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The objective of this research was to develop a one-third scale model of full-size

(prototype) metal-plate-connected (MPC) wood truss joints using similitude theory. The

prototype metal connector plates in MPC joints were modeled using thin galvanized sheet

metal and short staples. Truss grade wood material was ripped to one-third scale

dimensions to be used as the modeling material. Prototype tension splice joints were

modeled with 48, one-quarter inch staples embedded in each model connection with each

pair of prototype teeth approximated by a single staple tooth. Heel joints were modeled

with 60, one-quarter inch staples embedded in each model heel joint connection. The

remaining truss connections were developed from projections based on tension splice

joint and heel joint designs. To provide verification of the model material properties, a

modulus of elasticity (MOE) study was performed that compared prototype and one-third

scale model boards. The results indicated that although the variation in MOE of the

model was 11% greater than that of the prototype, the average properties of the model

and prototype were similar. One-third scale tension-splice joints were tested and the

resulting average design stiffness was within 1% of the prototype joint stiffness, while the

ultimate load was 7% lower than the prototype. Stiffness and strength of model heel

joints were within 22% and 17% of the stiffness and strength of prototype heel joints,

respectively. Finally, ten complete model trusses were fabricated and tested. Model

trusses had an average stiffness and strength of 4,450 lb/in and 3,895 lb, respectively,

after being scaled up by similitude requirements. These results were compared with the
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available literature, but exact comparisons were not possible because of different loading

conditions and the use of oversized connector plates by some other researchers. The

results indicate that it may be possible to model full-size truss connection behavior up to

the design load and possibly to failure using small-scale models and similitude theory.
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Small-Scale Modeling of Metal-Plate-Connected Wood

Truss Joints

1. INTRODUCTION

Engineered wood products are playing an ever increasing role in the wood

construction market today. Recent reductions in the quality and availability of wood

have encouraged the forest products industry to develop engineered products that

consume resources more efficiently. Engineered wood products have become

increasingly popular as a substitute for solid wood products that are either difficult to

obtain or of lower quality. Often the cost of engineered wood products are higher than

for solid wood products, but they are typically stronger and more uniform because the

components that make up these engineered wood products are usually selected for their

strength and stiffness.

The emphasis on efficiency, motivated by cost and availability of raw materials, has

also stimulated interest in the re-evaluation of wood products that have been in use for

some time. One of these, the metal-plate-connected (MPC) wood truss and roof

assembly, has seen refinement since they were first introduced in the 1950s but design

codes have not accounted for load sharing and composite action of groups of trusses.

Metal-plate-connected (MPC) wood trusses are commonly used in light commercial

and residential construction. Since their introduction, they have become very popular and

are frequently used in substitute of or in combination with the more traditional stick

frame construction. When MPG trusses were first developed, timber was plentiful and

relatively inexpensive. The use of MPG trusses facilitated the construction of single

family homes at a much faster pace then ever before. Today, plywood sheathing used in

combination with MPG trusses, results in roofs that are both serviceable and that can be

constructed very quickly in comparison to stick frame construction.



2

The construction industry was comfortable with stick frame construction and MPC

trusses accomplished much more effectively what carpenters have in the past done by

scabbing on wood gusset plates on both sides of connections. Early promotion of MPC

trusses by truss manufacturers was convincing. One home building company that

produced homes with MPC trusses demonstrated their strength by placing a loaded trailer

with all the materials required for building an identical house, on the roof of one of the

MPC truss homes(Callahan 1993). In a matter of a few short decades, almost everyone

including architects, engineers, builders, and home buyers were convinced of the benefits

of MPC trusses. Today, MPC trusses are commonly designed by the TPI (Truss Plate

Institute's) simplified method which resembles closely the design methods applied before

the widespread use of computers (Callahan 1993).

Early truss design methods for MPC trusses assumed frictionless pinned connections

and often used simplified graphical design techniques out of necessity because computers

and computer software were in their very early stages of development. As a carry over

from these early design methods, wood trusses continue to be designed today individually

and not as part of a system. Repetitive member strength increase factor (Cr=1.15) are

applicable to the bending stresses found in the truss chords but are not applicable to

tensile and compressive stresses found in trusses, which are usually the primary loads

found in trusses. Trusses are designed to carry a tributary load without sharing the load

to adjacent trusses. For example, if trusses are spaced at 24 inches on center, the tributary

load consists of 12 inches of loading on either side of the truss. A loading is then applied

as a weight per unit area over this tributary area and is then approximated as an applied

line load extending from the peak of the truss all the way to the eves.

The composite action of the sheathing with truss top chords is also not included in

present design methods. Composite action results from the interaction of trusses and

sheathing to form a composite beam. There are also assembly effects due to load sharing

among trusses that are not generally included in design. Assembly effects involve the

favorable distribution of loadings away from less stiff (generally weaker) members to

adjacent stiffer (and often stronger) trusses as a result of the loads being distributed to the

trusses by the sheathing. Although to neglect these effects in design is a conservative
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assumption, it results in less efficient use of wood materials. Rigorous analysis and

testing of MPC truss assemblies was not feasible until recently and their behavior is still

not well understood. Wolfe and McCarthy (1989) tested well-instrumented, full-scale

roof assemblies in which they found that stiffer trusses carried more load because the

whole roof truss systems tended to deflect together. It also appeared from their research

that assembly interaction increased truss stiffness and strength when comparison was

made with trusses that were individually loaded. At the time MPC trusses were originally

developed, analysis was accomplished mainly by hand calculations. More intensive

evaluation techniques are possible, which suggests that the technology is ripe for re-

evaluation. Some early designers may have suspected that truss assemblies were over-

designed, but were unable to quantify the effects. However, since neglect of assembly

effects resulted in conservative designs, there wasn't a compelling reason to change

design procedures.

It is well known that a structural assembly will perform better as a system than as a

group of components supporting loads individually, because of composite action and load

sharing. These effects have been recognized in the National Design Specification for

Wood Construction (NDS, 1991) since 1968 when they were first applied to the bending

stress Fb through the use of a stress increase factor Cr equal to 1.15. This increase was

(and still is) limited to bending stresses and to repetitive members more than three in a

row, that are two feet or less apart, and that are connected together by a load sharing

element (1991 NDS Sec. 4.3.4). These repetitive member increases, as defined in the

ASTM D245 (1988a) and NDS (1991), are not particularly useful to MPC trusses because

they are primarily axial force members and the repetitive increase factor, Cr, is applicable

only to bending stresses, Fb. If a Cr factor was developed for axial forces, truss member

strength values could be increased, resulting in less wood required to carry the same load.

Even a small Cr factor of 1.05 would result in a very sizeable savings of our timber

resources, because greater than 90% of all homes and apartments in the United States are

constructed with MPC trusses (Carlson 1991). Until recently there has been little

motivation for the reevaluation of MPC truss design methodology because the trusses

have generally performed well and timber was inexpensive. There have been many



Trusses

Figure 1.1 Load sharing with uniform strength trusses.

Figure 1.2 demonstrates load sharing where a limber truss deflects more relative to

adjacent trusses, and in the process the sheathing transfers more load to those adjacent

trusses. Springs, with stiffnesses, K, are shown to demonstrate how the middle truss is

more flexible (has less stiffness K) and yet it still capable of contributing load carrying

ability. In effect, a weaker truss carries only as much load as it is capable of because it

has the luxury of relinquishing the excess load to nearby trusses. The sheathing, although

usually rated for shorter spans, is capable of spanning greater distances when a more

limber truss is positioned between two other trusses with higher relative stiffness.

One way to examine assembly behavior is to test full-size truss assemblies as Wolf

and McCarthy (1989) have done. Unfortunately this is a very involved and costly task.

4

advancements in engineering and technology over the past 40 years and it is reasonable to

believe that trusses can be designed more efficiently. At the very least, the level of

conservatism in truss design should be more accurately quantified.

The concept of load sharing is demonstrated by Figure 1.1 and Figure 1.2. Figure 1.1

shows a section of a roof truss assembly and demonstrates the ideal case where each of

the trusses carries approximately the same load distributed evenly to each truss (truss

sheathing and loading continue beyond the left and right side of the figure). The

sheathing, spans the trusses in much the 'same way as a continuously supported beam.

Distributed
Load Sheathing



Therefore, an innovative small-scale modeling approach is developed in this project to

study the behavior of truss assemblies.

3K ........

Spring Stiffness

Figure 1.2 Sheathing distributing load.

If small-scale testing of MPC trusses proves feasible, it will result in a much more

cost effective testing process because full-scale truss testing is expensive even for small

numbers of tests. Full-scale testing requires very large testing equipment and facilities,

not to mention the high costs associated with the fabrication and the testing of even a

single large-scale roof truss assemblies. It would be possible to perform a large number

of small-scale tests of roof trusses in order to obtain statistically significant truss

assembly results whereas the cost and the effort would be enormous to obtain similar

results from full-scale assembly testing.

The objective of this research was to develop one-third small-scale models of MPC

joints and a complete truss. To meet this objective, the following steps needed to be

accomplished:

The development of a tension splice joint (TSJ) model,

The development of a heel joint (HJ) model,

The development of remaining connection models based upon TSJ and HJ

models. And finally,

Distributed Sheathing
Load

0°1/11...
....... 3K

Deformed shape
before load sharing

5



4) The development of a model truss.

The critical strength and stiffness properties of full-scale trusses need to be modeled

satisfactorily. If these objectives are met or lead to successful models in the future, more

efficient truss systems could be developed including load sharing and repetitive member

strength increases for trusses, or other system approaches. The repetitive member

increase would be applicable to both allowable tensile and compressive stresses in truss

chords. A database of truss behavior developed through small-scale physical models

could be used as a verification tool for theoretical computer models of load sharing in

truss assemblies. The modeling techniques and requirements that were applied in this

research for MPC trusses are similar to those routinely applied in the field of structural

modeling today. If these techniques are shown to be useful for wood, they could be

applied to modeling of other model wood structures and assemblies.

The one-third scale model truss, once designed and verified, could be used to model

more complex, large truss assembly geometry, in some cases not possible to lest in evert

the best equipped research and testing facilities today, and at a fraction of the cost. Only

a few facilities in the United States are capable of full-scale testing of roof truss

assemblies. The use of small-scale models would thus allow a greater number of research

institutions to become involved in the effort to improve truss design methodology.

6



2. LITERATURE REVIEW

Complex models have been developed for many different engineering applications

and have been essential for the development, testing, and verification of new designs.

Types of models frequently used include those for heat transfer, electrical resistance,

sedimentation, aerodynamics, fluid flow for ships and dam spillways, sound distribution,

structures, and the list goes on (Sabnis et al. 1983, Schuring 1977). The development of

small-scale modeling as a science is well established in many engineering fields and

adheres to consistent principles of similitude which are discussed in this chapter, section

2.4.

This chapter will discuss the use of wood as a modeling material and a number of the

common concerns that accompany small-scale modeling with wood. Modeling theory

and examples of small-scale structural modeling will be given. The remaining sections of

this chapter will discuss truss component testing, individual truss testing, and truss

assembly testing.

2.1 Wood as a Model Material

In this research wood was used as the modeling material for MPC trusses. Because of

the unique characteristics of wood it was felt that if another material were substituted, it

would be difficult to match the semi-rigid connection behavior that is important to overall

truss behavior. The complex behavior of truss connections and the interaction of trusses

with one another is important to preserve if truss models are to be used in the future to

investigate load sharing and composite action in roof assemblies. The truss connections

are semi-rigid, and inelastic deformations will take place as the connections approach

their ultimate loads, and it is hoped that these inelastic responses will be sufficiently

approximated by using wood as a modeling material.

7
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The use of wood as a modeling material raises a number of concerns for scientists and

engineers familiar with wood as a material which will be discussed in section 2.2.

Because of these concerns it appears, from the lack of literature on the subject, that few

researchers have attempted to model complex wood structures. Drexel University faculty

and students have written several reports about small-scale modeling with wood, but they

have not been made widely available, possibly because their findings will be published in

a future textbook. References to these papers are given in Appendix A in case they

become available in the future.

The literature also appears to be relatively devoid of references to wood trusses

modeled with wood or a substituted material except for a single published report by

researchers from Virginia Polytechnic Institute (Stern and Pletta 1967) which is discussed

in more detail in section 2.5.1.

2.2 Common Concerns When Modeling With Wood

There are a number of concerns that are quickly brought up by any wood scientist

when discussing the subject of small-scale modeling with wood. Wood is a non-

homogeneous, orthotropic material and the closer one observes it, the less homogeneous

it appears.

Wood has a significant amount of variability from tree to tree and thus also from

board to board. This variability is controlled for the most part by visual and machine

grading. The remaining variability within the grades is compensated for by conservative

assignments of allowable stresses.

One common concern is that when a model board is sawn, its smaller cross-sectional

dimensions will contain only a few annual growth rings, potentially resulting in one

model board having much more late wood or early wood than another. Thus, when

making model connections, it is possible for one connector to be fastened into more dense

late wood, than another connection embedded in more early wood, resulting in superior

strength. This modeling difficulty is expected to increase the variability of model
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connection strengths because the grain of the wood is not scaled as the board dimensions

are reduced. It is entirely possible that some model connector plates will be embedded

almost entirely in early wood or late wood. There is very little that can be done about this

grain variation except for possibly selecting model wood that has finer grain.

The scaling of defects such as knots presents another reasonable concern. The

National Grading Rule for Softwood Lumber provides a uniform national standard for

grading, which the National Design Specification for Wood Construction (NDS 1991)

refers to when listing strengths for various grades of lumber. Although it is not generally

feasible to scale defects in model boards, a reasonable solution would be to establish a

grading standard for model boards that defined acceptable knot size and frequency, slope

of grain, wane, and presence of pith.

The modeling techniques described in this study of MPC connections are believed to

be unique because no literature concerning physical small-scale models of MPC joints

have been identified. It will be difficult to judge how much variability in connection

behavior is due to the wood properties and how much is due specifically to the model

connector plates. Because of the complex interactions of the metal truss connector plates

with the wood it is also difficult to predict how much the specific gravity or MOE of

wood will affect the model connections.

2.3 Structural Modeling

Structural modeling as it is known today is a relatively new innovation to

engineering. Janney et al. (1970) speculated that the first structural models for stress

analysis where constructed by Mesnager, Coker, and Filon, who employed photo-elastic

stress measuring techniques. Non-structural models have been built for centuries but not

nearly as frequently as in the past century. Without modern technology it was impossible

to monitor the small stresses and strains developed within these models. Most models

were architectural representations of a structure for the sake of demonstration. Models

also served another very useful purpose to demonstrate the best way to put something
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together. In the past, because of the lack of proper equipment for measuring stresses and

strains, an engineer's intuition could be augmented by observing model testing. With the

development of modern testing equipment such as strain gauges and linearly variable

differential transducer (LVDTs) and computers, the testing and analysis of results from

increasingly complex models has became possible.

Janney et al. (1970) mention that around the turn the century photoelastic models

were used to predict the stresses in small-scale, two dimensional structural models for

machine design. They also note that in the late 1930's and early 1940's a number of

different researchers expanded photoelastic stress analysis theory for use in predicting

stresses in structures.

The theoretical basis for modeling has been around for more than 100 years. The

French mathematician Cauchy is credited with the investigation of vibration models for

plates and rods in the early eighteenth century (Schuring 1977). A large amount of

modeling research has been done on aquatic structures such as dams, waterways, and

boats, just to name a few. Froude used a water-basin model to help him design a new

boat in 1869 (Schuring 1977). In 1883 Reynolds published his work on modeling fluid

motion in pipes, which is still used today (Schuring 1977).

Some fields of engineering have developed modeling to a high level of sophistication.

Structural modeling has proven immensely useful to the aircraft and space industry. The

National Aeronautics and Space Administration (NASA) developed models for their

Saturn V space rocket, Apollo water impact command module, and more recently, their

Space Shuttles (Schuring 1977). Needless to say, numerous model aircraft have been

built and tested to verify and improve designs. Both the air and space industries would be

at quite a loss without the application of modeling technology.

Accordign to Sabnis etal. (1983) both the 1969 New York City Building Code and

the American Concrete Institute (ACT) have made provisions for models to be used in the

design process. Some countries, Australia, for example, allow the use of models for the

complete design of a structure (Sabnis et al. 1983). Surprisingly, many of the frequently

used code provisions today have been in part developed through small-scale models



(Sabnis et al. 1983). Many structures have proven suitable for modeling. Sabnis et al.

(1983) listed a number of these:

Shell roof forms with complex configurations and boundary conditions.

Tall structures and other wind-sensitive structures for which wind

tunnel modeling is indicated.

New building structural systems involving the interaction of many

components.

Complex bridge configurations such as multi-cell prestressed concrete

box girder highway bridges.

Nuclear reactor vessels and other reinforced and prestressed concrete

pressure vessels.

Ordinary framed structures subjected to complex loads and load

histories such as wind and earthquake forces.

Structural slabs with unusual boundary and loading conditions, or with

irregular geometry produced by cutouts and thickness changes.

Dams.

Undersea structures.

Detailing (modeling a limited region of a structure)

Structural modeling has many advantages, one being that complex problems can be

solved for which there are not analytical solutions. Schuring (1977) put it well, that there

are a number of driving motivations for modeling: "scale models permit transformation to

manageable proportions systems that, like a suspension bridge, may be too large for

direct experimentation; or, like a spacecraft, inaccessible; or like a firestorm,

unmanageable; or, like seepage, too slow to work with." He also mentions that scale

11
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modeling "shortens experimentation.. .and promotes (in fact, requires) a deeper

understanding of the phenomenon under investigation."

When discussing modeling it is useful to start with a definition of terms. Janney et al.

