a particular plate-to-grain configuration,

two stiffnesses on a per-tooth level needed to be defined: in the direction parallel to

the plate main axis (x axis), and in the direction perpendicular to the plate main axis

(y axis). These two stiffnesses (e.g. T60 and TP60) are a "coupled" set of parameters

that describes the behavior of a particular plate configuration. After observing the

values predicted by Hankinson's formula, it was determined that at best only one of

the "coupled" parameter values is accurate, regardless of the exponent used or type of

the parameter estimated. For that reason, it was concluded that the Hankinson's

formula approach does not accurately predict the overall intermediate angles plate-to-

grain stiffness characteristics.

Based on that assessment, it was decided to embrace an alternate approach.

Figure 40 shows the comparison between the per-tooth load-deflection curves for

Southern-Pine and Douglas-Fir, for the four basic orientations. Upon visual

observation, it was found that the average test curves for different species show no

notable differences in the general stiffness trends. The differences in displacement at

one-third, two-thirds of ultimate load, and at ultimate load, measured with respect to

the Southern-Pine test results, were as follows: for STO model, -13.33%, -16.16%,

and -19.66%; for ST90 model, 16.67%, 18.75%, and 18.18%; for STPO model,

8.47%, 8.44%, and 25.93%; and for STP90 model, 2.75%, -0.43%, and -8.7%. After

concluding that there was not any meaningful difference between the two species'

stiffness characteristics, it was decided to model the Southern-Pine intermediate angle

wood-plate characteristics (30 and 60 degrees) based on the stiffness data for 30 and

60 degrees from the Douglas-Fir tests. For the angles that fall between the known



80-

70-

60-

a) 50-

u_

I-7 30-
a)

a_ 20-

10-

0
o

TP90, STP90

TO ,STO

TPO, STPO

Douglas Fir -2k Southern Pine

0.01 0.02 0.03 0.04
Displacement (in)

T90, ST90

0.05 0.06

Figure 40. Average results for Douglas-Fir and Southern-Pine basic-four-
orientations tests.

values (0, 30, 60 and 90 degrees), the per-tooth wood-plate stiffnesses were to be

defined using linear interpolation between the discrete points (defined in Chapter II)

on the curves characterizing the 0, 30, 60, and 90 degrees configurations.

Wood-to-Wood Contact Elements. Wood-to-wood contact elements were

"inserted" between the wood members that come in contact while loaded. The same

values for element-parameters used for modeling Douglas-Fir joints were assigned to

contact elements in Southern-Pine joints. The coefficient of friction, inducing stiffness

in the plane of contact, was 0.4, and the stiffness perpendicular to the plane of contact

was 320 kips/in/in2, estimated as an order of magnitude larger than the adjacent

member stiffness, and verified by compressive tests on Douglas-Fir specimens.
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Results and Discussion

For most of the investigated MPC joints, the rotational L-D data obtained from

the model poorly matched the test results, conceivably in part due to differences in

boundary conditions preventing member rotation. Therefore, the comparison of results

will not be discussed here. A recommendation for possible future research including

testing of different joint configurations with complex loading conditions would be to

provide adequate boundary conditions capable of being simulated by the joint models.

An alternate approach would be to design simpler tests, by perhaps applying load only

to a specific joint member, while constraining the others. The resulting data would

then be isolated and referred only to the member in question, hopefully providing

more accurate member L-D information.

In the next few paragraphs, the axial L-D data for all joints will be discussed.

For most joints where chord members were loaded in tension, only chord-member

results will be elaborated, due to negligible displacements of web members. The

model L-D predictions will be plotted against individual test curves and the quality of

the fit will be characterized based on visual observation.

Bottom-Chord Splice Joint. The bottom-chord axial load-displacement data

from the model and from the tests were compared and are shown in Figure 41. The

difference between axial displacements of Chord 1, measured 1.5 in to the left of the

plate, and the plate over Chord 2, measured 3.5 in to the right of the gap line (Fig.

31), was defined as the relative axial displacement.

The model results show a good match in the initial region of the L-D data (Fig.

41). However, the model axial stiffness near joint failure proved to be greater than the
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Figure 41. Bottom-chord splice joint model predictions versus test results.
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stiffness obtained from the tested joints. The failure mode of all tested bottom-chord

joints was plate tearing, leading to the conclusion that the joint near-failure behavior

was mostly governed by the steel plate properties. Although the steel material

properties were included in the model, as specified by the manufacturer (Table 2), the

plate slots were not, therefore increasing the overall stiffness of the metal plates.

In order to more realistically represent the plate behavior, the overall steel plate

material properties of the model could be altered (stiffness and strength decreased) to

account for the slots. In addition, instead of assigning bi-linear, elastic-plastic

characteristics to steel plate models, the plate stiffness could be based on simple plate

test L-D data, which would help represent the real, non-linear nature of the steel

behavior in the failure region.
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Heel Joint. The comparison of test and model L-D data for the heel joint are

presented in Figure 42. The displacement was defined as the difference between the

readings of two LVDTs placed on the centerlines of two chord members, 2 in to the

left of the plate (Fig. 32.) The compared results in essence did not represent axial

displacement of one chord member, but a relative displacement between the two chord

members, measured in the direction of the centerline of the bottom chord.

The data matched reasonably well. However, the model shows almost linear

properties, therefore causing higher stiffness in the near-failure regions. As in the case

of the bottom-chord splice joint, the predominant failure mode for the heel joint was

steel tearing, therefore indicating that steel properties governed the behavior at failure.

Since the approach used to model steel plates did not include plate slots, the model is

stiffer, causing the difference in results.

Crown Joint. The axial displacements of tested crown joint chord members

were negligible, therefore test and model prediction results were not compared.

However, the axial load-displacement data of the crown joint web member were

compared to the model output (Fig. 43). The majority of crown joints failed in web

member pullout, so it was decided to investigate the model's behavior with respect to

that member. The relative axial displacement was defined as the difference between

the axial displacement of the web member, measured 1 in above the plate (Fig 33),

and the plate, measured 2 in from the bottom edge of the plate over Chord 1.

The results agreed well. The test curves are noisy, due to vibrating cylinders

and instrumentation limitations, but the model follows the L-D trend fairly well. The

curves stayed in the linear-response region, due to low force levels in the members.



5000-

4500-

4000-

1-2 3500-

3000-

_c2 2500-

2000-

1500-

1000-

500-

0
-0.05

Test Data

-Ar-
Model Prediction

0.'05 0.1 0.15 0.2 0.25
Relative Displacement (in)

Figure 42. Heel joint model predictions versus test results.

Test Data

-Ar-
Model Predictions

0.002 0.004 0.006 0.608 0.b1 0.012 0.014 0.016
Relative Displacement (in)

Figure 43. Crown joint model predictions versus test results.

0.3

125



126

Bottom-Chord Ridge Joint. The displacements of the bottom-chord ridge

joint were measured in the direction perpendicular to the orientation of the web

member (Member 4, Fig. 34), therefore they did not represent the true axial

displacement of the chord member. The difference between the readings of two

LVDTs, one located on Chord 1, one inch from the plate, and the other on the plate

over Chord 2, two inches to the right of the gap (Fig. 34), defined the member relative

displacement. Since only one side of the joint was modeled, symmetry was used to

calculate the appropriate model relative displacement. The model proved to be more

flexible than the test (Fig. 44), but still showed a reasonable match.

The tension web member's axial L-D results from the tests, and those predicted

by the model, are shown in Figure 45. The displacements were measured on the web

member, 1 in from the plate, and in the center of the plate (Fig. 34). The model

prediction shows a reasonable agreement with the test results.

Top-Chord Splice Joint. For illustration purposes, the top-chord splice joint

chords' test data were compared with the model, even though the displacement

readings of the compression-loaded members during testing were inconsequential, and

therefore very noisy. The relative displacement of Top-Chord 1, measured 1 in from

the plate, with respect to Chord 2, measured over the plate, 1 inch from the right edge

of the plate (Fig. 35), was compared to the model predictions (Fig. 46).