(1970) suggested what has become a commonly accepted definition for small-scale

models:

"A structural model is any structural element or assembly of structural

elements built to a reduced scale (in comparison with full size structures)

which is to be tested, and for which laws of similitude must be employed

to interpret test results."

Because, as discussed earlier, structural modeling is a relatively new innovation in

comparison with architectural modeling, undoubtedly there will still be many more new

and useful models developed in the future.

2.4 Modeling Theory

Structural modeling is governed by a set of similitude requirements which are

relationships between dimensional variables that have been developed through a

mathematical method called dimensional analysis. Dimensional analysis is used to relate

prototype and model dimensions to one another. Dimensional analysis can be employed

with varying levels of complexity and rigor. Some modeling problems are more complex

and may require a significant amount of research to validate the theoretical dimensional

relationships. Rigorous analysis is sometimes simplified by ignoring contributions of

less critical dimensional characteristics. For a given modeling problem, a number of

different mathematical relationships are possible, therefore an approach must be selected

and carefully verified with test data. Many well known dimensional relationships have

been developed and verified by researchers for which the relationships have been

frequently named. For example, Euler, Fourier, Froude, Reynolds, and Lagrange

(Schuring 1977).
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Proper dimensional analysis techniques have already been developed for static elastic

modeling and also logically projected to the non-linear, inelastic range of materials such

as steel and concrete (Sabnis et al. 1983). Linear elastic relationships can be justified by

dimensional analysis, but they can also be demonstrated through simple application.

In order to understand dimensional analysis it is necessary to understand the concept

of dimensions. Dimensions are fundamental quantities from which all measurements are

derived. The fundamental measures are mass, length, time, temperature, and electrical

charge. From these elementary quantities the measures of force, velocity, acceleration,

and energy can be established. For structural modeling, force (F), and length (L) alone

will be considered, because time, temperature, and electrical charges are not applicable in

the development of the static MPC and truss models

Scale factors are applied to the dimensions of length (length, width, or height). To

determine the required dimensions for a model, the prototype's length, width, and height

are simply divided by the scale factor. The way the scale factor is applied to volumes and

forces is less obvious at first but can be justified intuitively. Volumes are three

dimensional and dimensions are reduced by the scale factor three times (in other words

volumes are reduced by the cube of the scale factor). A quick comparison of the volumes

of a prototype cube and a corresponding scale model cube will quickly lead one to this

conclusion. For example, a prototype cube, 3 inches on a side would have a volume of 27

in3. However, a model cube of one-third scale would have a volume of 1 in3(27 in3

divided by 33 or one factor of three for each of the three dimensions of a cube). Similarly

for areas, a square, 3 inches on a side, would result in an area of 9 in2 and a one-third

scale square would be 1 inch on a side, resulting in and area of 1 in2(9 in2 divided by 32).

There are three main model categories defined by Sabnis et al. (1983). First, there are

those that are geometrically and physically similar in every way, sometimes referred to as

"true" models because all similitude requirements and proper dimensional analysis are

maintained. This is almost never the case for real world applications.

The second case would be "adequate" models wherein "first-order" similarity is

maintained, but not all the requirements of similitude are maintained. "First-order"

means that all properties of "first" importance are modeled accurately. Determination of
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"first" importance can of course be somewhat subjective. A model in this category would

be very useful in most cases. Sziics (1980) pointed out that similitude is always

approximate, "No model can be expected to reflect the original in all its features."

Because a truly perfect model can never be obtained, simplifications will inevitably be

introduced by the researcher. A determination must be made whether some of the less

crucial similitude requirements (that are arguably arbitrary) in the performance of the

model can be neglected. These are sometimes referred to as "second-order" effects

because they are of second order importance. Some researchers have chosen to call this

second category of models, adequate models. The assumption is made that the effects

ignored do not have a large impact on model behavior for the purposes for which the

model was intended.

A few authors (Baker 1973, David 1982, Murphy 1950) have chosen to refer to a

third category of models called "distorted" models in which all the requirements of a true

model or even an adequate model are not met. Other researchers (Sabnis et a/.1983 and

Schuring 1977) have chosen to use the term "relaxation" as opposed to "distortion,"

because the word "distortion" gives the impression of an object twisted out of its natural,

normal, or original shape. The term relaxation is more accurate in its reference to the fact

that a model is less rigorous. No perfect models have ever been developed. They all

have in some sense become "distorted" or "relaxed" to a degree. Because of this,

modeling has been referred to by Sabnis et al. (1983) as an art and science that requires a

lot of practice and frequently trial and error efforts. The principal objective of modeling

similitude theory is to develop relationships that when applied to a scale model, will

reliably predict prototype behavior. The measure of a model's reliability is determined

through verification and testing of both models and prototypes when possible.

2.4.1 SIMILITUDE APPLIED

Structural modeling requirements have been developed through the use of

dimensional analysis and similitude theory. Similitude relationships have been
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developed for the ideal case of static elastic modeling and others on a workability basis

(Sabnis et al. 1983). "Workable" means that the models are feasible to construct.

Because the ideal is not usually possible, the field of similitude engineering has

developed a number of specific similitude requirements that are less stringent than the

ideal static elastic case. Very good results have been obtained even when one or more

elastic modeling requirements for the ideal case have been relaxed. Some models are less

affected by certain properties than others and similitude requirements may suggest that

adjustments need to be made, but for practical reasons cannot be made. Engineers who

frequently work with modeling and similitude have developed workable similitude

requirements for specific modeling problems. When designing prototypes, it is not

uncommon for engineers to apply simplifying assumptions to solve difficult problems. A

common example of this would be the neglect of shear deflections in a structure, because

they are small relative to flexural deformations. It would seem reasonable then to ignore

them in a model as well.

Very useful and accurate models have been developed that overcome challenges for

reinforced concrete, masonry, structural steel, and a number of other structural materials

(Sabnis et al. 1983). Dimensionless Pi terms have already been developed for static

elastic modeling. One of the common Pi terms chosen for the static elastic case is,

= (1)
El'

There are more rigorous development methods for obtaining this dimensionless

parameter in equation (1) and many dimensionless Pi terms are possible. The ability to

select the proper Pi terms comes from experience and proper understanding of the

modeling situation faced. Often the proper terms are selected by inspection, although

more rigorous developments are possible (Sabnis et al. 1983). The Pi term in equation

(1) is selected because it contains the modulus of elasticity, E, and length, L, which are
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the critical properties when developing models for the static elastic case. Table 2.1 is

developed from the Pi term in equation (1) by setting the Pi term for the model and the

prototype equal to one another.

Pp
(2)

Eplp2 E,11112

When simplified, equation (2) yields,

Pp Eplp2
=SS/2 (3)

This process results in the dimensionless ratios, S, which are shown in Table 2.1,

which shows the dimensional parameters and their corresponding scaling ratios for the

static elastic modeling case. SL is the ratio of the length of any specific prototype

dimension to that of the same scaled down dimension in the model. Similarly, the

modulus of elasticity ratio, SE, is the ratio of the modulus of elasticity for the prototype to

the modulus of elasticity for the model. Looking again at Table 2.1, and applying the

appropriate scaling parameter, one sees that concentrated loads (P) are scaled by equation

(4). This example is shown for a scale factor of one-third where 3Lmodel Lprolotype

Deflections are scaled by equation (5). Then, algebraically, equation (4) can be

simplified to equation (6), and equation (5) to equation (7). The modulus of

elasticity(M0E) for the prototype (Eprototype) and model (En,octet,) are assumed to be equal in

equation (4). This assumption is verified in the modulus of elasticity study found in

section 4.1.
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Model loads are nine times smaller than prototype loads or inversely, model loads are

one-ninth that of prototype loads. Similarly, model deflections are three times smaller

than prototype deflections, or inversely model loads are one-third of prototype loads.

The similitude scaling relationships for models are not always obvious. The basic

similitude requirements for static elastic modeling can be derived with dimensional

analysis, but they can also be verified through simple application. A simple cantilever

beam example (see Figure 2.1 and Figure 2.2) is adequate for showing these equations (6)

and (7) to be valid.

The following verification of similitude requires only one simple assumption, that the

scale factor is applied to the dimension of length(Lp), width (a p), and height (a p), as well

as for displacement comparisons between the model and prototype. The mathematical

formulas for moments of inertia of the prototype and model in terms of the dimensions

Pprototype 2
Eprototype

\
Lprototype

2

3

1

1 ( 3 - 'model
2

9

1

(4)

(5)

(6)

(7)

Pmodel Emodel

6 prototype Lprowtype 3

Lmodel

L ,moue,

L1,

"
6 model

L
1-1 model Lmodel

P prototype = 'model

6 prototype = 3 -8 model



Material-Related Properties

Stress

Modulus of Elasticity

Poisson's ratio

Mass Density

Strain

Geometry

Linear dimension

Linear displacement

Angular displacement

Area

Moment of inertia

Loading

Concentrated load P

Line load w

Pressure or uniformly
distributed load q

Moment M or torque T

Shear force V

(Sabnis et al. 1983)

3 4
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12 12

FL-2 SE
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SL

SL
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given in Figures 2.1 and 2.2 are in equation (8) for the prototype and equation (9) for the

model. Note that (Si) is defined as an arbitrary scale factor.

Table 2.1 Similitude Requirements for Static Elastic Modeling

(8)

Quantities Dimensions Scale Factor
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Figure 2.1 Prototype cantilever beam

Model
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Figure 2.2 Model cantilever beam

From the assumption that displacements (6) are scaled by the scale factor (Si)we

have,

Op
= S

(10)

Beam Cross-section

ap
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(9)



The equation for the deflection of a cantilever beam in terms of the applied load P,

the beam length L, the moment of inertia I, and the modulus of elasticity E, is

=
PL3

6
3E1

Now, if the ratio of prototype displacement to model displacement from equation (10)

is applied and the E for both the prototype and the model are equal, the result is,

6 PpL3A3E(74))
=SL

6 ,n si.;, (3E(12asi,)) pm(i p

PP

Hs114 P niS

Thus, after simplification,

P
P =SL

Pm

This is consistent with equation (4), and it can be concluded that when dimensions of

length and displacement are scaled by a scale factor So model loads P- model are S12 times

smaller than the prototype loads.

2.4.2 MODEL MATERIAL SELECTION

In small-scale modeling, a model is often fabricated from the same material as the

prototype. By using the same material it is hoped that the model will respond like the

prototype. Some modeling materials such as steel and aluminum are relatively

homogeneous and isotropic at scales of interest in structural models. Size should thus

20
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have little effect on the material properties for metals used in models, and therefore

strength and stiffness should be consistent with what is measured at prototype scales. It

is important to know whether model materials have similar properties to the prototype,

and if not, researchers will often try to modify their modeling materials so this will be

true. If, for example, the modulus of elasticity (MOE) for a model is different from that

of the prototype, the scaling laws will be made more complicated. The difference in

MOE values is compensated for by the ratio SE that is shown in Table 2.1. The ratio SE

will be equal to a value other than 1 when model and prototype MOE values are different.

SE affects the loading and stress scaling relationships for the model. Usually a different

material is not used for models unless there is some difficulty encountered when trying to

construct a model out of the same material. If MOE values for the prototype and model

are different, the similitude relationships, although they will account for differences, do

not compensate for differences in model behavior that might be deflection sensitive. For

example, if the model MOE was less than the prototype, larger deflections would be

expected in the model and would result in larger bending moments at rigid model joints

that might negatively affect model joint strength and stiffness.

Models for which different materials must be substituted are useful primarily for

linearly elastic models. An example would be a small-scale steel model that had small

metal plates that were supposed to be welded together. It may not be practical or

sometimes even possible to weld very thin metal plates. In these situations, another

material with known material properties, usually a plastic, may be substituted for the steel

because it can be easily chemically welded or glued together. The textbook Structural

Modeling and Experimental Mechanics by Sabnis et al. (1983) devotes a significant

amount of discussion to the use of various plastics as substitute model materials.

The main drawback of material substitution is that the models can only be loaded in

their linear elastic range and still obtain mathematically defendable results. In their non-

linear ranges, plastics behave much differently from the materials they are often used to

model. Plastics do not have a yield plateau followed by a strain hardening region as is

typical for model steel. Plastics typically have a higher variability in properties from one

sample to another and also tend to vary with shape and size of the specimen, in addition
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to being highly susceptible to loading rates and temperature effects (Sabnis et al. 1983).

In spite of the many drawbacks of plastics, they are still frequently selected for small-

scale models because they are relatively inexpensive and many different strengths and

stiffnesses and plastic compositions are available (Sabnis et al. 1983).

2.5 Small-Scale Structural Modeling Examples

2.5.1 SMALL-SCALE STRUCTURAL WOOD MODELS

A thorough literature review by Gupta et al. (1996) revealed no evidence of previous

small-scale modeling of MPC connections. Although structural modeling has been done

for many years, there have been no published attempts of small-scale modeling of MPC

truss joints. There have been a few truss models constructed but none specifically built to

model MPC trusses.

Small-scale balsa wood models have been used by several universities as

demonstration tools for students. Students at Drexel University, as part of their senior

project, fabricated a 1145th scale model of a geodesic tri-span building and applied loads

to it (Harris 1978). After loading, they were able to determine that three of the supporting

arches needed strengthening and they made these modifications to their design before

constructing the prototype.

McLeish and Soden (1968) also used balsa wood models as teaching tools in one of

their university design courses. As part of a class project, students were required to

design and fabricate a simple model 'C' frame wood structure which was then loaded to

failure in a competition.

In the mid 1960's researchers at Virginia Polytechnic Institute Research Division

developed a small 1112th scale wood model of a 60-foot all-nailed lumber truss (Stern and

Pletta 1967). Unlike the common metal plate truss connection methods of today,

plywood gusset plates were used. The plywood gusset plates were nailed to truss chords
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with helically threaded and hardened steel nails. Model gusset plates were made from

two cross layers of veneers a total of 0.08 inches thick that were glued to the truss chords.

Ironically, the motivation was to develop and verify a new truss design that produced a

cost savings over the construction of similar MPC wood trusses. Testing was monitored

with 15 dial gauges and 44 strain gauges to monitor stresses. The model truss was

constructed from clear straight grained wood and supported an ultimate model load of

440 lb (7.33 lb/lineal foot). The prototype truss was constructed from usual truss lumber,

and they loaded their prototype up to an ultimate load of 21,600 lb (approximately 360

lb/lineal foot). After reaching the ultimate loading and failure, the trusses were

strengthened at their failure locations and then reloaded under different loading

conditions to gain further understanding into the behavior of the trusses. When the

average ultimate loads strength (486 lb) from the two model truss tests are transformed by

the appropriate similitude scale factor for loads (SA' , with SE=1 and SL=12, which lead

to Pp=P,(sca1efactor)2), the projected ultimate load of 70,000 lb (486 lb times 122) and a

loading of 1160 lb /lineal foot (SES, times 486 lb or, 486 x 1 x 12) are obtained. The

model was approximately three times stronger than the prototype truss even after the

application of similitude adjustments. One of the possible reasons given by the authors

for this discrepancy was that clear wood was used as the modeling material, whereas the

full-size trusses were constructed from construction grade lumber (Stern and Pletta 1967).

Most of the prototype truss failures were caused by weaknesses and defects such as

large knots. It was noted that the joints were stronger than their surrounding chord

materials, suggesting that truss chords should be selected more carefully for strength in

order to take advantage of potentially higher truss strengths that were seen for the model

trusses (Stern and Pletta 1967).

Other than the work described in these references, there seems to have been very little

small-scale modeling of wood. No other small-scale models using wood have been found

in the literature review that rigorously applied similitude. Typically, as seen in references

by Zink et al. (1996) and Patton-Mallory and McCutcheon (1987), the stresses developed

in the models were directly projected to full size structures without similitude

compensation, with the general assumption being that a small section of the prototype



24

structure will respond reasonably close to that of the complete prototype structure. A

good example of this is the use of scaled-down test specimens, without applying

similitude, for the measurement of glue bond strength (Zink et al. 1996). Another

example of modeling without similitude application was for a shear wall model with short

studs that were combined with standard thickness plywood and gypsum sheathing

materials (Patton-Mallory and McCutcheon 1987). Again, these models were not

similitude models, because no attempt was made to appropriately apply similitude for

comparison of model and prototype results.

2.5.2 REINFORCED CONCRETE MODELS

Small-scale modeling has been successfully used in challenging situations to model

wind, blast, impact, and earthquake loadings (Sabnis et al. 1983 and ACI 1982). Many

difficult obstacles have been overcome by researchers in the past. A very notable

example is in the development of small-scale reinforced concrete models. A major

obstacle for this was the development of model reinforcement. Harris et al. (1966) found

that by roughening steel wire through a metal die that produced a pattern of indentations

in the wire (Figure 2.3b), the surface provided the appropriate scaled bond strength

required by similitude. The researchers (Harris et a/.1966) were able to justify the

substitution of indentations in the model "rebar", instead of protrusions extending from

the surface of the prototype reinforcing bars. They found this to be acceptable as long as

the model rebar's bond strength matched what was required by similitude.

Prototype reinforcing bars (Figure 2.3) are intentionally designed with a "knobby"

surface that provides a mechanical interlock with the concrete for resisting pull-out in the

concrete and developing the full strength of the bar. However, researchers (Harris et al

1966) developing small-scale models found that if they were to scale the "knobby"

surface exactly, the protrusions of the model did not provide bond strengths required by

similitude. According to Sabnis et al. (1983) some researchers have even tried to model

rebar bond strength by acid etching and oxidizing model rebar surfaces.



Not to scale
a) Full-size rebar with protrusions b) Model rebar with indents

Figure 2.3 Prototype and model rebar

With the specially developed model reinforcing bars, Harris et al. (1966) were able to

obtain good similarity in crack patterns for reinforced concrete beam models. In addition

to the development of model rebar, specially developed model concrete mixtures also had

to be developed. Similitude required a specific level of compressive strength (f 'a), which

is highly dependent on aggregate (size, gradation, and strength), water-cement ratio, and

curing time, all of which are difficult parameters to model. After many adjustments to

concrete mixtures and numerous tests, a suitable model concrete mixture was found that

reasonably met similitude requirements for stress-strain and strength relationships.

2.5.3 APPLICATION TO MODEL MPC TRUSSES.

The modeling challenges faced by researchers working with reinforced concrete

models are not unlike the challenges faced when modeling small-scale MPC truss joints.

It is very likely that modifications will need to be made to metal connector plates until the

load-deflection curves for the model are similar to those of the prototype connections.

These requirements for stiffness and strength, derived from prototype load-deflection

curves, will be used because they are more easily measured than stress-strain

characteristics, and also of more interest in the macro-level behavior of the truss.

Similitude requirements for strength, stiffness, and geometric dimensions of the wood

and plates themselves can easily be developed using Table 2.1. Strength and stiffness

properties are determined by testing full-size prototype connections and then applying

similitude principles to the prototype behavior to predict what model strength and

25



26

stiffness should be. The geometric dimensions for the model can be determined directly

by dividing prototype dimensions by the scale factor S, (see the cantilever beam example

in section 2.4.1).

It is difficult to develop a model that will precisely obey all similitude requirements.

Often confounding difficulties force the similitude requirements to be relaxed. A very

useful model can be developed if small adjustments are allowed to the similitude

requirements in a similar manner as previously applied by researchers working on

reinforced concrete beam models. These modifications, if given careful consideration

beforehand, can be performed in such a way that they will have a small, hopefully

insignificant, effect on the overall model behavior. Sometimes a modeling engineer is

able to recognize that certain material properties do not contribute significantly to the

model behavior that is being investigated. The engineer might then put more effort into

modeling other critical properties that do effect overall behavior while sacrificing the

precision for the less critical properties because of their small effect on overall model

behavior.

In the MPC truss model it will be necessary to allow relaxation of some similitude

requirements as well. Adjustments are needed in almost every modeling situation

because scaled materials and models are at best only close approximations to the

prototype. Adaptations to models are also needed in order to calibrate models to match

the observed results for prototype connection behavior.

Models are typically developed for systems that are difficult or too expensive to test

at full-scale. A first step in the modeling process often consists of component testing of

the prototype and then of the model that has been constructed according to similitude.

Model components are repeatedly tested and modified until they adequately match

prototype behavior. Once a suitable match for each of the model components is found,

they can then be combined to form a complete model to be tested. This resulting model

is expected to behave in a same manner to the prototype if tested. In some situations

prototypes can be tested, but often only in small numbers because of the cost. At this

stage of the modeling process, if prototype test data are available they will be compared

with the model behavior after they have been scaled by similitude requirements. If the
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model compares well, the modeling techniques developed might be used to model similar

prototypes under different loading conditions or with modifications. These modifications

could include improvements on prototype designs for which performing prototype tests

would be costly. A working model allows researchers to better understand the structure's

behavior to experiment with different loading conditions that might not be possible to

replicate at full-scale in the laboratory because of size or cost.

It is hoped that distortions in modeling the microscopic properties of the wood will be

compensated for in the eventual refinement of the models for MPC joints. Because the

external load-deflection or stiffness information is most important, whether two staple

teeth or a single tooth are used to model a single prototype tooth is not critical as long as

the overall effect is the same. The strength and stiffness properties of the model

connections as a whole are more critical than the individual strength and stiffness

properties of the plates and teeth that make up the connections. This goes back to one of

the primary reasons that model truss connections were developed, to create a model truss

that behaves similarly to prototype trusses. If the interest of this projects was primarily

on truss connection behavior, the testing of individual connections at prototype scale is

easily accomplished and models would not need to be developed. Future efforts may

indicate that model wood selection based on ring density and grain angle may be

necessary for controlling variability in connection strengths to the same level as for

prototype MPC truss joints.

Scaled wood members should provide for the most realistic modeling of MPC

trusses. The adoption of other materials might still be useful for MPC models, but will

probably not preserve the natural variation that wood provides. To develop a good model

for truss assembly load sharing and composite action, as much of this natural variation as

possible should be preserved. Although a model that had higher or lower variability in

connection stiffnesses and strengths would still be useful, a model with comparable

variability in properties to the prototype would be the most convincing, and would be

more directly applicable to prototype MPC roof truss assemblies. Once a suitable model

is developed, a database of truss assembly behavior could be compiled, including both

model and full-size test results. This database could be used to verify computer models
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for load sharing and composite action. The more extensive this data set can be made, the

more statistically convincing a case can be made for quantifying load sharing to provide

further justification for increased strength parameters for MPC trusses.

2.6 Truss Joint Testing

The behaviors of MPC joints are complex because under load their response falls

somewhere between a true pinned connection and a completely rigid connection.

Because of this, much research has been focused on connection testing. Truss

connections are more frequently tested than complete trusses. Most of the research has

focused on tension splice joints, with the second priority heel joints. Some of the most

current research on truss joints has been done by Redlinger (1998), Frielinger (1998),

Vatovec et al. (1995), Gupta (1994), Nielson and Rathkjen (1994), McAlister and Faust

(1992), Benjamin and Bohnhoff (1990), and Wolfe (1990). Gupta and Gebremedhin

(1990) tested not only tension splice joints, but also web and heel joints under simulated

truss loads. Gupta et al. (1996) compiled an extensive literature review on metal-plate-

connected wood joints. The properties of primary interest in MPC connections are

strength and stiffness. Once these properties are known, they can be used as inputs for

finite element model approximations of truss behavior.

Most of the connection testing has been done with relatively simple loading

conditions. True loading conditions found in a truss are much more complicated because

axial and shear forces, and moments are applied to the connections all at the same time.

Testing of full trusses is best suited for determining overall truss behavior. Unfortunately

full-scale truss testing is very costly because of the amount of material used and because

of the elaborate testing equipment required.



2.7 Single Truss Design and Testing

Full-scale truss testing serves three fundamental purposes according to Callahan

(1993). (1) Performance testing is done for truss assemblies that do not fit the criteria of

the Truss Plate Institute(TPI). (2) Full-scale truss testing serves as a proof test that

verifies whether trusses meet the TPI's design standards. (3) Full-scale truss testing is

also applicable under more specific loading conditions. And, (4) the final types of tests

are verification tests which are performed on truss assemblies that meet TPI's standards

but are tested to quantify the TPI method's design factor of safety. The required testing

and design procedures for trusses are outlined in the Truss Plate Institute's (TPI) National

Design Standard for Metal Plate Connected Wood Truss Construction (1995).

Early truss design calculations were performed using simplifying assumptions for

truss geometry and connections. Truss members were purely tensile or compressive

members, with all of the connections approximated as frictionless pins, with all members

at each joint intersecting at a common point.

Since 1978 trusses have been commonly designed by the TPI simplified method

which is similar to earlier frictionless pin methods (Callahan 1993) except for the

inclusion of a "Q" factor in bending moment equations. A more involved method, using

the computer software program, the Purdue Plane Structures Analyzer(PPSA), developed

by Suddarth et al. (1984), applies a finite element approach to truss design. PPSA

accounts for semi-rigid connections and is capable of handling complex geometries, but

must be used carefully by the design engineer (Callahan 1993).

Wolfe et al. (1986) tested 42 single trusses. Eighteen of the forty-two trusses were

loaded to 1.25 times their design load in order to determine the stiffness for each

individual truss. The remaining trusses were tested to failure. All of the information

obtained from the tests was used to plan full-scale roof tests which would re-use the

eighteen trusses that were not tested to failure. Incidentally, the authors chose to

overplate their truss heel joint connections. Overplating is the use of heavier, stronger

metal plates than typical truss connection designs require. They anticipated that the
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trusses would be more likely to fail in the metal connector plates because long-term load

duration affects wood and steel disproportionately. They also felt it would be more

beneficial to overplate the connections to determine how well their model predicted wood

failure as opposed to connection failure. They also found that MOE had a significant

effect on overall truss stiffness.

Mtenga et al. (1995) anticipated that the overplating of joints would to lead

significant increases in ultimate strengths of trusses, resulting in better utilization of

wood. They did warn of possible non-ductile connection failure modes for overplated

joints that should be investigated. Overplating of heel joints would have a significant

effect on truss stiffness, because, according to Callahan (1993), heel joints, in large part,

affect the overall rigidity or stiffness of a truss.

2.8 Truss Assembly Tests

A number of American Society of Testing and Materials (ASTM) standards have

been developed for truss testing as well. Three of them applicable to truss assembly tests

are ASTM E73-83 Static Load Testing of Truss Assemblies, ASTM E575 Reporting Data

from Structural Tests of Building Construction Elements, Connections, and Assemblies,

and ASTM E1080-85 Standard Practice for Static Load Testing of Wood-framed Truss

Assemblies.

Theoretical models have been developed for load sharing and composite action in

MPC trusses, but very little testing has been performed to verify these models. Wolfe

and LaBissoniere (1991) provide us with practical definitions of composite action, as "the

interaction between the truss and the roof sheathing that serves to increase the stiffness of

the top chord and thus of the truss."

Wolfe and McCarthy (1989) performed two roof assembly tests on a 3:12 Fink and a

6:12 Fink truss, constructed from the eighteen remaining trusses used in earlier tests by

Wolfe et al. (1986). Admittedly their results were insufficient to substantiate the degree

of conservatism in current truss design, but their results did indicate that assembly effects
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may increase load capacity by more than 15 percent. Their results for the 6:12 pitch truss

suggest an average increase in strength of as much as 40 percent, and for the 3:12 Fink

truss, more than 20 percent over that of an individual truss. Their paper also included a

literature review specific to assembly effects.

Wolfe and LaBissoniere (1991) made minor modifications in the testing apparatus

and added a more extensive data acquisition system beyond that of Wolfe and McCarthy

(1989). They then tested three different roof truss assemblies, a 3:12 Fink, a 6:12 Fink,

and a 6/3:12 (in other words a 6/12 top chord and 3/12 bottom chord) scissors truss.

They concluded that composite action is more apparent during the initial loading phase

for truss assemblies, but because the connections between trusses and their sheathing are

not perfectly rigid, the strength benefits of composite action from the sheathing and the

trusses cannot be counted on. Load sharing, on the other hand, was demonstrated to

increase with increasing load. Less stiff trusses successfully transferred load to adjacent

stiffer trusses. They found that at the design load level, 40 to 70 percent of the load

applied along the top chord of an individual truss is distributed by the sheathing to

adjacent trusses. One of the conclusions of Wolfe and LaBissoniere (1991) was that

weaker trusses failed first, but not until after they transferred load to adjacent trusses, and

not without supporting a portion of the applied load up until failure.

LaFave and Itani (1992) constructed a single roof truss assembly of nine trusses

which they tested under a number of different loading configurations. They found that

load sharing varied from 60 to 80 percent for a single truss depending on its stiffness, and

was maintained up to twice the roofs design load and in a few cases, beyond that. The

data they obtained were compared with results from a computer model they developed.

Mtenga et al. (1995) developed a new model for predicting composite action and load

sharing that demonstrated that slope, span, and other characteristics can have significant

effects on the system factor for a roof structure. The system factor is a measure based

upon the enhanced performance of a systems of trusses over an individual truss. They

calculated system factors using both working stress methods and reliability-based

methods. Current working stress design suggested that a 1.15 (or 15%) system factor

may be conservative for many structures. One of their conclusions was that, "the
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variability of system strength is less than the variability of the individual truss strength,

which in turn is much less than the variability of the properties of the components that

make these trusses and systems. Thus, with decreased system strength variability, there

is an increase in reliability." Decreased system variability and increased system

reliability translates into smaller strength reduction factors required by ASTM standards

for allowable material property determination (ASTM D2915-94).

Li et al. (1997) developed a load sharing truss model that accounted for the semi-rigid

behavior of truss heel joints and the bottom chord tension splice joint, the load-

distribution and composite action of the sheathing, and the eccentricity of forces at truss

heel joints.



3. MATERIALS AND METHODS

Because small-scale modeling of MPC trusses in this project is a unique effort, the

materials and methods section of this thesis will be developed in more or less the

chronological order in which the methods were developed. This form is useful because

of the refinements made at each stage of model development. The first section (3.1) will

document the materials used in this research for both the prototype and model tests. The

next section (3.2) will discuss the materials and methods used for the modulus of

elasticity study (MOE) that was performed to establish model material properties. The

remaining sections of this chapter will document both the prototype and model

connection fabrication and testing methods. The model fabrication methods will focus on

the connection configurations which were determined to be the most suitable and were

finally used in the fabrication of model trusses.

3.1 Materials

MPC connections are fabricated from two material types, wood and steel. The steel

provides the mechanical connection, while the wood provides a base material for the steel

plate teeth to interlock with. One-hundred and five boards were selected from a unit of

10-foot long nominal 2x4, Douglas-fir lumber (1,800E-1.6E MSR) kiln dried lumber

(15% moisture content). The boards were selected so that they were without noticeable

wane and twist. The lumber was then placed in a standard room with a controlled

atmosphere of 70°F, and approximately 65 percent relative humidity, until an equilibrium

moisture content of approximately 12% was reached. After the wood reached

equilibrium, the MOE and specific gravity were determined non-destructively by a

Metriguard E-computer (Model 340 with stress wave timer Model 239a), which

determines these properties based on wood dimensions and the natural vibration

33



34

frequency of the boards. Within each group of tests (tension splice joint, heel joint, and

model truss), the boards were selected so that their modulus of elasticity varied from

1.5x106 lb/in2 to 2.5x106 lb/in2. The specific gravities ranged from 0.41 to 0.52 (see data

from all tests in Appendix D). Thirty boards were selected that fell into these ranges.

Model boards that developed warp or wane after being sawn were discarded at this point

rather than make a determination of how much wane was acceptable. Ordinarily some

wane is allowable for truss grade material.

These ranges, although determined somewhat arbitrarily, served the purpose of

screening out boards with major defects that might have compromised model connections

or truss tests by premature failure. Weaknesses from large knots in the model

dimensioned boards were quickly apparent because of large deflections and creep during

the MOE test. Model board MOEs were measured by the point load method discussed in

section 3.2, not by the E-computer.

It was necessary to sort for MOE because of knots and defects that were present.

Those that were allowable at the prototype scale were much too large to be allowed in the

model boards. In some cases, model boards sawn from prototype boards resulted in

boards with knots that spanned their full width. Standard grading rules for No. 2, truss

grade wood allow a maximum of a 2 inch knot in a 2x4. When adjusted for 1/3 scale

similitude, this would roughly translate into a maximum knot size of about 5/8ths of an

inch. With this in mind, model boards were sorted for knots and defects after their MOE

values were determined as discussed in the next section (3.2). Because model boards

were sorted for MOE, most of the weak boards with large knots were previously

eliminated from the pool of model boards useable for truss and connection modeling.

However, some boards had useable MOE values but they had knots larger than 5/8ths of

an inch. In this case, the portions of these boards with the large knots were not used for

model construction.

The model truss development process began with connection modeling. Many

different model connection configurations of tension splice joints and heel joints needed

to be fabricated, tested, and compared to prototype connections in order to ascertain the

connection configuration that performed most like the counterpart prototype connection.



Because the development process required many comparisons to be made between model

and prototype connections, test connections (both prototype and model) were fabricated

from wood taken from the same full-scale board in an effort to eliminate one possible

form of confounding variation, and to better facilitate direct comparisons between groups

of prototype and model tests. It was hypothesized that both model and prototype

connections constructed from the same board would have similar properties, and

differences in strengths between model and prototype connections from the same board

could be attributed primarily to connection differences and not to material differences.

The 10-foot prototype 2x4's (11/2 inch by 31/2 inch nominal) were sawn into three

boards (see Figure 3.1). From these, single 21/2 -foot long pieces were used to construct

either a prototype tension splice joint or heel joint connection as shown in Figure 3.2.

The remaining portions were ripped to model dimensioned boards. For model truss

construction, the entire 10 foot length was sawn into one-third scale boards.

1.5 in

3ft - 9in/

Figure 3.1 Sawing detail

1.17in..X:0.50inI 1.17in x 0.50in

x 0.50in 0.951n x 0.41 in

Blade CUIT and panel- wastage

3.5 in

3ft - 9in

ft

0.951n x 0.4.1 in

0.951n x 0.41i?

2.5 ft

1.5 in

in

(Not to scale)
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Heel Joint

Tension Splice Joint

1-10.25"

Figure 3.2 Prototype tension splice joint and heel joint

Model boards were sawn into (1:3) and (1:3.7) scaled dimensions as shown in Table

3.1. The scale factor (1:3.7) was used for only one model tension splice joint test group

during some of the early model connection development before the scale factor of (1:3)

was finalized. A typical 28-foot 4 on 12 (or 4:12) pitch truss was chosen to be the

prototype truss to be modeled. It was chosen because this span is typical, and other

researchers who have performed truss assembly tests also used this length truss; however,

not at this pitch (Wolfe, et al. 1986, Wolfe and McCarthy 1989, and Wolfe and

LaBissoniere 1991). The roof pitch of 4:12 was chosen because it is frequently used in

housing construction, but also because other truss research performed at the Oregon State

University Forest Research Lab has been done at this pitch by Kent (1996), Freilinger

(1998) and Redlinger (1997).
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Table 3.1 Scale Dependent Wood Dimensions

(in) (in) (in)
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The metal connector plates used were donated by Alpine Engineering Products, Inc.