The predominant failure mode for this joint was web-member pullout.

However, the behavior of that member was not investigated, since the average

maximum force in the web member was around 1000 lb, which was insufficient to

produce recordable displacement readings.
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Summary. Based on visual inspection, the model results for the axial load-

deflection behavior of joint members showed reasonable agreement with testing

results. The initial experimental design for testing in this part of the study did not

consider subsequent joint model verification, therefore certain shortcomings were

encountered. Specifically, the boundary conditions during testing were difficult to

simulate in the joint models. Also, the wood-member MOE values for tested joints

were unknown, and were obtained from the literature (National Design Specifications,

1991), which possibly influenced the model results. Future studies related to testing of

different joints with subsequent model verification should consider all aspects of joint

modeling in their experimental design, and perhaps limit investigation to simpler

loading conditions of joints, or individual wood members in the assembly.
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PROCEDURE

In this chapter, the finite-element model developed in Chapter II of this study

will be used to model an entire MPC wood scissors truss, and the model displacement

results will be compared to full-scale truss test results. The displacement results from

two-dimensional finite-element models using different approaches to modeling truss

joint stiffnesses (pinned, rigid, semi-rigid and fictitious-element) will be examined as

well. The force and stress distributions throughout the truss will not be discussed

here, and will be a matter of future studies.

METHODS

Truss Testing

Alpine Engineered Products, Inc. performed a full-scale test on the scissors

MPC truss (Fig. 29). Figure 47 shows the original test design description provided by

Alpine Engineered Products, including the test setup and truss design drawings.

The load was applied through hydraulic cylinders relatively uniformly over the

entire top chord. The cylinders transferred the load to the top chord through a number

of wood wedges with the top surface horizontal, and the bottom surface at a 6/12 pitch

(the same as the truss pitch), thus permitting free horizontal movement of the top

chord. The wedges were not fastened to the top chord, but were kept from sliding

down the chord by 1 x 5 ft. plywood cleats nailed into the sheathing on the top chord.
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The load was applied as follows: 20 plf horizontal-projection downward

vertical load applied on the bottom chord, corresponding to arbitrarily-defined gravity

dead load, followed by the uniformly distributed, linearly-increasing from zero-to-

failure downward vertical load on the top chord applied through the hydraulic

cylinders.

The top chord was sheathed with four feet wide by two feet long strips of

15/32 in. APA Rated Sheathing, Exposure 1 (plywood), with the 4 ft. dimension

parallel to the top chord, using 8d common nails at 1 ft. on center. Lateral bracing to

prevent out-of-plane movement was attached immediately beneath the top chord at

two foot horizontal intervals.

The plates used to fabricate the truss were Alpine 20-gauge plates, with a

thickness of 0.0345 in., and steel properties of Fy=46 ksi, and Fu=54.9 ksi. The truss

member properties are shown in Table 12. The wood members are numbered as they

were assembled in the truss, from left to right (TC = top chord, BC = bottom chord,

and W = webs). The moisture content values were measured at fabrication, re-

checked at test, and found to be within 0-2% of the values shown in Table 12.

The reaction loads were measured at each bearing with 25,000 lb capacity

load cells. The deflection at the bearings and at midspan were measured with an

accuracy of +/-0.02 in., while taking the support settlement into consideration. The

load-deflection data were recorded at 30-second intervals until failure. The load rate

data were not available. The truss failed at the location of the left heel joint, by

shearing the metal plate along the heel joint. The maximum loads recorded were

3117 lb at the left reaction, and 2989 lb at the right reaction.



Table 12. Truss properties at testing.
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Three Dimensional Model of the Scissors Truss

The method developed to model individual Douglas-Fir tension-splice MPC

joints in Chapter II, and different MPC joints from a scissors truss in Chapter III, was

used to model the entire truss tested by Alpine. In fact, different joint models

developed in Chapter III were used to "assemble" the model of the entire truss.

All wood members and steel plates were modelled using ANSYS® 3-D solid

elements. The wood elements were assigned properties based on the values listed in

Table 12. The steel plates were assigned bilinear elastic-plastic material properties

based on the values provided by Alpine (1993). The yield strength of steel plates

was 46 Icsi (provided by manufacturer), and the modulus of elasticity 29,000,000 psi.

Piece ID MOE (x10 E6 psi)
I

Moisture Content (%)

TC1 1.67 11.0
TC2 1.70 14.0
TC3 1.68 15.0
TC4 1.74 11.0
BC1 2.06 16.0
BC2 1.75 11.0
BC3 1.75 11.0
BC4 2.17 17.0
WI 1.53 14.0
W2 1.35 11.0
W3 1.44 15.0
W4 1.44 15.0
W5 1.43 9.0
W6 1.35 11.0
W7 1.53 14.0
W8 1.45 12.0
W9 1.52 13.0

W10 1.43 9.0
W11 1.45 12.0
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The same method previously discussed was also used to model the teeth-to-

plate interaction in MPC joints of the truss: using three ANSYS non-linear spring

elements per tooth, one for each of the major plate orientations. The plate-to-grain-

dependent per-tooth, load-slip stiffness properties were assigned to each truss joint as

explained in Chapter III.

The wood-to-wood interaction was modelled using ANSYS' 3-D contact

elements, placed between the nodes belonging to wood member elements that may

come in contact when the truss is loaded. The properties of contact elements were

identical to those assigned to the models of Douglas-Fir MPC joints, addressed in

Chapter II of this study. The assigned value for the Coulomb coefficient of friction

was 0.4, and the stiffness perpendicular to the plane of contact was 320 Icips/in/in2.

The geometry, constraints, and loading conditions of the modeled truss

simulated those of the tested truss. However, only one fourth of the truss was

modeled, since the truss is symmetrical about the plane between the faces of the truss

(the plane of the truss), and about the plane that divides the truss in half along the

midspan. Hence, proper constraints were imposed on the model: nodes at symmetry

planes were restrained from translating in the direction perpendicular to the planes of

symmetry, and from rotation about the axes in the planes of symmetry.

The global coordinate system was identified. The x axis was defined in the

direction perpendicular to the applied loads, and in the plane of the truss. The y axis

was perpendicular to x, also in the plane of the truss. The z axis was defined

perpendicular to the plane of the truss.
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Superelements (ANSYS' Element 50). The entire truss model consisted of over

5,000 elements. However, due to the computing size limitations for ANS YS®

programs intended for educational purposes and the need for savings in computational

time in general, the truss was divided into a number of substructures (Appendix A).

Essentially, substructuring is a procedure that condenses a group of finite elements

into one element. This single element is then called a superelement, and can be used

in an analysis just as any other ANSYS® element type, except that superelements need

to be created prior to the actual model solution phase, by performing a substructure

generation analysis.

The modelled one-fourth of the truss was divided into 9 superelements. Each

joint in the truss, with the appropriate wood members, was represented by one

superelement. An additional superelement was added to connect the bottom-chord

splice joint (BSJ), and the bottom-chord ridge joint (BRJ). The geometric layout of

the modelled truss, along with the superelement boundaries, are shown in Figure 48.

When using substructuring (superelements) in the modeling process, a

compromise has to be made with respect to the capabilities of non-linear elements

generated "inside" the superelements. The non-linear nature of these elements is lost

once they become an integral part of the larger, linear superelements. For example,

the non-linear spring elements, instead of being represented by a pre-defined non-

linear load-deflection curve, will become linear, with stiffness represented by the

initial slope of the original curve. Therefore, the entire model of the truss, since it

consisted of nine superelements, became linear.



Symmetry Plane

Top Chord Loaded with Hydraulic Cylinders

Bottom Chord Uniformly Loaded (Gravity Loads)

Figure 48. Geometric layout of the modeled scissors truss.
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Due to these reasons, it was decided to investigate the behavior of the modeled

truss in the linear region, at low load levels. The truss model results were compared

to test results for the following loading conditions: top chord (TC) uniformly

distributed load of 1220 lb, and bottom chord (BC) uniformly distributed load of 820

lb (defined arbitrarily as the dead load condition: based on horizontal projection of

approximately 15 lb/sq.ft. for TC, and 10 lb/sq.ft. for BC; trusses 24 in. o.c.).

Two-Dimensional, Beam-Element Based Finite-Element Truss Models

The displacement behavior of four types of two-dimensional, linear-elastic,

beam-element based finite-element truss models (analogs) were investigated: pinned,

rigid, semi-rigid, and fictitious- element approach. All 2-D models consisted of a

number of linear elastic beam elements representing wood truss members, connected

at MPC joint locations with revolute joint elements (Appendix A). The bottom and

top chords were modeled as assemblages of two continuous members, connected at the

Bottom-Chord Splice Joint, and Top-Chord Splice Joint, respectively. The truss model

geometry showing the locations of all joints is presented in Figure 49.

The analog followed the exact geometry of the truss, with the beams defined

by the location of member center lines, except for the heel joints, where the two

framing beam elements intersected directly above the supports, or, in the case of the

fictitious-element approach, with a fictitious-element inserted between the top and

bottom-chord centerline over the support.



Heel joint detail
for rigid, pinned and
semi-rigid model

Beam elements

Top and Bottom Chord Uniformly Loaded

Figure 49. Geometric layout of a 2-D model of the scissors truss.

The tested truss was supported by rollers located under each bearing.

However, the 2-D model of the truss was assigned pin-roller support conditions,

providing stability for the model.

The model's output was investigated at the arbitrarily-defined dead load

conditions, defined in the paragraphs above.

Wood Members. Wood members were assigned longitudinal MOE values

according to specifications given in Table 12. Furthermore, beam elements were

assigned cross-section properties for nominal two-by-four lumber: cross-section area of

5.25 in2 and moment of inertia of 5.36 in'. The wood member properties remained

constant for all types of two-dimensional truss models investigated in this study.

Heel joint detail for
fictitious-element
approach model
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Revolute Joint Elements. The revolute joint approach allowed for a direct

input of joint stiffness values at wood member intersection locations, simulating the

MPC joint action in the truss. Three input element stiffnesses (rotation about x and y

axes, and translation along the z axis) were kept constant for all model types, and

were assigned large stiffness values (four orders of magnitude larger than the adjacent

wood member stiffnesses), simulating rigid conditions for those orientations. The

other two stiffnesses, translational stiffness in the plane of the truss, and rotational

stiffness about the z axis (perpendicular to the plane of the truss), were varied

depending on the model approach:

Rigid Truss. In the case of the rigid truss model, all joint elements were

assigned large stiffness values, to simulate a rigid connection between wood members.

Pinned Truss. The translational stiffnesses for all joint elements were assigned

large stiffness values, and rotational stiffnesses were assigned zero stiffness values.

The exceptions were made for chord members that were continuous over the joint

location. The web members framing into those joints were assigned pin-joint

properties.

Semi-Rigid Truss. The chord joint elements were assigned translational and

rotational stiffness values obtained through experimental testing (Chapter III), as

shown in Tables 9 a through e. The compression joints were assumed rigid in

translation, and web members were assumed pinned (large translational, zero rotational

stiffness).

Fictitious-Element Approach. All joints except for the heel joint copied the

conditions of the pinned truss. At the location of the heel joint, a fictitious beam



140

element with altered material properties was inserted and rigidly connected to the

bottom and top chord. The length of the element was defined as the distance between

the centerlines of the bottom and top chord above the support in the real truss (0.5 in).

RESULTS AND DISCUSSION

Three-Dimensional Truss Finite-Element Model

The comparison between truss results and 3-D model predictions for the basic

dead load condition is shown in Table 13. The model's and test's mid-span vertical

deflection results, and horizontal outward deflection results match within 0.01 in. It

was concluded that the comprehensive 3-D truss model predicts the overall

displacement behavior of the truss very well in the elastic range.

Since the truss behavior at higher load levels was not investigated, no

conclusions could be drawn with respect to the influence of superelements (which

caused the model to become linear), or the absence of plate slots, on the overall truss

deflections.

Table 13. Comparison between full truss tests and finite-element model.

Measurements at arbitrarily
defined dead load conditions

Test Results
(in)

Model Results
(in)

Vertical Deflection at Bottom-
Chord Mid-Span

0.67 0.678

Horizontal Outward Deflection of
the Support

0.235 0.238



B.C. = Bottom-Chord; T.C. = Top-Chord

* Joints are numbered from left to right.
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The deflected shape, along with the original geometry of the modeled truss are

shown in Figure 50. Assuming that the model characterizes the behavior of the truss

joints correctly while in the elastic range, it would be interesting to investigate the

internal force distribution among the truss members (outside the scope of this study).

Two-Dimensional Truss Finite-Element Models

The deflected shape of a 2-D truss model is presented in Figure 51. Only one

result is presented, since there were no noticeable differences in deflected shape

between any of the four trusses investigated (pinned, rigid, semi-rigid, and fictitious-

element). Vertical displacement results, for all truss models, including the 3-D truss

model, at each joint of the truss, are presented in Table 14 and in Figure 52.

Table 14. Displacement results comparison for different truss models (in

Truss Model
Displacements (in)

3-D
Model

Pinned Rigid Semi-
Rigid

Fictitious
Element

T.C. Web Joint # 1(TJ1) 0.234 0.385 0.371 0.465 0.373

B.C. Web Joint # 1 (BJ1) 0.508 0.477 0.461 0.562 0.463

T.C. Splice Joint (TSJ) 0.580 0.551 0.532 0.642 0.535

B.C. Splice Joint (BSJ) 0.648 0.617 0.595 0.715 0.598

T.C. Web Joint # 2 (TJ2) 0.657 0.628 0.607 0.723 0.609

B.C. Ridge Joint (BRJ) 0.678 0.647 0.626 0.744 0.629

Crown Joint (CJ) 0.659 0.631 0.610 0.727 0.613



Figure 50. Deflected shape of the 3-D truss model.



Figure 51. Deflected shape of 2-D truss models.
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Assuming that the predictions of the 3-D truss model were correct at all joint

locations (since the only real comparison with test results was done at mid-span and at

the bearings), the pinned, rigid, and fictitious-element approach models could be

characterized as unconservative. The displacement predictions for the semi-rigid

model are somewhat larger than the rest of the models for all joints in the truss. At

mid-span (BRJ), the semi-rigid model's prediction was 9.7% conservative, whereas the

pinned, rigid, and fictitious- element approaches were 4.6, 7.7, and 7.3 percent

unconservative, respectively. From the safety standpoint, the design engineer's

concern is to remain on the conservative side in general, while still adequately

predicting the behavior of structures.

Overall, the difference in the displacement predictions at the bottom-chord

ridge joint was less than 10% for all the models. However, at other joints in the truss,

the difference varied, and at certain joints for some models it was much higher (i.e.,

semi-rigid model prediction for TJI was 98.71% unconservative).

In a previous study (Vatovec et al., 1993), the effect of assigned joint

stiffnesses in 2-D truss models was investigated, and it was concluded that the

translational stiffnesses of all joints influence vertical displacements of trusses,

whereas the rotational stiffnesses generally do not. And indeed, in this study, for all

models where the translational stiffness was fixed (pinned, rigid, and fictitious-element

models), the displacements at joints were smaller than for the models with partial

translational fixity of joints.



Summary

The results using different analysis methods show that there is a noticeable

influence of the joint modeling approach on the overall behavior of the modeled truss

structures. The comprehensive, three-dimensional model of the scissors truss yielded

impeccable displacement results. The model verification was successful, and it could

be concluded that the model developed in this study predicts the behavior of the tested

truss in the design range quite well, while taking into account almost all factors

influencing MPC joint and truss behavior.