Pompano Beach, FL. The prototype tension splice joints were constructed with 20 gauge

(0.036 in), 3 inch by 4 inch metal connector plates, and the prototype heel joints were

constructed with 20 gauge, 3 inch by 5 inch metal connector plates (see Figure 3.3). The

physical properties of the plates as supplied by Alpine Engineering Products, Inc. are

shown in Table 3.2.

Table 3.2 Physical properties of metal connector plates

Property Value
Yield Strength 51.5 ksi
Ultimate Strength 60.5 ksi
Thickness 0.036 in.
Percent Elongation at Failure 31.50%
Tooth Length 0.25 in.
Tooth Width 0.12 in.
Slot Length 0.25 in.
Slot Width 0.12 in.
Number of rows 12

Number of columns 4

Width b 3.5 1.17 0.95
Height h 1.5 0.50 0.41

Model Dimensions
Actual Full-size Scale Factor Scale Factor

3 3.7
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The material properties of the model connector plates were not determined for this

research. After several early tension splice joint (TSJ) groups (usually ten connection

tests per group) were tested, regular 30 gauge (0.0105 in thick) galvanized metal roof

flashing was found to be suitable to model connector plates along with staples (for

discussion of model plates see section 3.3.2).

L

cTi

Figure 3.3 Standard 3 inch by 4 inch metal connector plate.

Staples were used for modeling prototype connector teeth. Further discussion of

staples is found in section 3.3.2 of this chapter. For future research in small-scale

modeling of MPC trusses it would be advisable to experimentally verify yield and

ultimate strength properties for model connector plates. Because no effort was made to

specifically compare model and prototype plates, the properties of the model connector

plates were not determined for this research project.

It is to be expected that the property variation of the model boards will be larger than

for prototype boards. The variation in material properties for composite materials are

usually less than for their individual components. Composite materials tend toward

uniformity because as more components are included in the composition of the material,
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it takes on more of an average of all its component properties. Because wood is a

composite material made up of a finite number of cells, one might also expect wood

properties to become more variable for boards of smaller dimensions because the number

of the components is reduced. Potentially, a model board may consist of two latewood

bands and one earlywood band, or the reverse, because of the narrow dimensions of the

model boards, the former being stronger and stiffer because of more latewood. Yearly

growth rings in the wood could very easily encompass the full thickness of a model board

approximately 0.5 inches thick because of the high growth rates for the wood that is

available today.

3.2 Modulus of Elasticity Study Design and Procedures

An MOE study was performed as a first step in verifying the material properties of

the model boards. It was important to know if the MOE values of the model boards were

different from those of the prototype boards because this affects the MOE scaling

term(SE) included in the Table 2.1 similitude relationships. Small differences would be

tolerable, but large differences between the model and prototype boards would raise

concerns about whether a suitable truss model could be developed with wood.

If the MOE values of the prototype and the model were significantly different, the

model material would essentially be a substituted material as was discussed in section

2.4.2. By using the same material, it is hoped that some modeling concerns can be

avoided.

If the MOE values for the model and prototype boards cut from the same original full-

size board were similar, then it was hypothesized that differences observed in model

connection strength compared to prototype connection strength would be primarily due to

the model connection's design. This was important to note because model connections

were continually being refined so that they would compare better with prototype

connections.
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The MOE values for the prototype boards were measured first before the boards were

sawn into model dimensions. It was anticipated that the variation in properties for the

model boards would be greater than those from the prototype boards. If this proved to be

true, it would be consistent with what is usually true for composite systems.

Three different methods were employed for determining the modulus of elasticity

(MOE) for each prototype board and two different methods for the model boards. For

the first method (Method 1), the MOE of each prototype board was determined by using

an E-computer (as mentioned earlier in the materials section 3.1) prior to the boards

being sawn into model boards. The E-computer tests were performed by placing the full

10-foot long prototype board across the specially designed supports of the E-computer.

An excitation vibration was then introduced in the board by lightly thumping it with the

hand. The E-computer attached to a personal computer then gave a readout of the MOE

on the computer screen and logged the result to a computer file.

A second method (Method 2) was used to calculate the MOE for both the model and

prototype boards. Method 2 used the application of a single known point load to the

center of the boards while spanning a known distance (see Figure 3.4 and Figure 3.5).

Figure 3.4 Modulus of Elasticity apparatus for model boards (Methods 2 and 3)



A similar apparatus to that shown in Figure 3.4 was used for the prototype boards.

After determining the amount of deflection resulting from the single applied point load,

the MOE was calculated using equation (14) which accounts for board dimensions and

span. The measured deflection and the known load at midspan are used in equation (14),

and solved for the modulus of elasticity (E) .

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

Am I.......................
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Figure 3.5 Test setup for measuring Modulus of Elasticity (MOE)

Here, 6 = deflection at the midpoint of the span; P = the load at the midpoint of the

span; L = the length of the span; E = the modulus of elasticity of the board; I = the

moment of inertia of the board. Method 3 applied a more rigorous approach and was

used only during the second year of this research project. It was not used for the MOE

study which took place the prior year.

6 =
P (14)
48E/

In method 3, the MOE was determined by applying a succession of calibrated point

loads at center span in static, flat-wise bending of the prototype and model 2x4's. The

prototype boards were loaded in 3 increments of approximately 10 lb each were applied

at the center of the span (Lprototype= 118 in) shown in Figure 3.5. Model boards loaded in 4
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increments of approximately 1.5 lb each, but with a span one-third the length of the

prototype (Lmodel 39.5 in). Because the load increments were small, 4 increments were

used instead of 3, as was the case for the prototype boards (smaller load increments yield

more accurate linear regressions).

Prior to the application of these loads a small load (about 1.5 lbs for the model and 5

lbs for the prototype) was applied to remove the "slack" out of the system due to

irregularly or slightly twisted boards not sitting firmly on the supports. A linearly

variable differential transducer (LVDT) was used to measure the deflection at the middle

of the span after each additional load was placed on the boards. The LVDT deflection

was zeroed out after a small initial load was placed to remove the slack in the system and

prior to the application of additional loading increments. The deflections were logged to

a computer from each application of load. Method 3 is more accurate than Method 2

because it applies a linear regression to the load and deflection measurements, which

results in a slope term which can then be used to calculate the MOE of the boards using

equation (15). After manipulating equation (14), P/8 is replaced by the slope term,

resulting in,

E =
slope (15)
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The point load method of determining MOE is a common method used for verifying

E-computer results. Wolfe and LaBissoniere (1991) re-tested every tenth board using the

point load method to verify their E-computer results.



3.3 Tension Splice Joint

Tension splice joints were the first to be modeled because they were simple to

fabricate and testing was straight forward because of the purely tensile force applied to

the joint. It was felt that if this simple connection model could not be suitably developed

it would be fruitless to attempt to model any of the more complex connections found in

MPC trusses using similar methods.

3.3.1 PROTOTYPE FABRICATION

Prototype tension splice joints were fabricated in way compatible with industry

method. 3 in. by 4 in. metal connector plates (MCPs) were pressed one at a time with a

hydraulic press, being careful not to over-embed the plates as outlined in the TPI

National Standard for Metal-Plate Connected Wood Truss Construction (1995) that

requires that plates not be embedded more than half their thickness into the wood.

Because of this concern, the MCPs were embedded through visual monitoring of the

hydraulic pressure and displacement of the press platen. A maximum target platen

pressure of 1MN was used as a guideline during pressing. In order to maintain

consistency with industry fabrication methods, the metal connector plates were not rinsed

in solvent to degrease them prior to pressing them into the wood.

The completed connections with embedded MCPs were then returned to the standards

room for about a week before testing because ANSI/TPI 1-1995 Section 7.1.8.1 (1995)

requires that a minimum of 7 days and a maximum of 14 days elapse between fabrication

and testing. The maximum requirement was not rigidly held to in these tests for practical

reasons; however, in most cases they were completed within a few weeks of fabrication.
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3.3.2 MODEL FABRICATION

Early on in this research project a target model scale of one-third (1:3) was

established, although one group of tension splice joint specimens was fabricated with a

scale of (1:3.7). However, after fabricating the (1:3.7) scale model, it was thought that a

model scale smaller than (1:3) would be too delicate and difficult to work with. Larger

scales than this would begin to defeat the purpose of small-scale modeling, the main

advantage coming from the reduction in size. An example of the type of prototype metal

connector plate (MCP) that was modeled is shown in Figure 3.3.

Preserving similarity with the prototype truss connections' semi-rigidity, stiffness, and

strength were made a high priority during model development. These important

prototype properties must be preserved for a model to have predictive value for prototype

truss behavior.

A number of possible connection designs were considered with the hope of finding

one that could meet those requirements. Less successful designs will be discussed in

passing, while the most successful connection designs and the ones that were eventually

used for all of the truss connections will be discussed in greater detail along with

refinements that were made.

One design idea was to glue gusset plates for the wood connections. This solution

was discarded because the failure modes for this type of connection would be unlike full-

size connection failure modes because they would be unable to fail in tooth withdrawal,

which is common for MPC trusses. A glued connection might be suitable for the elastic

modeling range of MPC trusses, but definitely not for the non-linear range extending past

the design load region. Stern and Pletta (1967) mentioned in the literature review section

2.5.1, modeled connections with glued wood gusset plates. This was appropriate for

them because they were modeling wood gusset plates, not steel ones.

Another connection method considered was to have scaled down MCPs fabricated

using a similar method to that currently used to produce full-size MCPs. This method

would require the fabrication of special metal dies and re-tooling of machinery. Without
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question, this method would be extremely costly and generally beyond what could be

feasibly accomplished in the laboratory. Another potential problem with this method

would be that the metal teeth, scaled smaller by similitude, would be quite fragile and

therefore too weak when being pressed into the wood. Prototype MCPs are made of

heavier gauge steel with strong teeth that do not bend when pressed into the wood. Very

little bending of the connector teeth is observed in prototype connectors that have failed

in tooth withdrawal.

The first practical solution considered was simply to trim the existing prototype

MCPs down to appropriate sizes for the model. This would be a relatively simple

procedure to perform in a metal shop and would require very little new innovation. It

became apparent after the fabrication of a few trial connections that plate teeth were

much too large relative to the model wood and the connections split as a result (see

Figure 3.6).

Split

Spreading due to split under plate

Figure 3.6 Model tension splice joint connection with split.

However, there are considerations other than just splitting. Connector plate tooth

dimensions would have been a blatant exaggeration of the model scale dictated by

similitude. Similitude requires reduced MCP tooth spacing, tooth length, and plate area.

The final solution that allowed this research project to proceed was a MCP using a

combination of thin metal plates and short staples that were embedded in the connections
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using an air stapler. The penetrating staples provided a suitable substitute for the teeth in

standard MCPs. A view of one of these model connector plates is shown in Figure 3.7.

Because many different plates and staples were available, a broad new spectrum of

modeling options became possible. Figure 3.8 shows a few of the early tension splice

joint models, none of which were eventually used.

Model tension splice joints where fabricated by stapling through 30 gauge galvanized

steel plates (0.0105 in thick) into the wood (Figure 3.11). About six different staplers

and staples were tested before one was found that had sufficient power to penetrate the

steel plate consistently and that also permitted accurate placement of staples in the model

connections. It was found that not all staples and staplers perform well for this

application. A Duofast5418ANC air powered stapler (Figure 3.9) in combination with

staple 1 (Table 3.3) proved to be the most suitable.

Figure 3.7 View of model connector plate teeth.

This stapler was intentionally purchased without a safety mechanism so that the

staple driving head would be thinner and would better facilitate placing staples more

closely together and more accurately. In addition to several air staplers, a number of
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hand staplers were tried with varying degrees of success. The Black&Decker

PowerShotTM hand stapler, using staple 3 (Table 3.3), proved most successful among

the hand staplers and had sufficient power, but unfortunately available staples were too

wide and cumbersome when used in the small model connections. Their width also did

not allow for the tooth spacing dictated by similitude requirements.

Figure 3.8 Early tension splice joint models.

Table 3.3 shows three different staple types that were considered most useable.

Ultimately, staple 1 was selected. The table shows prototype and model dimensions for

plates and teeth for comparison with available staple types.

The metal plate chosen for use was 30 gauge (0.0105 in.) thick galvanized metal roof

flashing. When thicker metal flashing was used, staples would not consistently penetrate
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Figure 3.9 Stapler used for model fabrication
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the metal. This is one instance where an exact 1/3 scale was not used. There are two

main types of staple points: divergent and chisel point, as shown in Figure 3.10.

Divergent point staples have sharper teeth than chisel point staples and have less

difficulty penetrating the 30 gauge flashing. If plate steel thinner than 30 gauge (0.0105

in.) is used, the concern arises that the plates will not provide the same amount of

support for the staples that prototype MCP teeth have. If thinner plates are used, staples

may be more likely to twist or tear through the plates when approaching ultimate

connection loads.

It was important to find the right combination of plate/staple that was suitable for

consistent staple placement and penetration. Some of the staple types would bend or jam

up in staplers without penetrating the steel plates. This presents an additional variability

problem when a staple and plate combination does not embed consistently every time.

rT
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Thicker metal plates (0.0140 in.) dictated by similitude requirements shown in Table

3.3 for (1:3) scale were attempted with very little success. Most of the staplers were

unable to consistently embed staples through the 0.0140 inch thick plates and resulted in

many bent staples. However, because there was little difficulty in consistently

embedding staples through the 0.0105 inch thick plates, they were used instead. This is

another instance when exact (1:3) scale modeling was not used. After a number of test

groups, the plate and staple configuration S43E shown in Figure 3.11 was selected. The

motivation behind this choice will be discussed in chapter 4.

Divergent
Point

Figure 3.10 Divergent point and Chisel point staples.

oh,

Figure 3.11 Picture of tension splice joint model S43E

Chisel
Point
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The TSJ model test group nomenclature is such that the numbers and letters describe

the connection configurations. "S" denotes scale model. The first number denotes the

number of columns (see Figure 3.12) of staples in one end of the connection, and

similarly the second number depicts the number of rows. "E" and "A" following the first

two numbers in the name denote the orientation (pErpendicular or pArallel) of the staples.

Finally, the last number, if present, denotes the model scale of the test group (for

example, S43E3).

It is speculated that model connector plates may deform more if they are embedded in

more dense wood as opposed to less dense wood. Less dense wood would likely result in

less deformation of the metal plates. Variations in density could be highly specific to

each connection depending on how much early or late wood is near the surfaces of the

wood in which the model plate teeth penetrate. Because these relationships are based

upon complex interactions, the only way to verify this hypothesis will be from the

thorough evaluation of a number of tests.

Parallel to
Column grain



Table 3.3 Stapler and Staple Combinations

Plate
Tooth

Plate Tooth Width

Slot
Plate
Thickness

Plate Tooth
Thickness

Plate Tooth
Length

Staple Tooth

Staple Thickness

Staple Tooth Width

Actual Full Size

Prototype

Theoretical
Scaled-down 1:3

Available

Metal Plate Staple 1 Staple 2 Staple 3
Plate Dimensions 3" x 4" 1" x 1.33" 1" x 1.33" - - -

0.0137"(0.317 0.0140" and
Plate Thickness 0.041" (0.95 mm) mm) 0.0105" - - -

Slot/Staple width 0.49" (12.4 mm) 0.16" (4.1 mm) - 0.17" (4.4 mm) 0.17" (4.4 mm) 0.49" (12.4 mm)
Tooth width 0.12" (3.2 mm) 0.04" (1 mm) - 0.05" (1.2 mm) 0.05" (1.2 mm) 0.05" (1.2 mm)

Tooth embedded length' 0.35" (8.8 mm) 0.12" (2.9 mm) - 0.22" (5.7 mm) 9.1 mm (0.36") 0.22" (5.6 mm)
Staple 1 DuoFast 5408D 1/4" long divergent point
Staple 2 DuoFast 5412C 3/8" long chisel Point
Staple 3 standard 1/4" long, 1/2" wide chisel point

Embedment length for staples = (staple length) - (band thickness) - (plate thickness)



3.3.3 TESTING

All of the testing was performed on an 8,000 lb Instron Universal Testing Machine

with a loading head displacement of either 0.1 or 0.2 cm/minute. The load rate was

determined by several trial tests and was adjusted so that the maximum loading usually

occurred between 5 and 8 minutes. This particular testing machine did not have

continuously variable load rates and when the next slowest load rate (0.05 cm/minute)

was selected, ultimate loads occurred upwards of 20 minutes. Time scaling is not

applicable except for the case of dynamically loaded structures and the analysis of their

response (Janney et al. 1970). The apparatus used for both the prototype and model tests

was very similar except that the prototype loading was applied through a pin at each end

of the test specimen (Figure 3.13) as opposed to friction grips that were used for the
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Figure 3.13 Prototype tension splice joint testing apparatus

model specimens. The amount of slip was compensated for by the adjustment of the load

rate so the test specimens failed between 5 and 8 minutes. A significant amount of slip in

the model was absorbed in the loading grips, which explains the large head displacement

11.00' 11.00'
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at failure which would have had to occur at the load rate of 0.1 cm/minute after 5 to 8

minutes. By monitoring the time to failure for several practice tests that proceeded each

group of tests, it was possible to adjust the loading rate so that the desired time to failure

was obtained. Using this approach a reasonably consistent loading rate per minute was

obtained. It was not possible to directly control the loading rate because the Instron

Testing machine applied load through a continuous loading head displacement,

irrespective of the load on the test specimens. The displacement across the connector

plate itself was monitored continuously throughout the test and used in stiffness

calculations.

Figure 3.14 Model tension splice joint apparatus.