Simpler, two-dimensional models predict the truss load-displacement behavior

reasonably well, compared to the bottom-chord ridge joint test results. However, a

larger disparity in displacement predictions existed at other joint locations for different

models. Also, force and stress distributions throughout the wood truss members have

not yet been investigated. The results of a previous study (Vatovec et al., 1993) show

that the internal forces in the truss are dependent on the joint stiffness conditions, and

this matter should be further investigated in future studies.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

A commercially available FE program (ANSYS®) was used to develop a model

of MPC joints in wood trusses. The model is capable of accounting for a large

number of factors influencing MPC joint performance while in service. For instance,

the dominant factor governing the behavior of joints with smaller plate sizes is wood-

to-plate interaction, which was modeled through a number of non-linear spring

elements (whose properties in turn depend on plate-to-grain orientation). For joints

loaded in bending, or whenever wood members may come in contact, another

significant factor is wood-to-wood contact, which was accounted for through ANSYS®

3-D contact elements. Due to the consideration of these parameters, as well as others

(material properties, 3-D model geometry, etc.), the model developed in this study

accurately predicts the behavior of splice MPC joints well into the non-linear range.

Also, the results from these tensile and bending models with various plate-grain

orientations demonstrate the applicability of the method to more complex joint

configurations, and to successful implementation in full truss analyses.

The results from the five scissors truss joint models and from the overall-truss

model further verify this assumption. The five scissors truss joints' results

demonstrated certain shortcomings with respect to the applicability of the test design

to the models, but overall, the model predictions were accurate.

For the investigated truss, the model shows superiority in its capability to

predict the overall truss load-displacement behavior, when compared to customary
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truss analysis methods. The different 2-D truss models' (pinned, rigid, semi-rigid, and

fictitious element-based) displacement results show a noticeable difference in the

displacement predictions at various locations along the truss. Thus, there might be

even a larger disparity among the truss internal force and moment predictions, which

are the basis for MPC truss member and connection design considerations

(serviceability or overall truss deflections are of secondary interest for joint design).

Further discussion should follow once a comprehensive study of member internal

forces and stress distributions is performed.

Several other general conclusions and comments can be made with regard to

the results yielded from this study. The experimental testing of MPC joints from the

scissors truss helped develop a better understanding of joint behavior under realistic

loading conditions. The testing apparatus used in this study is capable of

characterizing the behavior of almost any MPC joint configuration that exists in

trusses in service, given sufficient control over boundary and loading conditions

during testing. An alternative to simulating the loading conditions existing in trusses

while in service would be to apply isolated loads on individual joint members to

determine their characteristics, while imposing appropriate boundary conditions on the

rest of the members. The advantage of such an approach would be the added

simplicity with respect to experimental design and data interpretation, as well as more

easily acquired and interpreted individual-member strength/stiffness data.

Nevertheless, the testing tool used in this study facilitates a possible development of

standard testing procedures to directly determine stiffness properties of different joint

configurations, to be used as an input to computer-based truss analysis techniques.
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Also, even though not directly investigated, the model developed here, by

including steel plate properties, is potentially capable of adequately representing MPC

joints with larger plate-covered areas, where the overall joint behavior is governed by

the steel plate properties, and not by the wood-plate interaction. This feature is

extremely important for analyzing trusses with larger wood members (e.g. nominal

two-by-six lumber), where most joints ordinarily involve large plate-covered areas.

Furthermore, if a reliable method for determining the optimal distribution and

number of "super-nodes" can be found to accurately, or sufficiently well represent the

overall stiffness of the connections, the modeling approach illustrated here would

become significantly simpler. Also, after considering even further possible model

simplifications (e.g. further reducing the number and simplifying the distribution of

elements, or possibly assigning only one super-node representing the plate-wood

interaction for the entire joint, etc.), which would perhaps involve a compromised

level of accuracy, but still preserve the main concepts of the method, this approach

might become simple and approachable enough to be largely accepted for use in

everyday design and analysis of MPC trusses. With the advancement of computer

technology, where various programs are now integrating graphic design software with

specialized analytical tools, and where users will be enabled to create models through

an interactive computer-screen interface, the realization of this ultimate goal might be

closer than expected.

Several recommendations for future research could be made based on the

results yielded from this study. Generally, the models developed to represent the

behavior of MPC joints should include the wood-plate interaction, as well as steel-
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plate properties into their set of input parameters. The steel properties are especially

important for joints with larger plate sizes, where the governing mode is steel failure.

Also, a simple procedure to approximate MPC joints' per-tooth, or per-plate

load-slip properties for various plate-to-grain orientations, wood species, wood contact,

etc. should be defined to efficiently characterize the semi-rigid nature of the

connections. In addition, a method to determine when the size of the metal plates,

and/or the size of the gaps between wood members, begin to influence the overall

behavior of the connections, should be defmed as well. With all of these data

available, a simpler truss model with pre-defined joint stiffness input values could be

directly used in the design process.

The performance of various models in this study was evaluated by comparing

their L-D outputs to the experimental results from a full-scale truss test performed by

Alpine Engineered Products, Inc. (1993). Therefore, some aspects of the exact testing

conditions and their influence on the overall truss L-D results were unknown (i.e.

friction due to lateral bracing). Future studies should include the actual overall truss

test in the experimental design, providing a better understanding of and control over

the experiment.

In addition, it would be interesting to examine the output of the model

developed in this study when applied to other MPC truss configurations (i.e. Fink

trusses, top-chord-hung parallel-chord trusses, etc.), and how it compares to the results

from experimental tests. Also, the results from other comprehensive truss-connection

models developed in the past could be compared to the output of the model developed
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here. A specifically interesting topic would be comparison with Foschi's (1972) model

predictions of tooth-force distributions in the connector plates.

The accepted design methods (ANSI/TPI, 1995) include investigation of MPC

truss behavior in the elastic region only. The truss model output in this study was

also compared to the experimental results in the linear-response region only. This

limitation was based on program restrictions. However, even without program

limitations, the capability of ANSYS® and other current analytical tools to predict the

exact non-linear L-D behavior of complex wood structures in general, is, at best,

approximate, due to the complex properties of wood as a material in the non-linear

region (non-linear behavior "occurs" at different load levels for different material

principal orientations, for example). Therefore, with the current state of technology,

no attempt to perform non-linear analyses of entire truss structures was made here, nor

will be recommended at this time for future studies.

Finally, the stiffness and strength of MPC connections, as well as the overall

behavior of the trusses, should be investigated under dynamic and long-term loads

(creep characteristics and exposure to atmospheric conditions). Residential roof

trusses are frequently exposed to earthquake and wind loads. Additional applications

of MPC trusses include bridge structures, where dynamic loadings from vehicles are

also important. Therefore, it is essential to ascertain whether the dynamic

characteristics of MPC joints should be incorporated into truss analysis and design

tools.
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APPENDIX A: ANSYS® ELEMENTS (ANSYS®, 1992)

The ANSYS® element library consists of approximately 100 different element

formulations or types. Each element type is identified by a unique number and a

prefix that identifies the element category. The elements are categorized with respect

to their applicability and features: whether they are applicable to two or three

dimensional analyses, the discipline to which they are applicable, the number of nodes

of the elements, some of their distinguishing options, their characteristic shape, etc. In

the next few paragraphs, the elements used in this study will be discussed.

Solid Elements (45). The solid element is capable of representing a solid

material in three dimensions. The element is defined by eight nodes having three

degrees of freedom at each node: translations in the nodal x, y, and z directions.

The geometry, node locations, and the coordinate system for this element are

shown in Figure 1. The element coordinate system is parallel to the global coordinate

system, unless specified otherwise. Some of the input properties associated with this

element are: modulus of elasticity, shear modulus, and Poisson's ratios for all three

principal element directions. The primary output data consist of the overall nodal

solution, and the additional element output, which includes loads, pressures, stresses,

strains, etc.

The element may be defined using orthotropic material properties. This

characteristic is very important since wood materials can generally be described as

orthotropic. The element has plasticity, creep, swelling, stress stiffening, large

deflection, and large strain capabilities as well, but none of those were included in this
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study. Non-linearity is a standard feature of this element. However, only bilinear

material properties were included in the model, specifically for the steel plate

elements.

Global Coordinate
System

Figure 1. ANSYSe Solid Element (Element 45).

Spring Elements (39). The non-linear Spring element is essentially

unidirectional with a non-linear generalized force-deflection capability. The element

has one degree of freedom at each node, either a translation in a nodal coordinate

direction (used in this study), a rotation about a nodal coordinate axis, a pressure, or a

temperature.

The geometry, node locations, and the coordinate system for this element are

shown in Figure 2.
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Figure 2. ANSYS® Non-Linear Spring Element (Element 39).

The element is defined by two node points (preferably coincident), and a

generalized user-defined force-deflection curve. In the MPC joint models, one of the

two points belonged to the wood member, and the other to the steel plate. The points

on the curve represent force versus relative translation of the two node points (load-

slip relationship between wood and plate). The slopes of the curve can be positive or

negative, except that slopes at the origin must be positive.

Contact Elements (52). The contact element is only capable of supporting

compression in the direction normal to the surfaces, and shear (Coulomb friction) in

the tangential direction. The element has three degrees of freedom at each node:

translations in the nodal x, y, and z directions. The geometry, node locations, and the

coordinate system for this element are shown in Figure 3.
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Figure 3. ANSYS® 3-D Contact Element (Element 52).

The element is defined by two nodes, two stiffnesses (KN and KS), an initial

gap or interference (GAP), and an initial element status (sliding or sticking). The

orientation of the interface is defined by the node locations. The normal stiffness

(KN), is based upon the stiffness of the surfaces in contact. For most problems it is

of little consequence, and KN may be estimated an order of magnitude or two greater

than the adjacent element stiffness (AE/L). The sticking stiffness (KS) represents the

stiffness in the tangential direction, if the Coulomb friction (p.) is specified, and if the

gap between the nodes is equal to or less than zero (input option).

In the normal direction, when the normal force (EN) is negative, the interface

remains in contact and responds as a linear spring. As the normal force becomes

positive, contact is broken and no force is transmitted. In the tangential direction,

KN

FN

disp.

Force-Displacement
Relationship

FS

disp.
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assuming FN < 0, and if the absolute value of the tangential force (FS) is less than

111FN the interface sticks and responds as a linear spring. For FN < 0 and FS =

11 FN sliding occurs. If contact is broken, FS = 0. The force-deflection

relationships, separated into the normal and tangential (sliding) directions, are shown

in Figure 3.

Superelement (or Substructure) (50). The superelement or substructure is a

group of previously assembled ANSYS® elements that is treated as a single element.

The superelement, once generated, may be included in any ANSYS® model and used

in any analysis type for which it is applicable. The superelement can greatly decrease

the cost of many analyses. Once the superelement matrices have been formed, they

are stored in the element library as any other ANSYS® element. Multiple load vectors

may also be stored with the superelement matrices, thereby allowing various loading

options. The superelement, which is a mathematical representation of an arbitrary

structure, has no fixed geometrical identity.

Two-Dimensional Elastic Beam (3). The 2-D elastic beam is a uniaxial

element with tension, compression, and bending capabilities. The element has three

degrees of freedom at each node: translations in the nodal x and y directions and

rotation about the nodal z-axis. The geometry, node locations, and the coordinate

system for this element are shown in Figure 4. The element is defined by two nodes,

the cross sectional area, the area moment of inertia, the height, and the material

properties. In the MPC joint's finite-element model, a 2-D beam element represents

an entire wood member framing into a joint.
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Figure 4. ANSYS® 2-D Beam Element (Element 3).

Revolute Joint Element (7). The revolute joint element is a three-dimensional

pin (or revolute) joint which may be used to connect two or more parts of a model at

a common point. Capabilities of this element include joint flexibility (or stiffness),

friction, damping, and certain control features. An important feature of this element is

a large deflection capability in which a local coordinate system is fixed and moves

with a joint.

The geometry, node locations, and coordinate systems for this element are

shown in Figure 5. This element is defined in three-dimensional space by five nodes,

these being active nodes (i, j), a node to define the initial revolute axis (k), and

control nodes (1, m). The active nodes should be coincident and represent the actual

pin joint which connects links A and B. A link can be an individual element or

assemblage of elements. If node k is not defined, then the initial revolute axis is

taken to be the z direction of the global Cartesian system.
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Coordinate
System

Figure 5. ANSYS' Revolute Joint Element (Element 7).

The active nodes (i, j) are defined to have six degrees of freedom; however,

five of these (UX, UY, UZ, ROTX, ROTY) in the local joint system are intended to

be constrained with a certain level of flexibility. This level of flexibility is defined

with four input stiffnesses: K1 for translational stiffness in the x-y plane, K2 for

stiffness in the z direction, K3 for rotational stiffness about the x and y axes, and K4

for rotational (torsional) stiffness about the z axis.

Coincident
Nodes I and J
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APPENDIX B: PILOT TESTS TO DETERMINE PLATE PROPERTIES IN

WITHDRAWAL

A set of pilot tests was conducted to determine wood-metal plate interaction

stiffness in the direction perpendicular to the plane of the plate, i.e. to determine

stiffness properties of plates in withdrawal.

Small sections of plates (1 square inch, 8 teeth) were cut out of regular size

plates, and welded to a metal fixture to be attached to the testing machine. The plates

were embedded in wood specimens (Douglas Fir), and screwed onto a metal rod that

is connected to the load cell. The wood specimen was clamped to the static part of

the testing machine, and a linearly increasing force (with time) was applied until

plates were withdrawn. The load and deflection data were recorded. The test setup is

shown in Figure 6. A total of 14 tests were accomplished. The load-deflection curves

for all tests, as well as the average curve, are shown in Figure 14 in Chapter II. The

average curve was defined by a number of discrete points based on a linear

interpolation of initial stiffnesses, secondary stiffnesses and ultimate loads, and it was

used to model the per-tooth stiffness in withdrawal. The test results and wood

properties of specimens tested in withdrawal are shown in Table 1.
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Load Head

Figure 6. Test setup for specimens tested in plate withdrawal.

Table 1. Test results and wood properties of specimens tested in plate withdrawal.
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Specimen
Number

Initial
Stiffness

(lb/in)

Secondary
Stiffness
(lb/in)

Ultimate Load

(lb)

MC

(%)

SG

1 2,165 30,344 18.3 11.27 0.45
2 10,100 49,067 35.1 1125 0.59
3 14,183 22,586 37.0 11.90 0.70
4 6,512 24,411 35.5 10.18 0.73
5 3,117 45,553 19.7 11.38 0.47
6 6,554 49,090 37.0 13.22 0.59
7 7,125 50,053 35.5 13.17 0.64
8 2,158 16,129 26.2 12.58 0.67
9 2,760 39,644 14.3 13.43 0.61
10 8,151 8,151 23.5 13.72 0.62
11 3,883 46,349 37.2 12.95 0.62
12 6,191 13,321 30.9 13.27 0.50
13 4,654 39,625 15.3 12.67 0.52
14 6,124 29,674 33.7 13.26 0.59

Average 5,977 33,142 28.5 12.59 0.59
COV 0.54 0.42 0.29 0.08 0.14

Metal Plate Load Cell
Wood Member

Clamp



APPENDIX C: COMPRESSIVE TESTS TO VERIFY CONTACT ELEMENT

PROPERTIES

A set of simple clear-specimen compressive tests was performed to estimate

properties of model wood-to-wood contact elements. The specimen dimensions were

1.5" by 1.5" by 6". The deflection was arbitrarily measured 1.5 inches below the

loaded face of the specimen. The load was applied linearly with time from zero to a

load of 3500 lbs, over the loading surface of 1.5" by 1.5", as shown in Figure 7. The

stiffness of the metal fixture through which the force was applied was assumed

significantly larger than that of the wood specimen. Therefore, only the contact

stiffness of the wood specimen was observed. The L-D results are shown in Figure 8

and summarized in Table 1

V
Load Head

Figure 7. Test setup for specimens tested in compression.
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Figure 8. Load-displacement results for compressive tests.