Both the model and the prototype tension splice joints were tested in a similar testing

apparatus that was placed in the same testing machine. The prototype tension splice joint

apparatus for the prototype is shown in Figure 3.13 and the model apparatus is shown in

1

a
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Figure 3.14. The model apparatus was similar to the prototype apparatus with the

spacing between then LVDT supports being one-third the spacing of the prototype (2.33

inches instead of 7 inches). The prototype was different in that it had pinned grips while

the model apparatus had compression grips that clamped down on the test specimen ends.

LVDTs were used to monitor the relative displacement occurring across the test

specimen connector plate as shown in Figure 3.13. Two LVDTs (one on each side) were

attached to each specimen through a clamping mechanism so as not to interfere with the

connector plates. Two LVDTs were used, one on each side of the test specimen, so that

an average displacement at the centroid of the connection could be determined if there

was some slight eccentricity in the connection which might result in one side of the

connection deflecting more than the other side. The loads on the test specimens were

measured with a load cell that was connected to the same computer data acquisition

system as the LVDTs. Load and deflection data were measured at a one second interval

and then logged to disk. The data were then summarized into readings of ultimate

strength, stiffness, the time at failure, and deflection at maximum load which is tabulated

in Appendix D for each group of tests.

3.4 Heel Joint

Heel joints were the next connection modeled after the tension splice joint. Heel

joints were more complicated than the tension splice joints for several reasons. One,

members intersect at an angle, and two, the forces in the truss chords do not meet at the

center of the metal connector plate resulting in a moment in the connection. The

centerline intersection of the top and bottom chords do not line up with the centroid of the

plate area.



3.4.1 PROTOTYPE FABRICATION

Prototype heel joints were fabricated using 3 in. by 5 in. metal connector plates as

shown in Figure 3.15. 3 in. by 5 in. metal connector plates are typical for the type of

truss being modeled. Prototype metal connector plates were pressed in a similar manner

as for the tension splice joints. The plates were placed in the connections such that equal

areas of the plates covered the top chord and the bottom chord of the connection. The

long edge of the plate (5 in.) was aligned with the top edge of the bottom chord as shown

, in Figure 3.16.

Figure 3.15 Prototype connector plate

3.4.2 MODEL FABRICATION

The model heel joints were constructed in a similar manner as for the tension splice

joints. Figure 3.17 shows a completed model heel joint. The joints were fabricated with

dimensions and staple configuration as shown in Figure 3.18. More precise staple

locations for the model heel joint configuration are shown in Appendix C.

The most suitable connection arrangement used 30 staples aligned in three rows with

staples perpendicular to the grain of the bottom truss chord (see Figure 3.18). This
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orientation was in keeping with the most suitable tension splice joint connection which

also had a staple orientation perpendicular to the grain of the bottom chord.

0.50" - 3.50

Figure 3.16 Prototype heel joint

3.4.3 TESTING

The testing of the prototype heel joints was accomplished with the apparatus shown in

Figure 3.19. The same apparatus was also used for the model heel joints and is shown

with a model heel joint in place in Figure 3.20. A load rate of 0.1cm/min. was used in a

displacement-controlled test resulting in an average time to failure of approximately 5

minutes. The testing apparatus for both the prototype and the model used only a single

LVDT. The apparatus was designed to easily slide into the testing machine as a single

piece. This approach provided a substitute for more complicated loading frames that

- 5.00"
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56

3.50" 3 00'

==
1^17..

,_-

,.=-===
,------

I-



° -

require hydraulics. A single LVDT was attached to the test specimen to measure relative

displacements of the connections with respect to the top chord of the connection.

Figure 3.17 Model heel joint

1.17" 1.00"

0.17"

- 3 ;

'

L . _

7.42"
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Figure 3.18 Model heel joint dimensions for component testing

18°
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Figure 3.19 Prototype heel joint testing apparatus.
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Figure 3.20 Test apparatus with model heel joint in place
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3.5 Model Truss Computer Model

A simple finite element model of the roof truss served several purposes. The first was

to better understand the forces within the truss and the second was to verify model

stiffness results because there was very little data available for comparison as discussed

in the literature review. Because the computer model was very simple it was only useful

as an approximation for comparison with model truss results. In any case, physical

model test results for stiffness are expected to be less than the computer finite element

model because the physical model connections are capable of sustaining relative

displacements between the two (or more) truss members they connect. However, the

simple computer model makes no allowances for this, and thus its pinned connections are

"rigid" but free to rotate. Other complications include the fact that truss connections are

neither completely pinned nor fixed, which are the two basic assumptions often made in

computer modeling of trusses. In reality, truss connections are semi-rigid and fall

between.

The computer finite element software used was Winfinite (1994). Figure 3.21 shows

the positions of the nodes for the computer model as well as the truss node and member

numbering. All of the computer model data input and output is found in Appendix E.

Computer Model Node Position
Symmetric about Truss Centerline

2'-4 3/8"

3'-1 1/4"

9'-3 13/16"

1'-6 5/8"

Figure 3.21 Truss computer model nodal positions and member definitions
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Truss web members were assumed to be pinned at both ends and the top truss chords

were also assumed to be pinned at the peak. The heel joints in the truss were assumed to

be rigid. Truss top and bottom chord members were made continuous through the web

connections at E and G as is the case for prototype trusses. The labels in Figure 3.21

define member and node labels. The trusses are supported at lettered nodes A and D.

Before the physical model or its testing apparatus was constructed, a finite element

computer model was generated to compare how three different loading conditions

affected a model truss. The three load cases were a single point load at the peak of the

truss, three equal point loads (at the peak and panel points), and finally a distributed

loading applied from the heel joint all the way to the peak on both sides of the truss. The

distributed loading was included so that the single point load and three equal point

loading cases could be compared to it.

3.6 Model Truss

When working with trusses it is necessary to define the terminology used to describe

the locations of the different connections within the truss being modeled. A Fink truss

was modeled and the basic connection types are shown in Figure 3.22 and a completed

truss is shown in Figure 3.23.

Peak Joint

Heel Joint

Figure 3.22 Fink Truss with labeled connections

Tension Splice Joint Bottom Chord Web Joint

Top Chord Web Joint



Figure 3.23 Fabricated model truss

The construction of the model truss proceeded only after satisfactory modeling results

were obtained for both the heel joint and the tension splice joint tests. Because this was

a preliminary study of truss modeling, the projections for the design of the bottom chord

web joint (Figure 3.24), peak joint (Figure 3.25), and top chord web joint (Figure 3.26)

were made based on the best results from tension splice joint and heel joint connection

models. The bottom chord web joint model connector was sized the same as the heel

joint model connector because in prototype trusses, both the heel joint and the bottom

web chord joints are often constructed with 3 inch by 5 inch metal plates.

Figure 3.24 Model bottom chord web joint.



.P

ttz

_ .rn

. '

The model peak joint (Figure 3.25) was developed by assuming a typical prototype

peak joint plate size of 4 inch by 5 inch. The resulting model plate was sized to exactly

one-third of these dimensions (1.33 inch by 1.67 inch). The number of staples used in

the connection was determined purely in proportion to the plate areas. Thirty staples

were used to model a 3 inch by 5 inch plate for heel joints and bottom chord web joints

(15 i2 area) and forty staples to model a 4 inch by 5 inch plate(20 in2n area).

Figure 3.25 Model peak joint.

The top chord web joint (Figure 3.26) design was based on the proportions of a

typical prototype top chord connection that was 2 inch by 4 inch. The resulting one-third

scale model plates were sized to 0.67 inch by 1.33 inch with a total of 16 staples. As was

the case for the peak joint, the number of staples used was based directly in proportion to

the plate areas.
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Figure 3.26 Model top chord web joint.

3.6.1 FABRICATION

Model truss fabrication, being the first of its kind, required the development of a

number of specially designed jigs. The preparation of the truss members required that

complicated angles be sawn. The small angle found at the heel joint (18°) required that

special sawing jigs be constructed. Figure 3.27 shows how the shallow heel joint angle is

sawn using a chop saw that ordinarily is not capable of cutting angles larger than 45

degrees.

The board A first had an 18° angle cut made on the end of it (Figure 3.27) and then

was clamped to the backstop of the chop saw. Board B was then butted up to the newly

cut edge on board A for a 72° angle cut. Some care must be taken to prevent the saw

from grabbing the piece being cut. There are a few other saws available that may cut

angles greater than 45° more safely, such as a radial arm saw or a more elaborate chop
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saw. The two truss web members connection shown in Figure 3.28 required double

angle cuts on both ends, which required a little extra care to insure precision cuts.

18° Angle Board A

Figure 3.27 Special sawing jig for shallow angle.

Joint B or C

Figure 3.28 Double angle cuts.

The prototype truss that was modeled is shown in Appendix B, Figure B.2 and the

resulting model with one-third scaled dimensions is shown in Appendix B, Figure B.1.

Truss geometry consisted of fairly complicated angles and precise lengths which required

a certain amount of skill. However, once a single set of truss members was cut with their
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appropriate angles, it was then possible to scribe the remaining members with this

pattern. Once an assembly jig was constructed, there remained only the tedious task of

stapling all of the connections together, a total of 16 plates and 432 staples per truss.

Model truss boards were selected by MOE from the population of model board rips

(0.5 inch x 1.17 inch) that were sawn from prototype dimensioned nominal 2 inch by 4

inch boards. The MOE values of the truss boards ranged from 1.55x106 lb/in2to as high

as 2.49x106 lb/in2. The boards were then systematically assigned to model trusses by

numbering off the boards from high to low in groups often, based on MOE. This was

done to insure an approximately equal/average distribution of MOE throughout each of

the trusses. Boards with the same assigned number between one and ten were grouped

together. After the systematic approach of assigning boards to trusses, a few of the

boards had to be designated to be used for different truss members because of defects

such as knots that occurred near where the metal connector plates were to be embedded.

A 4 foot by 10 foot long plywood base was constructed and then wood rips were used

to construct a jig that marked out the exterior limits that the model truss would occupy

(see Figure 3.29). Once the exterior limits were in place, pattern top and bottom chord

boards were sawn and fitted into the truss jig. The next step after the top chord and

bottom chord were in place was to mark the placement of the web members according to

the dimensions found in Appendix B, Figure B.1. Members used for patterns were then

scribed to fit exactly within the truss. This approached resulted in nearly a perfect fit for

pattern truss components. Staples were embedded in the truss connector plates with a fair

amount of precision because staple placements on each plate were first traced out on the

plates using patterns found in Appendix C, Figure C.5 through Figure C.8. The tracing

was done by placing the plates one by one on top of the pattern and then transferring the

lines that extended past the edges of the plates, onto the plates. This method resulted in

very consistent staple placement for all of the plates.
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3.6.2 TESTING

One of the motivations for this research from the beginning was to develop a model

that was small and more easily tested than prototype MPC trusses. It was necessary to

develop a loading apparatus that converted a single point load (which is easily generated

by most testing machines) into three approximately equal loads. A uniformly distributed

load along the top chord of the trusses, although ideal, is a very difficult arrangement to
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Figure 3.29 Portion of a completed truss in truss jig

accommodate, therefore trusses are usually loaded with a finite number of points, with

more loading points being better. Because the available testing equipment was capable

of only applying a single point load, it was necessary to develop an apparatus that would

divide this applied load into several point loads.

The truss computer model discussed in section 4.5 showed that a three point loading

was a reasonable approximation of a distributed loading. Once this was recognized, the

three point loading head shown in Figure 3.30 was developed.

The loading head design relies on a combination of lever arms resulting in one-third

of the load being distributed to each of the loading points on the loading apparatus. The

calibration of the three point loading head was verified by placing load cells underneath

each loading point and then summing the total load for comparison with the total applied



load (Figure 3.31). In all of the verification tests, the two outermost loading points were

within V2 pound of each other. The loadings at the midpoint and the two outer loads

were approximately equal in the trial testing of the loading head, depending upon the

relative settlement of the loading points E, F, and G with respect to one another, because

if one point deflects significantly more than the others, the lever arm lengths adjust and

transfer more loading to the other load points.

63/8" A

2'-6 3/16"

1'-8 1/8"
18.4°

2'-4 21/32" 1'-7 3/32"

3'-2 7/32"

4'-9 5/16"

Figure 3.30 Model truss loading apparatus.

Because of the potential difference in applied loadings at point E, F, and G, the

loading head was calibrated by placing small spacers (see Figure 3.32) at points E, and G

such that the loadings were equal at the start of the tests. Once calibrated, the apparatus

would accommodate differential settlements of the points up to about 3/8 inch without

any of the three point loads differing by more than 20 lbs at the maximum truss loading.

Points E and G were outfitted with load cells in order to monitor the distribution of loads

to the truss throughout the truss tests. Through the summation of forces in the vertical

direction it can be shown that the total of the loads applied at E, F and G must be equal

to the total applied load above point F as seen in Figure 3.31.

Total applied Load

Three Point Loads

9 9/16"
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Figure 3.31 Truss three point load head loads being verified

The model trusses were loaded in the machine with a uniform rate of deflection

(irrespective of load) such that the tests lasted 15 minutes on average. Two practice

trusses were tested prior to the group of ten truss tests so that the testing apparatus load

and deflection measuring devices could be aligned properly.

A load cell was placed under the support at A and two thin polyethylene pads the

width of a model 2x4, 1.17 in, with oil between them, were placed directly underneath

the heel joint metal connector plate (see Figure 3.33). The polyethylene pads and oil

worked very well as a roller joint. The support at D was identical to this except there was

no load cell in place. Ordinarily one would use a roller joint on one end of the truss and

a pin joint on the other, but because the loading head that applied the load was in the

middle of the truss and was not free to move along the length of the truss, it was

necessary for the trusses to have free expansion at each end on the supports.

Figure 3.34 shows the apparatus for measuring deflections at truss nodes B and C. A

small piece of angle aluminum was clamped to the bottom chord of the truss with a small
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C-clamp and an LVDT was supported above the plate with the LVDT core free to rest on

the aluminum plate.

Figure 3.32 and Figure 3.35 show two of the LVDT arrangements used for measuring

truss displacements throughout the truss tests. LVDTs were used to monitor

displacements at points E, B, F, C, and G throughout the truss tests. This allowed truss

stiffness to be calculated at each of these points.

c -
Spa er

Jr

4,

Figure 3.32 Deflection at point G measured by LVDT

The top chord of the truss was adequately braced out-of-plane at approximately 18 in

intervals (see Figure 3.36). This was necessary to prevent the model truss top chord from

buckling out of the plane of the truss.
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Figure 3.33 Load cell under support A

Figure 3.34 Deflection measured by LVDT at point B
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Figure 3.35 Apparatus for measuring deflection at peak (point F)
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4. RESULTS AND DISCUSSION

This chapter includes the results from the development and testing of model truss

components that led to the testing of a complete model truss. The first section of this

chapter includes results and discussion for how MOE was determined for all of the

prototype and model boards. This was an important step that was required prior to the

fabrication of model and prototype connections. The second section of this chapter

discusses tension splice joint results and the progression of the tension splice joint model

development. The third section discusses heel joint model results. The fourth section

discusses model truss results and compares them to results obtained by other researchers.

The final section discusses the results from the computer finite element model and

compares them to model truss results.

4.1 Modulus of Elasticity Study

An MOE comparison study was performed to gain a better understanding of the

effects of model scale on stiffness of wood truss members. With an ideal material,

following similitude requirements exactly, one would expect there to be no differences in

scaled stiffnesses between the model and prototype dimensioned components. However,

one cannot blindly assume that the model wood has the same stiffness as prototype wood

and proceed without first verifying the similarity of important material properties such as

stiffness. So, for modeling wood, any differences in MOE that occur in the model need

to be accounted for. A summary of the results from the MOE study is shown in Table

4.1.

On average, the full-size MOE results determined by the point load Method 2, as

defined in Section 3.2, were 1.91x106 lb/in2, and approximately 2 percent greater for the

E-computer Method 1 result of 1.87x106 lb/in2. The average model MOE values obtained
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a Determined by E-computer Method 1

Determined by point load Method 2

- Bad data reading

It appeared that on average the presence of pith and knots has an effect on the stiffness of

the model boards. MOE values as high as 2.46x106 lb/in' were seen for the model boards

but none of the prototype boards had MOE values greater than 2.01x106 lb/in2. If one

selectively excludes model dimensioned wood (shown in Table D.1) that is near the pith

or that contains large knots, the variability is decreased and the coefficient of variation

(COV) reduces from 14% to 10% and the average stiffness increases from 1.90x106 lb/in2

to 2.00x106 lb/in2. Stiffness variability for the prototype boards is much smaller with a

COV of around 3% for the point load method and 1.6% for the E-computer method.
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by Method 2 for both the model and the prototype were nearly equal. This is likely due

to the fact that the MOE values for both were determined by similar point load methods.

An effort was made during the MOE testing of the model boards to note the presence of

knots and the closeness of the model boards to the pith (see Appendix D, Table D.1).

Table 4.1 Summary of Model and Prototype Modulus of Elasticity Values

No.