Table 2. Compressive test results.

0.14
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Specimen
Number

Piece
Number

Stiffness
(1b/in)

M.C.

(%)

SG MOE
(106 psi)

Rings Per
Inch

Latewood
Percentage

1 34 67920 0.14 0.43 1.72 6 25
2 19 65742 0.16 0.48 1.74 10 35
3 42 61571 0.14 0.50 2.30 16 30
4 2 57867 0.16 0.53 2.24 8 50
5 48 59513 0.16 0.55 2.26 11 30
6 44 65743 0.16 0.66 2.36 10 45

Average 63059.33 0.15 0.53 2.10 10.17 35.83
COV 0.06 0.07 0.14 0.14 0.30 0.25
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The stiffness of the specimens shown in Table 2 is determined from the latter

slope of the curves, after the initial period. It is associated with the loading surface of

2.25 square inches, and deflections measured with respect to the plane 1.5 inches

below the loading surface. The average stiffness value from the test was converted to

a stiffness value per square area (1 in2), which yielded 28 lcips/in/in2. The value used

to model normal stiffness of the contact elements (320 Icips/inlin2), which was based

on ANS YS® (1992) recommendation to estimate the contact element normal stiffness

as an order of magnitude larger than the adjacent element stiffness, compares well to

the wood stiffness values from the test (28 Icips/iniin2 x 10).



APPENDIX D: SAMPLE ANSYS® PROGRAM INPUT

!TO Model Data Input
! Units kips and inches

/batch
/COM,ANSYS REVISION 5.0a
/filname, tOjt !Specify the job name
/prep7 !Preprocessing

! Define wood nodes

n,1,2.5
n,11,2.5,.375
n,21,2.5,.625
ngen,11,10,21.25
n,131,2.5,3.5
ngen,2,1000,1,131,10,6.75
ngen,2,1000,1001,1131,10,1
ngen,4,1000,2001,2131,10,.5
ngen,2,1000,5001,5131,10,.25
ngen,2,200,1,131,10,.75
ngen,2,200,1001,1131,10,.75
ngen,2,200,2001,2131,10,.75
ngen,2,200,3001,3131,10,.75
ngen,2,200,4001,4131,10,.75
ngen,2,200,5001,5131,10,.75
ngen,2,200,6001,6131,10,.75

! Define plate nodes

n,11001,10,.25
n,11011,10,.375
n,11021,10,.625
ngen,11,10,11021.25
n,11131,10,3.25
ngen,2,1000,11001,11131,10,.25
ngen,4,1000,12001,12131,10,.5
ngen,2,1000,15001,15131,10,.25
ngen,2,-200,11001,16131-.0345

/view,a11,1,1,1 !Specify graphical options
/angl,a11,0
eplot
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!define wood element properties

ET,2,45
mp,ex,2,2.05e3
mp,ey,2,102.5

mp,ez,2,139.4

mp,nuxy,2,.022
mp,gxy,2,159.9

mp,gyz,2,14.35

mp,gxz,2,130.235

! generate wood elements

type,2
rea1,2
mat,2

e,1,1001,1011,11,201,1201,1211,211
egen,13,10,1
egen,6,1000,1,13

! Define steel element properties

ET, 11,45
MP,EX,11,29000
MP,NUXY,11,.3
MP,GXY,11,11300
TB,BKIN,11
TBDATA47.4,400

! generate plate elements

type, 11
rea1,11
mat, 11

e,10801,11801,11811,10811,11001,12001,12011,11011
egen,13,10,79
egen,5,1000,79,91

!Define element type (3-d solid element 45)
!MOE in x direction (average of TO test samples)
!MOE in y direction (calculated from Wood
!Handbook (1987): 0.05 x MOE in x direction)
!MOE in z direction (calculated From Wood
!Handbook (1987): 0.068 x MOE in x direction)
!Poisson ratio (Wood Handbook, 1987)
!Shear modulus xy (calculated from Wood
!Handbook (1987): 0.078 x MOE in x direction)
!Shear modulus yz (calculated from Wood
!Handbook (1987): 0.007 x MOE in x direction)
!Shear modulus xz (calculated from Wood
!Handbook (1987): 0.064 x MOE in x direction)
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Define Element type (3-d solid element 45)
Steel Modulus of Elasticity
Poisson ratio
Steel Shear modulus
Activate a data table
Yield = 47.4 ksi (from the manufacturer), tangent
modulus = 400 (a large number, representing a

. plastic region)



!Define spring element properties in x direction

et,6,390,1 ! Define element type (non-linear spring 39)

r,4,0,0,.005,.0290741,.01,.0447321
rmore,.015,.053775,.02,.059566,.025,.063763
rmore,.03,.0671794,.04,.073065 ! Per-tooth L-D stiffness data based on TO test

! (a set of discrete points)
! Generate spring elements in x direction

type,6
rea1,4

e,2011,12011
egen,12,10,144
egen,4,1000,144,155

! Defme spring element properties in y direction

et,7,39,2 ! Define element type (non-linear spring 39)

r,9,0,0,.005,.00932, .01, .01736
rmore,.015,.02422,.02,.02999,.025,.03476
rmore,.03,.038635,.035,.0422,.045,.0455

! Generate spring elements in y direction

type,7
rea1,9

e,2011,12011
egen,12,10,192
egen,4,1000,192,203

! Define spring element properties in z direction

et,8,39,3 ! Define element type (non-linear spring 39)

r,5,-.002,-.5,0,0,.013104,9.7852e-3
rmore,.016776,.025,.0172,.026,.0184,.0275
rmore,.02,.0285,.0232,.0287 ! Per-tooth L-D stiffness data based on

! z-direction test (a set of discrete points)

! Per-tooth L-D stiffness data based on
! TPO test (a set of discrete points)
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! Generate spring elements in z direction

type,8
rea1,5

e,2011,12011
egen,12,10,240
egen,4,1000,240,251

!! Generation of Contact elements "borrowed" from the bending model BO for
! demonstration purposes (in the TO model, there are no contact elements)

!! Define properties of wood-to-wood contact elements

et,63,52 ! Define element type (contact element 52)

r,63,30,0,0,.0000001 ! Normal Stiffness (30): based on 320 Icips/in/in2
mp,mu,63,.4 ! Coulomb coefficient of friction (0.4)

! Generate contact elements

type,63
rea1,63
mat,63

e,6131,7131
e,6331,7331
e,6001,7001
egen,14,10,301
egen,2,200,301,314

finish

! Start the solution

/solu

! Specify analysis type options

antype,static
nropt,auto
time,7000
neciit,100
cnvt,f, .1

! Finish preprocessing
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! Specify symmetry boundary conditions on the plate

nsel,s,node16001,16131,10
nsel,a,node15801,15931,10

d,a11,uy
dsym,synun,x
nsel,all

! Specify symmetry boundary conditions on the wood member

nsel,s,node201,331,10
nsel,a,node1201,1331,10
nsel,a,node2201,2331,10
nsel,a,node3201,3331,10
nsel,a,node4201,4331,10
nsel,a,node5201,5331,10
nsel,a,node6201,6331,10

dsym,symm,z
nsel,all

! Put the pressure loads

esel,s,elem1,13

sfe,a11,5,pres-1.3333333

esel,all

! Specify non-linear solution options (number of substeps, database options, etc.)

nsubst,7
pred
outres,a11,1
outpr,a11,1
nlgeom,on

! Initiate solution, save and exit

solve
save
finish
/exi
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!Tensile load of 7 kips imposed wood member
!(pressure of 1.333333 ksi over the area of 5.25 in)



APPENDIX E: MATERIAL PROPERTIES OF TESTED SPECIMENS

The wood material properties were based on a representative section

(approximately 1" x 1.5"x 3.5"), cut from each specimen near the joint. The specimen

material properties from tested splice Douglas-Fir joints, Southern-Pine joints from the

scissors truss, and splice Southern-Pine joints are summarized in Tables 3, 4, and 5,

respectively. The moisture content values for all tests are based on oven-dry

conditions (ASTM Standard D 4442, 1995). The volume values to determine specific

gravity for Douglas-Fir and Southern-Pine splice joint specimens were obtained using

the water immersion method (ASTM Standard D 2395, 1995) at oven dry conditions.

The volume for the five Southern-Pine joints from the scissors truss was obtained by

measurement (ASTM Standard D 2395, 1995) at air-dry conditions. In both cases,

however, the weight of the specimens for SG determination was determined at oven-

dry conditions. MOE values for splice joint wood specimens were obtained using an

E-Computer ("Metriguard...", 1991), and for the five joints from the scissors truss

were not determined (joints arrived already fabricated). For splice-joint specimens, the

ring count, as well as the percentage of latewood, were estimated visually with the

help of a ruler, based on the representative specimen cross sections.
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Table 3. Material properties for Douglas-Fir splice joint specimens.
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Test Spec.
No.

Piece
No.

M.C.
(%)

SG MOE
(106 psi)

Rings Per
Inch Latewood

1 16 0.16 0.70 2.64 19 35
2 59 0.14 0.59 2.48 23 30

TO 3 24 0.13 0.56 2.45 4 40
4 14 0.16 0.58 2.18 10 40
5 31 0.16 0.48 1.97 7 35
6 20 0.13 0.46 2.00 18 40

Avg. 0.15 0.56 2.29 13..50 36.67
COY 0.10 0.14 0.11 0.51 0.10

1 3 0.15 0.58 2.34 28 30
2 3 0.16 0.59 2.34 17 30

T30 3 1 0.12 0.41 1.53 4 20
4 2 0.15 0.51 1.83 9 35
5 2 0.14 0.54 1.83 6 35

Avg. 0.15 0.51 1.97 12.80 30.00
COY 0.08 0.13 0.16 0.69 0.18

1 3 0.15 0.58 2.34 24 30
2 3 0.16 0.60 2.34 22 30

T60 3 1 0.12 0.41 1.53 4 25
4 1 0.13 0.42 1.53 4 25
5 2 0.15 0.50 1.83 5 30
6 2 0.15 0.52 1.83 7 35

Avg. 0.14 0.51 1.90 11.00 29.17
COV 0.09 0.14 0.18 0.78 0.12

1 18 0.18 0.62 1.78 11 30
2 59 0.14 0.59 2.48 20 40

T90 3 17 0.17 0.57 1.89 12 40
4 14 0.17 0.54 2.18 8 50
5 31 0.16 0.48 1.97 6 35
6 20 0.12 0.52 2.00 12 35

Avg. 0.16 0.55 2.05 11.50 38.33
COY 0.12 0.08 0.11 0.38 0.16



Table 3. Continued.
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Test Spec.
No.

Piece
No.

M.C.
(%)

SG MOE
(106 psi)

Rings Per
Inch

%

Latewood

1 16 0.16 0.67 2.64 18 30
2 59 0.14 0.59 2.48 12 40

TPO 3 17 0.17 0.56 1.89 11 30
4 14 0.16 0.54 2.18 8 35

.5 31 0.16 0.51 1.97 7 40
6 20 0.13 0.46 2.00 10 25

Avg. 0.15 0.56 2.19 11.00 33.33
COV 0.10 0.12 0.13 0.32 0.17

1 3 0.15 0.57 2.34 20 35
2 3 0.16 0.60 2.34 21 35

TP30 3 1 0.12 0.42 1.53 4 35
4 2 0.15 0.50 1.83 6 30
5 2 0.15 0.52 1.83 6 35

Avg. 0.14 0.52 1.97 11.40 34.00
COY 0.09 0.12 0.16 0.66 0.06

1 3 0.15 0.59 2.34 24 30
2 1 0.13 0.43 1.53 4 40

TP60 3 1 0.12 0.43 1.53 3.5 35
4 2 0.15 0.52 1.83 11 35
5 2 0.15 0.52 1.83 6 30

Avg. 0.14 0.50 1.81 9.70 34.00
COY 0.09 0.12 0.16 0.79 0.11

1 18 0.17 0.66 1.78 8 40
2 59 0.14 0.60 2.48 17 30

TP90 3 24 0.12 0.52 2.45 4 45
4 14 0.16 0.56 2.18 10 30
5 31 0.16 0.54 1.97 6 30
6 20 0.13 0.46 2.00 15 35

Avg. 0.15 0.55 2.14 10.00 35.00
COY 0.13 0.11 0.12 0.47 0.16



Table 3. Continued.
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Test Spec.
No.

Piece
No.

M.C.

(%)

SG MOE
(106 psi)

Rings Per
Inch Latewood

1 25 0.15 0.65 2.55 9 50
2 41 0.16 0.60 2.65 10 45

R30 3 17 0.17 0.60 1.89 12 40
4 30 0.17 0.55 2.20 13 35
5 22 0.13 0.48 2.34 7 40

Avg. 0.15 0.58 2.33 10.20 42.00
COV 0.10 0.10 0.12 0.21 0.12

1 18 0.18 0.62 1.78 8 40
2 41 0.16 0.60 2.65 9 45

R60 3 23 0.15 0.55 2.15 19 45
4 22 0.12 0.52 2.34 8 40
5 53 0.15 0.56 2.01 10 35
6 19 0.15 0.45 1.74 6 40

Avg. 0.15 0.55 2.11 10.00 40.83
COV 0.11 0.10 0.15 0.42 0.08



Table 3. Continued.
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Test Spec.
No.

Piece
No.

M.C.

(%)

SG MOE
(106 psi)

Rings Per
Inch

%

Latewood

1 9 0.16 0.57 2.41 20 40
2 42 0.15 0.54 2.30 14 40

BO 3 32 0.12 0.49 1.81 8 25
4 8 0.14 0.45 1.72 6 25
5 11 0.13 0.46 2.07 19 40

Avg. 0.14 0.50 2.06 13.40 34.00
COV 0.10 0.09 0.13 0.43 0.20

1 48 0.15 0.58 2.26 9 40
2 22 0.13 0.53 2.34 8 40

B30 3 32 0.13 0.49 1.81 8 50
4 29 0.14 0.47 2.03 8 45
5 34 0.15 0.46 1.72 7 40

Avg. 0.14 0.50 2.03 7.90 43.00
COV 0.07 0.09 0.12 0.09 0.12

1 27 0.15 0.62 2.87 13 30
2 23 0.15 0.51 2.15 7 30

B60 3 42 0.13 0.53 2.30 18 35
4 29 0.13 0.50 2.03 6 30
5 11 0.13 0.46 2.07 18 30

Avg. 0.14 0.52 2.28 12.30 31.50
COV 0.08 0.10 0.13 0.41 0.07

1 25 0.14 0.63 2.55 6 50
2 21 0.16 0.59 1.82 11 40

B90 3 30 0.16 0.55 2.20 9 30
4 53 0.15 0.47 2.01 15 30
5 11 0.13 0.45 2.07 16 25

Avg. 0.15 0.54 0.15 11.40 34.50
COV 0.08 0.13 0.10 0.34 0.25



* Joint members are numbered as shown in Figure 30 in the main body of text.
** Grades: SS: Select-Structural; #2D: No. 2 Dense; #3: No. 3

179

Table 4. Material Properties for Southern-Pine specimens (joints from the scissors
truss): a) Bottom-Chord Splice Joint (BSJ); b) Heel Joint (HJ); c) Crown
Joint (CJ); Bottom-Chord Ridge Joint (BRJ); Top-Chord Splice Joint
(TS J).

a)