Full-scale
MOE (10^6

Psir

Full-scale
MOE (10"6

psi)b

Individual MOE for small-scale wood

members (10"6 psi)b

Average MOE for small
scale wood members

(10^6 psi)

A46 1.84 1.92 1.87 1.86 1.85 1.54 1.89 1.90 1.82

A62 1.89 1.97 1.71 2.04 1.95 1.69 1.83 2.46 1.95

A93 1.84 1.91 1.96 2.10 2.20 1.38 - 1.90 1.91

A99 1.88 1.90 2.02 2.00 2.12 1.67 1.86 2.13 1.97

A17 1.87 1.86 2.30 1.99 1.20 1.88 2.32 1.23 1.82

A32 1.93 2.01 2.16 1.95 1.95 2.14 2.09 2.16 2.07

A68 1.84 1.87 2.13 1.74 1.70 1.75 1.61 1.83 1.79

A101 1.90 1.87 2.05 1.99 2.12 1.58 1.84 1.75 1.89

Al 1.88 1.88 2.13 1.64 2.12 1.75 1.83 1.93 1.90

A42 1.85 1.87 2.05 2.23 1.65 1.97 1.27 2.13 1.88

Avg (COV) 1.87(1.6%) 1.91 (3%) 1.90 (14%) 1.90(4%)



p(2)
Board Dimensions No. of MOE (psi 1e) determined by Method

Width Height Samples 1 2

(in) (lb) (in) (in) [COV %] [COV °/0]

Model 39.5 3.8 1.167 0.5 60 NA 1.90 [13.8]
Prototype 118 33.0 3.5 1.5 10 1.87 [1.61] 1.91 [2.56]

1 Span Length

2 Applied Loading for Method 2 (3.8 lb= weight of a piece of steel; 33 lb = weight of three lead weights + hanger)

NA Method not applicable for small members.

lumber today contains a large proportion of juvenile wood and is made up, almost

entirely, of transition wood between juvenile and mature wood. Any wood defects

present have an accentuated affect at model scale because the defects effect a very narrow

wood cross section.

In the future, it may also be necessary to select model wood based on MOE measured

at model scale. In this manner it would theoretically be possible to recreate a distribution

of stiffnesses comparable to that found in the original prototype wood truss members.

The stiffnesses of these model boards could be determined by the point load method

(Method 2) and then sorted for MOE. After this sorting is complete, boards with

extremely high or low MOE values could be selectively eliminated until the remaining
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Table 4.2 shows a comparison of methods 1 and 2 for measuring MOE as discussed

in section 3.2. Method 2 results are very similar for both model and prototype average

stiffnesses; however, the prototype has a much smaller coefficient of variation. This is

consistent with what is anticipated for a composite system as discussed in section 3.2.

In order to control stiffness variability, it may be necessary to develop an MOE

selection criteria for wood used in small-scale modeling. Future research may justify the

use of clear wood (that would be less variable because of fewer defects) in place of wood

from typical truss grade lumber as was used in this research. Unfortunately, truss grade

Table 4.2 Comparisons of Methods 1 and 2 for Modulus of Elasticity study
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groups of boards had a stiffness variability close to that of the prototype truss boards.

Visual inspection would be necessary at that point to eliminate model board defects such

as knots that occur near or underneath the metal connector plates.

4.2 Tension Splice Joints

Tension splice joints (TSJ) were the first type of truss connection tested. Many

different models of TSJ were tested, but only the results from the most successful designs

will be discussed in detail in this section. The connection stiffness and strength were of

primary interest when developing a TSJ model because they define the characteristic

signature of a connection and its properties. The goal was to develop a model that had

similar stiffness and strength to the prototype from the initial loading all the way to

failure. It was necessary to test both the model and prototype under similar loading

conditions and with a similar loading apparatus, in order to determine how well the model

compared with the prototype. It was essential that a number of prototype and model

connection tests were performed in order for accurate comparisons and conclusions to be

made. Similitude scaling techniques in chapter 2 were applied to transform model results

for comparison with prototype results. Loads were multiplied by 9 and deflections were

multiplied by 3 in accordance with similitude requirements for one-third scale. Table 4.3

shows a summary of tension splice joint model and prototype results.

The prototype tension splice joint results in Table 4.3 are reasonable when compared

with data from other researchers. Kent (1996) tested two groups of tension splice joints

under static loads and obtained an average ultimate strength of 7,284 lb [COV 6 %] and

an average (dead load) stiffness of 4.32x105 lb/in [COV 16%]. Dead load stiffness is

defined as the linear regression of the load deflection curve up to the connection dead

load. Kent(1996) did not specify a design load stiffness which is defined as the linear

regression of the slope up to one-third the design load. Design load stiffness values are

slightly higher than dead load stiffness values because connection stiffness values are

greater at lower connection loads. Freilinger (1998) also tested tension splice joints under
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static loadings and obtained an average ultimate strength of 5,760 lb [COV 12%] and an

average design load stiffness of 2.06x105 lb/in [COV 16%]. The results from this

research fall between the middle of the two with an average ultimate strength of 6,362 lb

[COV 14.8%] and design load stiffness of 3.19x105 lb/in [COV 2.6%].

The design load used for component testing in this project is defined to be one-third

of the ultimate component load. This definition for (connection) design load is drawn

from the NDS (1991) section 13.2.1 provisions for design values of metal plate

connections. This definition was used for the design load stiffness for all joints in this

research. Design load stiffness was taken as the slope of the load-deflection curve from

zero load to the design load.

Results from truss component testing are somewhat dependent upon the testing

apparatus and type of loading equipment used. Care was taken to test both models and

prototypes under very similar conditions and with similar, if not the same apparatus. In

an effort to further limit variability in the comparison of model and prototype test results,

both prototype and model connections were fabricated from the same board so that the

test results would be more likely to indicate differences in model and prototype

connections rather than differences in the wood. Some of the variability in connection

strengths when comparing results with other researchers is due to differences in wood

species (although not the case for Kent (1996) and Freilinger (1998)) and growth

conditions of the wood.

Most of the prototype tension splice joints failed in tooth withdrawal, which is one of

the more common failure modes for this type of joint. Tooth withdrawal occurs as the

ultimate connection load is approached. As it nears this load, the plate and teeth begin to

pull away from the wood. Arching of the plate begins very early for the edges of the

plates farthest from the interface of the two boards being connected.

Several connections did show plate failures which are usually less common than tooth

withdrawal, and could be due to factors such as high specific gravity Figure 4.1 and

Figure 4.2 show a prototype tension splice joint that failed in tooth withdrawal. Figure

4.3 shows one of the prototype connections that failed in plate failure (note the limited

areas of wood failure).
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Figure 4.1 Prototype tooth withdrawal/wood failure (side view)

,

Figure 4.2 Prototype tooth withdrawal/wood failure (end view)
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Table 4.3 Results of model TSJ connection tests scaled up to prototype.

Notes
Failed both in partial TW and plate tear

2 Design Stiffness = 1/3 Ultimate load of each test divided by the deflection at that load
3 1/3 of ultimate load * Not measured
4 Number of teeth on one end of the connection, supporting the full load.
E - pErpendicular to Grain PF - Plate Failure
A - pArallel to grain 1W- Tooth Withdrawal

Protototype Model Connection Types

July-96 S33E3
Apr-96
S24A3 S25A3 S43E3

Aug-96
S33E3.7 S35A3Test Group Name

Staple Orientations w/r/t Grain A E A A E E A
Scale Factor, St. 1 3 3 3 3 3.7 3

Number of Tests 10 9 8 9 10 10 10
Type of Failure Mode 3-PF, 7-TW TW TW TW TW TW 9-TW, 1-PF1
Design Load Stiffness (Ib/in)2 average 317200 238300 141500 157600 318600 269500 229500

cov% 15.7 22.2 12.5 21.3 27.6 17.9 20.3
Max Load (lb) 6362 4887 3929 4895 5937 6268 7828
Design Load (lb) 3 2121 1629 1310 1632 1979 2089 2609
Disp. at Design Load (in) 0.0068 0.0070 0.0093 0.0107 0.0066 0.0079 0.0117
Number of teeth (one end) 4 96 36 32 40 48 36 60
Per tooth strength (lb/tooth) 66.3 135.7 122.8 122.4 123.7 174.1 130.5
Per tooth stiffness (lb/in/tooth) 3304 6619 4422 3940 6638 7486 3825
Tooth Combination 24x 2x2 9x2x2 8x2x2 1 Ox2x2 12x2x2 9x2x2 1 5x2x2

Moisture Content (%) 12.2 * * * 11.6 11.7 12
Specific Gravity 0.45 * * * 0.458 0.455 0.456
MOE (Point Load Method) 1.91 * * * 2.02 2.04 2.06
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Figure 4.3 Prototype plate failure

Figure 4.5 and Figure 4.6 show two views of the predominant tooth withdrawal

failure mode for model tension splice joints. During the preliminary modeling stage it

was possible to generate consistent plate failures similar to the one shown in Figure 4.4

simply by increasing the numbers of staples until the tooth withdrawal strength for the

connection exceeded the strength of the plate. Evaluation of the first trial connections

(shown in Figure 3.8) led to further connection modifications for the staples and plates,

eventually resulting in the six model connection test groups data shown in Table 4.3.

I

3

Wood
Failure
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All 60 of the model tension splice joints shown in Table 4.3 failed in tooth

withdrawal except for one plate that failed in tension shown in Figure 4.4. The tension

failure occurred as result of the width of the plate being reduced enough by the

penetration of five staples to make the plate the weakest link in the connection instead of

the tooth withdrawal strength.
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In this table the results have been scaled up by similitude for comparison directly to

the prototype results. The same table, un-transformed by similitude, is found in

Appendix D, Table D.2. Appendix D also contains detailed test data for all of the model

tension splice joints (Table D.4 through Table D.8). Appendix C (Figure C.1 and Figure

C.2) shows detailed positioning of staples and sizing of plates used in the fabrication of

all of the model tension splice joints.

Figure 4.4 Model connection S35A3 with plate failure.

Figure 4.5 Model tension splice joint failure in tooth withdrawal (side view)
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A model scale factor of one-third (1:3) was chosen, and this scale was sufficiently

small to take advantage of the reduced model truss size and smaller testing apparatus.

During the first round of testing of the tension splice joints, the scale 1:3 was not yet

firmly set in stone. Most of the model test specimens were sawn into one-third (1:3)

scale of the standard nominal 2x4 dimensions of 11/2 in. x 31/2 in.; however, a few were

sawn into 1:3.7 scale dimensions, roughly 20% smaller than one-third scale. Test group

S33E3.7 (Figure 4.7) was the only group at 1:3.7 scale. This scale was selected for one

test group in order to gain insight into the effect of scale on a connections performance

while keeping the number and orientation of the staples consistent (plate dimensions and

staple tooth proximity were reduced). The 1:3.7 scale models performed well when the

model load (scaled first by similitude) was compared with the average prototype ultimate

load, but the average stiffness of the models were 15% lower than prototype stiffness (see

Table 4.3), effectively ruling out this connection configuration.

Figure 4.6 Model tension splice joint failure in tooth withdrawal (top view)
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Figure 4.7 shows side by side comparisons of the various connections types that were

tested and whose results are shown in Table 4.3.

Test groups S33E3, S24A3, and S25A3 were developed and tested with the purpose

of gaining insight into the effect of staple orientation. The connection parameters, per

tooth strength and per tooth stiffness of these groups are summarized in Table 4.3.

Connection type S33E3 (Figure 4.7), with a perpendicular staple orientation, has a scaled

per tooth strength of 135.7 lb, and connections S24A3 and S25A3 have approximately the

same per tooth strength, 122.4 lb. This is worth noting, because if model connector teeth

provide a consistent strength per staple, then future connections can be more easily

developed to provide any required strength. The per tooth stiffnesses for different staple

orientations are not nearly as consistent as was the per tooth strength. This is probably

due to the fact that each of the test groups had slightly different tooth spacing (see Figure

3.12). Connections S35A3 and S43E3 will be discussed later in this chapter.

Per tooth strength and stiffness for the all of the models was significantly greater than

for the prototype. Fortunately this was not a large problem, because it is the overall

response of the model that is the focus here. The number of teeth in the model and the

strength of those individual teeth is not as critical. To be practical, this distorted feature

of a similitude model will be treated much in the same way that researchers modeling

reinforced concrete beams modified steel rebar as mentioned in Chapter 2. The reason

that fewer teeth were required in the models was because it was impossible to obtain

staples that were as small as similitude would dictate. Similitude requirements dictated a

staple only 0.12 inches (2.9 mm) long (see Table 3.3). However, it was not possible to

obtain staples in lengths this short primarily because staples are primarily used as

fasteners. Staples 0.12 inches (2.9 mm) long would barely penetrate the base material, let

alone be useful for fastening one material to another. As a compromise, 'A inch staples

with an embedment length of 0.22 inches (5.7 mm) were used with an approximate ratio

of one model tooth for every two prototype plate teeth.

After the groups S33E3, S24A3, and S25A3 were tested, the next connection

configurations were extrapolated based on the data obtained from these groups. Predicted



numbers of model connector teeth were made based on stiffness values and strengths

shown in Table 4.3.

Table 4.4 Hypothesized connection table.

a Number of teeth one end, supporting the full load.
47 teeth = 6,362 lb/ (135.7 lb/tooth)

C 47 teeth = 317,197 lb/in / (6,725 lb/in/tooth)
52 teeth = 6,362 lb/ (122.6 lb/tooth)
76 teeth = 317,197 lb/in / [(4,421 + 3,939) lb/in/tooth]/2

Table 4.4 hypothesizes that a connection configuration based on connection S33E3

would have approximately 47 teeth. This information led to the S43E3 connection type

with four columns of three staples each for a total of 48 teeth with a perpendicular

orientation.

Model connection configuration S43E3 came very close to modeling the base

prototype parameters of ultimate load and stiffness after transformation by similitude to

prototype scale. S43E3's stiffness (3.19x105 lb/in) was within one percent of the

prototype stiffness (3.17x105 lb/in), and the ultimate load (5,937 lb) was within seven

percent of the prototype (6,362 lb) as seen in Table 4.3.

Connection group S33E3.7 was fabricated with a scale factor of 1:3.7 for the purpose

of determining what effect the change of scale might have on the performance of a

connection with the same number of staples and orientation. When looking at Table 4.3,

it appears at first that per tooth strengths increase for S33E3.7 when compared with

S33E3 (135.7 lb/tooth), but this is because the values in the table have been scaled up by

similitude requirements. These requirements adjust values in Appendix D, Table D.2
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Staple
Perp.

S33E3

Orientation

Parallel
S24A3 S25A3

Hypothesized Number

S33E3
Strength Stiffness

of teeth based on:

S24A3 and S25A3

Strength StiffnessPrototype

Load (lb) 6,362 4,887 3,929 4,895
Per tooth strength (lb) 66 136 123 122

Stiffness per tooth (lb/in 3,304 6,725 4,421 3,939
Number of Teethe 96 36 32 40 47(b) 47(c) 52(d) 76(e)

Overall Stiffness (lb/in) 317,197
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appropriately for similitude and the scale factor of 3.7. This scaling artificially increases

per tooth strength and per tooth stiffness relative to the value for one-third scaled

connection configurations when in reality, as seen in the raw data in Appendix D, Table

D.2, per tooth strength and per tooth stiffness were reduced. Geometrically, connection

groups S33E3 and S33E3.7 were fabricated with the same model staples, but in group

S33E3.7, the staples were placed closer together and the metal plates were made smaller.

It is interesting to note that as the staples were placed closer together and the plates

were made smaller, the per tooth strength decreased from 15.1 lb/tooth (for S33E3) to

12.7 lb/tooth (for S33E3.7). A similar reduction for per tooth stiffness occurs from 2,242

lb/in to 2,023 lb/in. These values are found in Appendix D, Table D.2.

Figure 4.8 shows a representative comparison of three model groups S43E3, S33E3.7,

and S35A3 with the prototype group from July-96. The load-deflection curves shown are

representative curves taken from test group data. Because of the small number of tests, it

was difficult to select curves that demonstrated the average characteristics of the groups

and that were also consistent with data in Table 4.3. Group S35A3 had an average

ultimate load 23 percent greater than the average of the prototype group and the average

stiffness was 28 percent less than the prototype. When observing Figure 4.8 one might

get the wrong impression that configuration S35A3 performed reasonably well when

compared with the prototype curve, but the summary data (Table 4.3) indicates otherwise.

There was also a splitting problem (Figure 4.9) with configuration S35A3, which

effectively ruled out this configuration and led to the acceptance of configuration S43E3

over S35A3 as the tension splice joint for the model truss.

A possible solution to the splitting problem in the S35A3 configuration might be to

stagger the staples such that all of the staple teeth do not fall in a row along the grain.

This splitting (Figure 4.9) was observed in several joints fabricated prior to conducting

the groups of tests summarized in Table 4.3.



9000

8000

7000 -

6000 -

5000

0 4000

3000

2000

S43E

n=10 for each line

S33E3.7 Scaled up (33E3.7-93.4)

S43E3 Scaled up (43E3-17.4)

S35A3 Scaled up (35A3-17.4)

Prototype (FA68)

88

0.05 0.1 0.15 0.2 0.25 0.3
Deflection (in)

Figure 4.8 Tension splice joint behavior scaled up for comparison with prototype.

Configuration S43E3 was selected for the model truss after evaluation of the data in

Table 4.3 and the summary statistics in Table 4.5 and Table 4.6. Table 4.5 indicates that

all other models except S43E3 have means that are significantly different (i.e. small

comparison P-values). Larger P-values would have indicated that a difference in a model

group and the prototype could not be substantiated (in other words, the groups are more

likely to be similar, or could be part of the same group).

Table 4.6 suggested that model S33E3.7 was the most favorable mode (i.e. larger P-

value) but model S43E3 was later accepted as the preferred model in order to maintain

the favorable stiffness relationship demonstrated in Table 4.5. The small P-values for the

comparison of model S35A3 loads and stiffness further substantiates the conclusion that

it does not provide a close behavior fit. S43E3 was selected mainly because the stiffness

of the connection up to the design load was very close to that of the prototype and the

ultimate loads were not much different. In hind sight, selecting a tension splice joint
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model based on stiffness proved to be a good choice because none of the model truss tests

failed at the tension splice joints or deflected noticeably. It is reasonable to assume then

that the TSJs were not loaded significantly beyond their linear elastic region of behavior.

Model S43E3 was also selected because it maintained an approximate 2:1 ratio of

prototype teeth to model teeth. A reasonable justification for this is the fact that model

teeth (for the available staple length) are approximately twice as long as what is dictated

by similitude requirements. As such, one model tooth, twice as long as similitude

specifies, provides approximately twice the holding power of a single, ideal model tooth

dictated by similitude. The end result is that half as many teeth appear in the model but

the model's overall response is very reasonable when adjusted by similitude and

compared with prototype results. This 2:1 ratio of teeth was later maintained for the heel

joints tested and the projection of the remaining, untested, truss connections.

Table 4.5 Tension Splice Joint Statistical Summary for Stiffness

a Small P-values indicates that the hypothesis of equal means is most likely incorrect.

Table 4.6 Tension Splice Joint Statistical Summary for Load

Prototype
Number of t 10

average (lb 6,360
st. dev. (Ib/i 940

P value (1 sided)a

a Small P-values indicates that the hypothesis of equal means is most likely incorrect.

Prototype S43E3 S33E3.7 S35A3 S33E3 S25A3 S24A3
Number of t 10 10 10 10 10 10 8

average (lb/ 317,200 318,600 269,500 229,500 238,300 152,600 141,500
st. dev. (lb/i 49,900 87,800 48,200 46,600 52,100 35,300 17,700

P value (1 sided) a 0.48278 0.02158 0.00037 0.00139 0.00000 0.00000

S43E3 S33E3.7 S35A3 S33E3 S25A3 S24A3
10 10 10 10 10 8

5,940 6,270 7,830 4,850 4,890 3,930
640 790 940 390 490 430

0.12736 0.40642 0.00131 0.00026 0.00034 0.00000



Figure 4.9 Connection configuration S35A3 highlighting splits.

After groups S33E3, S24A3, and S25A3 (groups shown in Table 4.3) were tested it

was observed that each connector tooth provides a certain amount of strength and

stiffness and that it would be difficult or impossible to increase one without at the same

time increasing the other. It was speculated that as connector teeth are placed closer to

one another, connector stiffness (measured at the design load) might decrease less rapidly

than ultimate strength. This trend was observed when comparing group S33E3 and

S43E3 stiffnesses to one another. Group S43E3 had staples placed closer together,

resulting in the per-tooth strength (Table D.2) being reduced from 15.1 (for S33E3) to

13.7 lb/tooth (for S43E3), while connection stiffness per-tooth was relatively constant at

approximately 2,200 lb/in/tooth. Another explanation for this observation is that

stiffness is measured at one-third of the ultimate load, at which point the capacity

connection hasn't yet been compromised by the closer proximity of connector teeth. As

the ultimate load is approached, connections with more staples concentrated in a given

area have reduced strengths.

90



4.3 Heel Joints

The design for the model heel joint configuration was accomplished after it was

determined that the model tension splice joint configuration S43E3 was suitable. One

would expect the heel joint to be more critical than the tension splice joint but because

the tension splice joint model was simpler than the heel joint model, the tension splice

joint model came first. Because the TSJ model came first, the model heel joint

connection was developed based on the staple and tooth configuration for the model TSJ

connections. Because S43E3 had staples with a perpendicular orientation, it was thought

that this perpendicular orientation with respect to the bottom chord should also be

maintained in the model heel joint.

Table 4.7 contains summary data from five model heel joint test groups and one

prototype heel joint test group tested under similar loading conditions and with similar

apparatus. Detailed data for each heel joint test group are shown Appendix D, Table D.9

through Table D.16. Design details, staple spacing and plate dimensions for each group

are given in Appendix C, Figure C.3. The development of a suitable heel joint model was

more difficult than finding a suitable tension splice joint model. Figure 4.11 shows

representative load-deflection curves for each of the model test groups. Representative

curves were selected by picking curves that were the closest to the average stiffness and

strength of the prototype. Because the trends for the curves were not always consistent

(curves with stiffnesses closer to the average did not necessarily have maximum loads

close to the average) within each groups of tests, the selection of the representative curves

were biased towards connection stiffness.

All of the test groups had average scaled strengths greater than that of the prototype,

but lower scaled stiffness than the prototype. This presented a challenge when attempting

to adjust future models to approximate prototype load-deflection curves, because, as was

found in the tension splice joint results, each staple provides a certain amount of both

stiffness and strength. One cannot increase stiffness without also increasing strength, but

one may be able to vary the relative increase of one with respect to the other by adjusting
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staple tooth spacing. The number of teeth listed in row 12 of Table 4.7 is the number of

teeth embedded in one half of the connection. In other words, the number of teeth

supporting all of the load and embedded in one of the chords (either top or bottom

chord). The number of teeth is similar to that shown in the diagram at the bottom of

Table 4.3 except Table 4.7 is for the heel joints.

Figure 4.10 shows the predominant tooth withdrawal failure mode for Model 1.

Model 1 heel joints were very consistent in their failures, although one heel joint did fail

in tooth withdrawal, distorting the plate at the same time (see Figure 4.12).

Figure 4.10 Heel joint model 1 predominant failure mode



Table 4.7 Results of model heel joint connection tests scaled up to prototype.

Model 1
(4/1/97)

Model 2
(4/24/97)

Model 3
(4/30/97)

Model 4
(5/1/97)

Model 5
(5/1/97) Prototype HJ

Staple Orientations w/r/t Bottom Chord
Grain E A E E E A

Scale Factor, SL 3 3 3 3 3 1

Number of Tests 10 10 2 3 3 10
Type of Failure Mode TW TW-30%WF TW TW TW TW

Stiffness (lb/in) 1 average 83300 80000 84600 74920 82400 106400
cov% 18.1 19.5 13.3 23.5 15.5 6.9

Max Load (lb) average 6834 8268 7373 6145 7296 5824
Design Load (lb) 2 average 2278 2756 2458 2048 2432 1941
Disp. at Design Load (in) 0.0278 0.0352 0.0293 0.0283 0.0301 0.0183
Disp. at Ultimate Load (in) 0.3184 0.3353 0.3170 0.2914 0.2804 0.2155
Number of teeth (one chord) 3 60 60 54 48 60 120
Per tooth strength (lb/tooth) 113.9 137.8 136.5 128.0 121.6 48.5
Per tooth stiffness (lb/in/tooth) 1388 1333 1566 1561 1374 887
Staple Configuration 3R10C 5R5C 3R9C 3R8C 3R10C 12R5C
Moisture Content (%) 11.8 12.3
Specific Gravity 0.44 * * * * 0.44
MOE (Point Load Method) (106 lb/in) 2.02 2.09 1.79 1.90 2.13 1.84

1 1/3 ultimate load for each test divided by the deflection at that load
2 1/3 ultimate load for each test
3 The number of teeth supporting the full load on one chord
3R10C = 3 rows, 10 columns of staples
5R5C = 5 rows, 5 columns of staples (Detailed figures of each heel joint connection type are shown in Appendix C, Figure 0.3)
3R9C = 3 rows, 9 columns of staples
3R8C = 3 rows, 8 columns of staples
12R5C = 12 rows, 5 columns of slots * Not measured
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Figure 4.13 Heel Joint Model 2 (bottom view)

Figure 4.12 Heel joint model 1, connection A63-3M1 failure mode.

Model 2 (Figure 4.13 and Figure 4.14) consisted of the same number of staples as for

Model 1, except that they were oriented in a direction parallel to the bottom chord. This

change of orientation resulted in approximately 30 percent wood failure for each Model 2

heel joint at ultimate load.
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Figure 4.14 Heel Joint Model 2 (side view)

Figure 4.15 Heel joint Model 3
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Heel joint model 3 (Figure 4.15) was stronger than needed and too flexible at the

same time. Model 3 was the same as model 1 (same plate dimensions and staple type)

except that it had 27 staples spaced in the same length plate as model 1 had 30 staples

(see Figure C.3). The fact that model 3 was stronger than model 1 supports the theory

that increased staple spacing increases the load carrying ability of a model connection.

Heel joint model 4 (Figure 4.16) consisted of 24 staples placed in the same area plate

as for Model 1. Model 4's strength was close to the prototype maximum load after being

scaled by similitude, but was 30% low in stiffness.

Figure 4.16 Heel joint Model 4

Heel joint Model 5 (Figure 4.17) consisted of the same number of staples and teeth as

for Model 1, except that they were spread out over a longer plate. Model 5's plate was

0.33 inches longer than Model l's (see Figure C.3). The purpose for this was to see if

there would be a per tooth strength stiffness gain similar to that seen for Model 3 when

compared to Model 1. This resulted in a 6% increase in overall strength with respect to

Model 1, but a stiffness slightly less than Model 1, contrary to the increasing stiffness

and strength trend with tooth spacing that was suggested by Model 3. Model 5 was 20%

stronger than the prototype after being scaled by similitude.
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Figure 4.17 Heel joint Model 5

After all five test groups were tested and the results evaluated, Model 1 (see Figure

4.18 for typical load-deflection curves) was chosen as the best of the five for several

reasons: first, because the placement, orientation, and spacing of staples were consistent

with the accepted tension splice joint model S43E, second, because Model 1 was in a

similar range of stiffnesses as Models 2, 3, and 5 (see Figure 4.11), and third, because

Model 1 was the closest model to the prototype load that was in the same range of

stiffness as the prototype, as opposed to Model 4 which was close on ultimate load but

whose stiffness, beyond one-third the ultimate loaded, diverged considerably from that of

the prototype (see Figure 4.11).

Table 4.8 Heel Joint Statistical Summary for Stiffness
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Prototype Model 1
Number of t 10 10

average (lb/ 106,400 83,270
stdev (lb/in) 6,950 15,070

Pvalue (1 sidedla 0.000377

a Small P-values indicates that the hypothesis of equal means is most likely incorr

Model 2 Model 3 Model 4 Model 5
10 2 3 3

80,000 84,570 74,920 82,440
15,620 11,240 17,580 12,820

0.00017 0.100828 0.041913 0.036398



Table 4.9 Heel Joint Statistical Summary for Load

Prototyp Model 1 Model 2 Model 3 Model 4 Model 5
Number of t 10 10 10 2 2 3

average (lb 5,760 6,830 8,270 7,370 6,150 7,300
stdev (lb) 6.35 11.74 7.98 0.23 4.73 5.55

Pvalue (1 sided)a 0.00107 0.00000 0.00000 0.13166 0.00463

a Small P-values indicates that the hypothesis of equal means is most likely inc

Table 4.8 and Table 4.9 show statistical summaries of the heel joint results. None of

the models were statistically "close" to the prototype. Models 3, 4, and 5 contained very

small data sets (2, 3, and 3 tests respectively) which gives one only a very rough

approximation of what the behavior of that connection type had larger groups been tested.

Model 1 was selected as the best model because it followed the 2:1 relationship for model

teeth to prototype teeth that was found to be true for the TSJ model. Small P-values for

all of the comparisons indicate that none of the test groups have similar mean values

which is readily apparent, even without the application of statistical tests. Further

refinement of the heel joint model is possible and recommended.

Model 1 consisted of thirty staples embedded in a one-third scale plate (1 in x 1.67

in), and with a perpendicular orientation relative to the truss bottom chord. Model 1

stiffness was 83,277 lb/in which was 22% less than the prototype stiffness of 106,390

lb/in. Model 1 average ultimate strength of 6,834 lb was 17% greater than the prototype

ultimate strength of 5,824 lb.

With further effort it may be possible to refine model heel joint design, so that a better

match of prototype heel joint behavior is achieved. Refinement could include further

modification of number of styles, placement, orientation, and plate dimensions. One

possibility might be staggering the staple spacing in the plates. All model heel joints

failed in tooth withdrawal, which was true for all of the prototype tests as well.
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Figure 4.18 Heel Joint Model 1

Figure 4.20 shows a prototype heel joint after failure. Plate distortion is clearly

visible after failure. The failure mode is not as clearly seen unless loading is continued

beyond the maximum load. Ordinarily in a load-controlled test, failures are much more

abrupt with the top chord and bottom chord of the heel joint connection breaking

completely apart. However, because the equipment used in this research was

displacement-controlled, not load-controlled, the failures were more gradual.

Figure 4.21 shows how prototype heel joint connector plates failed in tooth

withdrawal. This is similar to the tooth withdrawal failure mode seen in model heel

joints (shown in Figure 4.21 and Figure 4.12) where tooth withdrawal was initiated in the

bottom chord first. Figure 4.22 shows the predominant failure mode for model heel

joints where the plate withdrew from the bottom chord of the truss.

Once suitable TSJ and HJs were developed, the remaining truss connections were

designed based on projections from the previous tests. Model heel joint behavior,

although not as close to prototype behavior as the model tension splice joint model, was

deemed acceptable in light of the many challenges faced. Further refinement of the heel
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joint model was possible, but due to time constraints and the preliminary nature of the

research effort, the research effort moved on to model a complete truss.
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Figure 4.20 Prototype heel joint failure.
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Figure 4.19 Typical Prototype and Model 1 heel joint load-deflection curves.
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Figure 4.21 Prototype heel joint with tooth withdrawal failure.
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Figure 4.22 Model heel joint with bottom chord tooth withdrawal
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4.4 Model Truss

The development of the model truss was the culmination of two years of graduate

research. Numerous model connections were tested before suitable connections were

found. Because this study was a preliminary look at model truss development, one of the

primary goals of this modeling process was to measure and model two of the primary

truss characteristics, stiffness and strength. These values are of primary interest in

design, and are used to compare model truss behavior to prototype behavior. Truss

results from LaFave and Itani (1992) and Wolfe and McCarthy (1989) will be used for

general comparison with the model truss results obtained from this research.

The average MOE for the model truss members was 2.0x106 lb/in'. A summary of the

truss MOE values is shown in Table 4.10. Truss member location is defined in Figure

3.21.

Table 4.10 Model truss Modulus of Elasticity summary
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1
Members occupy and are continous through two computer model member definitions.

Test ID 5-61

MOE at Truss member

7-81 1-21 341 1

location (106 lb/1n2)

9 10 11
I

12

Average

(106113/1n) COV%

TR1 1.55 2.12 2.00 1.92 1.78 1.78 1.90 1.90 1.91 6.26

TR2 2.13 1.74 2.80 1.93 1.79 1.79 1.90 1.90 2.00 17.32

TR3 2.14 1.74 1.82 1.94 1.79 1.79 1.93 1.93 1.89 6.81

TR4 1.98 2.16 1.80 1.96 1.93 1.93 2.05 1.93 1.97 5.31

TR5 2.18 1.81 2.00 1.99 2.06 1.82 2.06 1.82 1.97 6.98

TR6 2.01 2.20 1.83 1.82 2.08 2.08 1.95 1.95 1.99 6.54

TR7 2.48 2.03 1.96 1.87 2.09 1.83 2.09 1.83 2.02 10.57

TR8 2.04 1.88 1.84 2.49 2.10 2.10 1.97 1.97 2.05 9.84

TR9 1.89 1.89 1.97 2.06 1.85 1.85 2.11 2.11 1.97 5.73

TRIO 2.07 1.91 1.98 2.31 2.11 2.11 1.87 1.87 2.03 7.47

Average 2.10 1.95 2.00 2.03 1.96 1.91 1.98 1.92 1.98 3.19



104

The design load used by LaFaye and Itani (1992), Wolfe et al. (1986), Wolfe and

McCarthy (1989), and Wolfe and LaBissoniere (1991) were based upon typical code

design loads (for dead load and load duration factors) applicable to trusses in their

regions, as opposed to the definition of design load used for component testing in this

research (discussed in section 4.2). For component testing, the design load is defined to

be one-third of the ultimate component strength for each test (tables values are averages

of these from each test). This definition for (connection) design load is derived from the

NDS (1991) section 13.2.1 provisions for design values of metal plate connections. This

definition was used for the design load stiffness for the all joints tested in this research.

For comparison with research by Wolfe et al. (1986) and LaFave and Itani (1992), a

truss load of 33 lb/ft2 (total prototype truss load of 1,850 lb, or for the model, 1850/9 =

205 lb) was used as the design load for the model trusses developed in this research

project. Truss design loads are region dependent, and thus a reasonable loading was

assumed for the model truss. It was the same loading used by Wolfe et al. (1986) for

their 6/12 pitch trusses, and close to the 1,800 lbs used by LaFave and Itani (1992). A

loading of 1,850 lbs applied to a one-third scale model would be nine times greater than

that required by similitude. Therefore truss loads are scaled by similitude before being

imposed upon any model structure.

The model trusses in this research were 4/12 pitch, but it was still felt to be

appropriate to use the same basic loading because it only affects the model truss stiffness

calculations. For the purposes of this research, the unscaled design load of 205 lb

determines the region of the load-deflection curve for the truss from which the average

slope is determined. Truss stiffnesses for the trusses were defined as the slopes of the

load-deflection curves created by plotting the total applied load on the truss versus

deflections at specific points in the truss and also versus the average deflection for several

different points in the truss. Wolfe et al. (1986) had a slightly different definition in

which they defined their truss stiffness as the slope of the truss load-deflection curve up

to 1.25 times the design load. Under higher loadings, the average slope of the load-

deflection curve is reduced, and a greater portion of the load-deflection curve is included

in the calculation.