BSJ specimen number Member * Grade ** MC (%) SG

1 1 #2d 14.8 0.59
2 SS 14.9 0.61
3 N/A 11.7 0.58
4 #3 12.1 0.49

2 1 #2d 13.3 0.63
2 SS 13.4 0.68
3 #3 13.6 0.72
4 #3 14.8 0.44

3 1 SS 15.7 0.61
2 #2d 13.7 0.60
3 N/A 13.1 0.63
4 #3 11.0 0.51

5 1 #2d 12.2 0.65
2 #2d 14.0 0.65
3 #3 13.9 0.55
4 #3 12.7 0.65

6 1 #2d 12.2 0.64
2 #2d 13.6 0.52
3 #3 11.7 0.81
4 #3 12.9 0.68

7 1 #2d 14.4 0.61
2 #2d 11.7 0.78
3 #3 14.1 0.73
4 #3 15.3 0.64



Table 4. Continued.

b)
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* Joint members are numbered as shown in Figure 31 in the main body of text.
** Grades: SS: Select-Structural; #2D: No. 2 Dense; #3: No. 3

HJ specimen number Member * Grade ** MC (%) SG

1 1

2
#2
#2

13.5
13.3

0.59
0.59

4 1

2
#2
#2

13.8
14.4

0.59
0.60

6 1

2
#2
#2

14.7
15.7

0.74
0.55

7 1

2
SS
#2

12.5
14.1

0.73
0.57

8 1

2
#2
#2

13.4
15.6

0.64
0.56

9 1

2
SS
#2

14.1
13.6

0.74
0.60



Table 4. Continued.

c)

* Joint members are numbered as shown in Figure 32 in the main body of text.
** Grades: SS: Select-Structural; #2D: No. 2 Dense; #3: No. 3
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CJ specimen number Member * Grade ** MC (%) SG

1 1 #2 14.1 0.60
2 #2 10.9 0.63
3 #2 14.5 0.59

3 1 N/A 14.0 0.60
2 #2 14.5 0.59
3 #2 14.9 0.55

4 1 #2 13.1 0.61
2 #2 14.8 0.62
3 #2 15.3 0.63

7 1 #2 15.7 0.63
2 #2 15.5 0.64
3 #3 15.1 0.70

9 1 #2 13.7 0.70
') #2 15.3 0.60
3 #2 14.7 0.59

10 1 #2 16.2 0.61
2 #2 15.5 0.60
3 #2 14.4 0.62



Table 4. Continued.

d)
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* Joint members are numbered as shown in Figure 33 in the main body of text.
** Grades: SS: Select-Structural; #2D: No. 2 Dense; #3: No. 3

BRJ specimen number Member * Grade ** MC (%) SG

3 1 #2d 14.2 0.59
2 #2d 14.1 0.61
3 #3 14.7 0.62
4 #3 13.3 0.78
5 #3 12.6 0.64

4 1 #2d 13.0 0.64
2 #2d 13.9 0.64
3 #3 11.6 0.73
4 #2d 14.6 0.68
5 #3 14.8 0.59

5 1 #2d 14.9 0.69
2 #2d 14.1 0.63
3 #3 15.2 0.51
4 #2d 13.5 0.61
5 #3 14.4 0.60

6 1 #2d 14.9 0.65
2 #2d 13.8 0.63
3 #3 11.5 0.76
4 #3 11.5 0.54
5 #3 13.9 0.54

7 1 #2d 14.1 0.56
2 #2d 14.0 0.61
3 #3 14.0 0.65
4 SS 13.0 0.61
5 #3 10.1 0.66

9 1 #2d 15.3 0.58
2 #2d 15.7 0.58
3 N/A 14.1 0.53
4 #3 15.4 0.45
5 #3 13.0 0.67

10 1 #2d 15.2 0.61
2 #2d 13.7 0.57
3 #3 11.7 0.79
4 #3 11.3 0.46
5 #3 10.1 0.80



Table 4. Continued.

e)

* Joint members are numbered as shown in Figure 34 in the main body of text.
** Grades: SS: Select-Structural; #2D: No. 2 Dense; #3: No. 3
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TSJ specimen number Member * Grade ** MC (%) SG

3 1 #2d 14.5 0.62
2 #2d 13.3 0.67
3 #3 14.9 0.74
4 #3 13.9 0.71

5 1 #2d 15.8 0.60
2 #2d 14.5 0.62
3 #3 13.4 0.64
4 #3 13.8 0.54

6 1 #2d 11.9 0.61
2 #2d 13.9 0.65
3 #3 13.3 0.55
4 #3 14.9 0.43

7 1 #2d 14.2 0.61
2 #2d 15.5 0.60
3 #3 12.0 0.80
4 #3 14.5 0.69

1 #2d 15.7 0.62
2 #2d 16.1 0.60
3 #3 13.0 0.66
4 #3 12.7 0.55

10 1 #2d 15.0 0.61
2 #2d 14.5 0.7
3 #3 13.3 0.61
4 #3 14.9 0.65



Table 5. Material properties for Southern-Pine specimens (splice joints).
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Test Spec.
No.

Piece
No.

M.C.
(%)

SG MOE
(106 psi)

Rings Per
Inch

%

Latewood

1 34 0.15 0.44 1.52 5 25
2 6 0.15 0.52 1.83 6 30

STO 3 9 0.14 0.50 1.51 13 30
4 10 0.15 0.39 2.00 12 45
5 33 0.17 0.52 1.54 5 30
6 18 N/A N/A N/A 9 35

Avg. 0.15 0.47 1.68 8.33 32.5
COY 0.06 0.09 0.11 0.36 0.18

1 34 0.16 0.48 1.52 5 25
2 6 0.15 0.53 1.83 5 20

ST90 3 9 0.14 0.46 1.51 15 30
4 10 0.15 0.58 2.00 8 30
5 33 0.17 0.49 1.54 5 30
6 18 0.16 0.65 2.00 7 35

Avg. 0.16 0.53 1.73 7.5 28.3
COV 0.06 0.11 0.12 0.44 0.15

1 34 0.15 0.48 1.52 5 25
2 6 0.14 0.58 1.83 6 35

STPO 3 24 0.15 0.47 1.43 7 30
4 10 0.16 0.58 2.00 8 40
5 33 0.15 0.54 1.54 5 30
6 18 0.17 0.62 2.00 8 30

Avg. 0.15 0.55 1.72 6.5 31.7
COV 0.05 0.09 0.13 0.18 0.14

1 34 0.15 0.45 1.52 5 25
2 6 0.15 0.53 1.83 6 25

STP90 3 9 0.14 0.49 1.51 15 30
4 10 0.15 0.60 2.00 13 40
5 33 0.17 0.50 1.54 5 25
6 18 0.18 0.69 2.00 10 50

Avg. 0.15 0.54 1.73 9 32.5
COY 0.06 0.13 0.12 0.41 0.27



APPENDIX F: TEST ULTIMATE LOADS

The ultimate loads from Douglas-Fir splice joint tests are summarized in Table
6.

Table 6. Douglas-Fir splice joint test ultimate loads (lb).
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Specimen TO T30 T60 T90

1 7224 876 770 3944

2 7774 822 804 3584

3 7040 730 696 3700

4 6521 927 716 2266

5 6015 798 806 2764

6 7234 796 3046

Specimen TPO TP30 TP60 TP90

1 4873 703 705 5232

2 4311 699 756 4866

3 4071 452 663 5594

4 4358 704 716 4767

5 3510 657 740 3660

6 4046 3847

Specimen R30 R60

1 5954 5676

2 5889 5557

3 6260 5007

4 6289 4468

5 5188 5064

6 5264



Table 6. Continued.
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The ultimate loads from Southern-Pine tests (tensile tests) are summarized in

Table 7.

Table 7. Southern-Pine splice joint test ultimate loads (lb).

Specimen
I

BO
I

B30 - B60 B90

1 1723 1603 1386 1257

2 1951 1581 1258 1612

3 1857 1606 1344 1285

4 1860 1550 1442 1246

5 1675 1516 1130 1212

Specimen STO ST90 STPO STP90

1 6457 2879 3887 4121

2 6490 3620 4894 3957

3 6126 3194 4248 4146

4 6160 3296 4384 3980

5 6429 3129 4376 4573

6 8413 4409 5429 5306