1

Scaled up to Prototype by one-third scale factor
2

Maximum Load scaled by one-third scale factor squared
3

Truss test failed improperly because of brace inadvertently left out, truss was re-tested but

data shown is questionable

4 Average and COV exclude test TR6

A summary of the model truss test data is shown in Table 4.11. The same table with

the data unsealed by similitude is shown in Appendix D, Table D.3. The truss locations

B, C, E, G, and F mentioned in Table 4.11 are defined in Figure 3.21.
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As can be seen in the typical model truss load-deflection curve in Figure 4.23, the

load-deflection curves was approximately linear up to the design load of 205 lb. Lafave

(1990) and Wolfe and McCarthy (1989) also reported similar linear trends that extended

up to two and three times the design load. The explanation for this is discussed in

greater detail later in this chapter. The probable cause for this is that the model truss was

not overplated as the trusses from Wolfe et al. (1986), Wolfe and McCarthy (1989), and

Wolfe and LaBissioniere (1991).

Table 4.11 Summary of model truss data scaled up to prototype

Test

ID

Maximu

m Load

(1b)2 B

Stiffness

C

(lbfin)1 at locations:

E G F 13&C

Average Stiffnessl

E&G E,F&G All

Time to

Failure

(min)

Average
Truss MOE

(106 Ibfin)

TR1 4,117 4,419 4,733 4,306 4,880 4,247 4,576 4,593 4,478 4,517 13.6 1.91

TR2 3,871 4,761 4,405 4,732 4,360 4,009 4,583 4,546 4,367 4,454 13.7 2.00
TR3 3,717 4,114 4,169 4,258 4,316 3,958 4,141 4,287 4,178 4,163 11.8 1.89
TR4 4,095 4,154 4,335 4,216 4,344 4,278 4,245 4,280 4,279 4,266 16.0 1.97
TR5 3,546 4,975 4,936 4,949 4,804 4,772 4,955 4,877 4,842 4,887 21.0 1.97
TR63 4,243 4,664 5,018 4,835 5,112 4,934 4,841 4,974 4,960 4,913 22.0 1.99
TR7 3,771 4,551 4,561 4,860 4,505 3,905 4,556 4,683 4,423 4,476 30.3 2.02
TR8 4,077 4,393 4,450 4,385 4,607 4,194 4,421 4,496 4,395 4,406 13.7 2.05
TR9 3,870 4,342 4,319 4,354 4,328 3,847 4,330 4,341 4,176 4,238 13.7 1.97
TRIO 3,987 4,669 4,865 4,615 4,745 4,423 4,767 4,680 4,594 4,663 27.2 2.03

Averag 3,895 4,486 4,530 4,519 4,543 4,181 4,508 4,531 4,415 4,452 17.9 1.98

COV % 5.5 6.0 6.4 6.2 6.1 8.7 5.8 5.2 5.9 5.8 36.1 2.56
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The average stiffness columns (in Table 4.12) are comparable to the definition of

global truss stiffness used by Wolfe et al. (1986), who also established modulus of

elasticity categories (low, medium, and high) for their trusses of pitches 3/12 and 6/12

(see Table 4.12). Their MOE categories were low (L): 0.8 to 1.4x106 lb/in2, medium (M):

1.4 to 2.0x106 lb/in', and high (II): 2.0 to 2.6x106 lb/in2. Their trusses were tested with 28

equally spaced point loads across the truss top chord which resulted in a much more even

distribution of loading to the truss than the three point loading applied to the model truss

here.

0 0.10 0.20 0.30 0.40 0.50 0.60

Deflection (in)

Figure 4.23 Typical model truss load deflection curve

The range of MOE values for the model trusses falls at the dividing line between the

medium and high range. One major difference in the model trusses was that model truss

heel joint connector plates were not oversized or overplated (meaning over-sized, heavier

gauge metal plates used), as was the case in the research by Wolfe et al. (1986).



Table 4.12 Truss stiffness results from Wolfe, et al. (1986)

1 Nodal locations defined in Figure 3.21

2 Stiffness defined as slope up to 1.25 times design load

3 Low MOE range 0.8 to 1.4 x106 lb/in2

4 Low MOE range 1.4 to 2.0 x106 lb/in2

5 Low MOE range 2.0 to 2.6 x106 lb/in2

Wolfe et al. (1986) used heavy 16 gauge (0.0625 in thick) for their heel joint and

tension splice joint connections, but used the typical 20 gauge (0.04 in thick) truss

connector plates for the remaining connections. They justified the use of oversized

connector plates because load duration effects are applicable to wood but not to steel.

They surmised that this would result in a disproportionate number of failures in the metal

connector plates. Because they were interested in verification of their computer models

and their ability to predict the probability of wood failure, they felt there was adequate

justification for overplating their trusses. Because the heel joints and tension splice joints

were overplated, none of their trusses failed in these connections. The most common

failure mode was tooth withdrawal and wood failure in the bottom chord, tension web

connections.

The model trusses developed in this research were not overplated, and therefore it is

expected that the scaled strength and stiffness of the model trusses will be less than for

trusses tested by other researchers that did overplate their trusses. If future model truss
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MOE Category
EandG

Average COV

Stiffness Location1'2

B and C
Average COV

F

Average l COV
Ultimate
Load (lb)

(lb/in) (%) (lb/in) (%) (lb/in) (%) (lb)

3/12 pitch Trusses

Low2 3,460 8.8 3,270 9.1 3,220 9.6 4,720

Medium3 5,030 6.9 4,570 6.2 4,670 8.4 6,550

High4 6,020 5.3 5,600 6.5 5,550 6.6 7,510
6/12 pitch Trusses

Low2 9,820 6.3 9,040 5.1 9,740 3.5 6,120

Medium3 13,920 9.7 13,010 7.0 14,540 6.8 9,590

High4 18,690 9.4 17,820 8.0 18,740 9.1 9,120
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results are desired to have the same stiffness and strength behavior as previous prototype

test results, model truss connections may also need to be overplated.

LaFaye (1990) tested six 32-foot, 4/12 pitch, Fink roof trusses. His trusses were

constructed with nominal 2 x 6 (11/2 in. x 5V2in.) top chords and nominal 2 x 4 (11/2 in. x

3V2in.) bottom chords with connector plate sizes as designed by the connector plate

manufacture (thus the truss was not overplated). The average MOE for the truss boards

was 2.25x106 lb/in2 (COV 24%). LaFave (1990) loaded his trusses with three equal point

loads applied at points E, F, and G, as was also done for the model truss testing in this

project. LaFave (1990) obtained an average truss stiffness of 5,620 lb/in (average

stiffness for panel points B and C) with a COV of 7% and an average ultimate strength of

6,560 lb with a COV of 7.6%.

Model trusses tested in this study had a stiffness COV of around 5% compared to the

average COV for prototype trusses of around 8%. This difference may be due to the fact

that Wolfe et al.'s (1986) prototype trusses had more wood failures as a result of the

overplated connections, and the model truss showed tooth withdrawal failures

consistently at the heel joint. Wood failure is more dependent upon the wood, and the

wood is more variable in both strength and stiffness. Connections that consistently fail in

tooth withdrawal may be more dependent on the model connector plates and teeth, which

should be more consistent for all of the metal plates, thus resulting in lower variability for

connections failing in tooth withdrawal compared to those with wood failure.

Table 4.12 also shows the ultimate truss loads that Wolfe et al. (1986) obtained. The

average model truss strength when adjusted by similitude was 3,895 lb, which is 17 and

41 percent less than what Wolfe et al. (1986) obtained for the 3/12 pitch truss with low

and medium MOE ranges respectively. Arguably, the reason that the ultimate load was

lower was because the model truss heel joints were not overplated. Model truss stiffness

was similar to that observed by Wolfe et al. (1986) for 3/12 pitch trusses in the medium

MOE range.

Model truss average strength (3,895 lb) and stiffness (4,508 lb/in at points B and C)

are less than LaFave's (1990) results by 41% and 20%, respectively. The fact that model

results are less than LaFave's can be attributed to at least two factors. First, model truss



Figure 4.24 Most common model truss failure mode (heel joint tooth withdrawal)

The most common model truss failure mode is shown in Figure 4.24. In this mode,

the plates and teeth arch up and pull out of the bottom chord while staying fully

embedded into the top chord of the truss. The second most common truss failure mode
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MOE was 1.98 x106 lb/in2 (COV 2.5%) while LaFave's was 2.25x106 lb/in2 (COV 24%).

Second, LaFave's truss top chord was a 2x6, not a 2x4 as was the case for this study.

The only type of failure mode seen for the model trusses was heel joint tooth

withdrawal. There were several different variations of heel joint tooth withdrawal

observed. Five of the trusses failed as shown in Figure 4.24 where the connector plate

withdrew from the bottom truss chord and not the top.

.
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(in which three trusses failed) is shown in Figure 4.25 (side view) and Figure 4.26 (end

view).

Figure 4.25 Tooth withdrawal from both top and bottom chords (side view)

These three trusses failed in tooth withdrawal with the plate withdrawing from the

top chord on one side and from the bottom chord on the other side. This mode of failure

was possible because there was no lateral support placed directly at the heel joint

preventing the chords from deflecting out of the plane of the truss (the nearest lateral

support to the truss was about 18 in. toward midspan of the truss).

None of the other truss connections showed noticeable deformations except for slight

deformations at the heel joint on the opposite end of the truss that failed. During truss

loading, all of the displacements were gradual with no abrupt movements until the truss

heel joints failed. The three point loading mechanism that was designed specifically for

this research worked very well (see Figure 3.30).

The applied loads were monitored throughout the tests. The loadings measured under

the truss supports (at point A and D) were slightly less than the total applied loading

(above point F) by an average of about 9 lb as the truss load neared the ultimate load.
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Figure 4.26 Tooth withdrawal from both top and bottom chords (end view)

In (only) one of the truss tests, a truss failed in the heel joint connector plate by

withdrawing from the top chord on both sides as shown in Figure 4.27. The back side of

the connection (not shown) is an exact mirror of the side visible in the figure.

The model truss stiffness variation (COV) averaged around 5% while the COV for

Wolfe et al. (1986) was around 8%. This difference is probably due to the fact that the

prototype trusses had more wood failures as a result of the overplated connections, and

the model trusses showed only tooth withdrawal failures which are less variable than

wood failures.
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This is attributed to load being transmitted into the lateral braces because as truss top

chords began to buckle under higher loadings, friction may have developed between the

braces and the truss top chord, thus transferring a small portion of the load at higher load

directly to the bracing.
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Figure 4.27 Tooth withdrawal failure from top chord

The model truss testing was carried out with little difficulty. Bracing at 18 in

intervals proved to be adequate for preventing top chord buckling of the trusses during

loading. Because the truss model was one-third scale, all of the testing was easily

accomplished by one person.
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Trusses can fail at their connections by tooth withdrawal of the metal plates from the

wood or by yielding (and/or tearing) of the metal plates, or a combination of the two.

The third type of failure, wood member failure, can be caused by a number of factors

such as poor grading of the wood, inclusion of large knots, and large slope of grain.

Because of these concerns, wood trusses are intentionally designed very conservatively.

Because of this conservatism, even "weaker" trusses will most likely fail at loads

significantly greater than the design load.



4.5 WinFinite Truss Computer Model

A simple finite element model was developed with a computer program, WinFinite

(1994), for comparison with the physical model truss results. At the outset, the computer

model was not anticipated to provide a completely accurate representation of the model

truss. The finite element model was useful for determining member loads, and it also

provided an estimate of truss stiffness for comparison with model truss results.

A simple finite element computer model suggested that a three point loading (applied

to points E, F, and G) was much superior to a single point load applied to the peak of the

model Fink truss. The single peak load applied to the computer model resulted in almost

no loading being distributed to the truss web members, and it was felt that the extra effort

in testing and in the design of a wiffle-tree type loading apparatus (that converted a single

point loading into three approximately equal loads) was justifiable. All joints in the

computer model were pinned except those that were continuous through joints. Table

4.14 compares the resulting member loads for three different truss loading conditions for

100 lbs of loading on the model truss. The three equal point load case consisted of three

equal loads of 145 lbs each applied at points E, F, and G (as defined in Figure 3.21). The

single point load case was applied at the peak with the total load of 435 lb. And, finally,

the distributed load case was with the 435 lbs distributed equally over the whole length of

the top truss chord.

The same trends for internal member forces (shown in Table 4.14) in members 9 and

10 (as defined in Figure 3.21) are seen for the uniformly distributed load case and for the

three equal point loads case. The results for the three point loading and the distributed

loading are surprisingly close (-148 and +152 lb vs -133 and 142 lb, respectively), when

recognizing the fact that the three point loading concentrates more of the truss load near

the center of the truss span and the distributed load applies some of its load very near the

ends of the span, thus transferring less load into web members 9 and 10. Similar loading

trends are also seen for members 1, 2, 5, and 6 although members 9 and 10 have more

pronounced differences between the three point loading and distributed loading case. It
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1 Truss average time to failure = 17.0 min
2 Percent less than model results

3 Average Truss MOE (101'6 lb/in2)

Table 4.14 Member force comparison for three finite element loading conditions

The finite element computer model results were 39% stiffer and not very close to the

physical model results as shown in Table 4.13. Vatovec et al. (1996) found that by

including the effect of joint semi-rigidity, the vertical displacements of a finite element

model scissors truss increased by 14%. It would seem reasonable then that the simple

finite element model, developed for comparison with the model truss data, would be
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should also be noted that the distributed loading results in bending moments between the

truss top chord nodes that are not present for the three equal point loading case. Data

obtained from the computer model for the three loading conditions are found in Appendix

E.

Table 4.13 Finite element model comparison with average model truss results.

Stiffness (lb/in) at locations: Average Stiffness (lb/in)

Maximum

Test ID Load (lb) 13 C E G F Iit&C E & G E,F&G All MOE3

Test Average 433 1,495 1,510 1,506 1,514 1,394 1,503 1,510 1,472 1,484 1.98

Computer 435 2,380 2,380 2,572 2,572 2,351 2,380 2,572 2,499 2,451 1.98

Percent Difference 2 37 37 41 41 41 37 41 41 39 0

Load Case
Member Loads

Member 1 Member 2 Member 5 Member 6 Member 9 Member 10
(lb) (lb) (lb) (lb) (lb) (lb)

Three equal point 646 438 -681 -574 -148 152
Single peak load 646 652 -681 -683 3.7 -4.3
Uniformly distributed 518 327 -561 -470 -133 142
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stiffer but not 39% stiffer. The difference between the computer model and model truss

test data could rise from several other factors as well.

Axial and rotational stiffnesses influence displacements between members

intersecting at truss nodes. This internal connection slip is not accounted for in a

pined finite element model.

Vatovec et al.'s (1996) scissors truss may have behaved differently than a typical

Fink truss. There could be a greater disparity between a computer model of a

Fink truss and its counterpart physical model.

During the loading of the model trusses, no pre-load was applied. Potentially this

might result in a less stiff load deflection curve when the curve is approximated as

the slope of the initial linear portion of the load deflection curve.

Finally, the fact that the model truss heel joints were not stiff enough might

contribute some to the difference between the computer model and physical tests.

Summary data shown in Table 4.7 demonstrates the differences between the

prototype and model heel joint tests. A stiffer heel joint would be desirable.

All these issues combined might at least partially explain the disparity between truss

test data and the computer model. For lack of truss data to compare with for the loading

conditions and truss configuration used, the computer model is the next best thing for

comparison. In spite of the computer model's inaccurate stiffness results, it served the

practical purpose of determining member loads.

For more accurate results there are more sophisticated truss analog and truss modeling

programs available such as PPSA (Purdue Plane Structures Analyzer). According to

Callahan (1993), truss heel joints are especially difficult to model with finite element

models, and require the use of fictitious members inserted near the heel joints to better

approximate heel joint fixity. Because the computer model developed for this project was

very elementary, the results obtained by it should be used with care.



5. CONCLUSIONS

Small-scale modeling of metal-plate-connected wood trusses, at the start of this

research project, had never been done before to the best of the author's knowledge. Had

it not been for the convenient solution of using sheet metal and staples to model metal

plates and their teeth, this project may not have been as successful. Small-scale modeling

of metal-plate-connected trusses required that a number of obstacles be overcome. Many

of these obstacles were overcome. The concern with the use of wood as a modeling

material is not so critical, because this research shows that similitude can be applied to

wood even in combination with complex connection configurations.

The MOE study showed that although prototype and model wood have similar

average MOE values, the variation for the model boards was significantly higher. How

much effect this variation in the model boards has on the model trusses is not certain,

although the model trusses had comparable coefficients of variation when compared with

prototype test results.

Tension splice joint model S43E3, with 24, 1/4 inch staples embedded in each plate in

the perpendicular to grain orientation, came very close to modeling the base prototype

parameters of ultimate load and stiffness after transformation to prototype scale. S43E3's

stiffness (3.18x105 lb/in) was within one percent of the prototype stiffness (3.17x105

lb/in) and the ultimate load (5,937 lb) was within seven percent of the prototype strength

(6,362 lb).

Heel joint Model 1 was designed with 30, 1/4 inch staples embedded in each plate,

perpendicular to the grain of the bottom chord. Heel joint Model 1 stiffness was 83,280

lb/in, which was 22% less than the prototype stiffness of 106,400 lb/in. The average

ultimate strength of this connections (6,834 lb) was 17% greater than the prototype

ultimate strength of 5,824 lb. This model was considered acceptable because of the

preliminary nature of this study.

Once tension splice joint model 543E3 and heel joint model Model 1 connections

were developed, a model truss was fabricated based upon these connection configurations
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and fabrication techniques. The staple density was held constant and projected for the

remaining web and peak connections based on typical prototype truss plate areas for

those connections. None of the model truss results obtained up to this point have

indicated that small-scale modeling of wood trusses is impossible or unreasonable.

Because of the small amount of full-scale truss data available for comparison, and also

because most of these results are for trusses with overplated connections, it is difficult to

make comparisons. The average model truss stiffness would be expected to be even

closer to the average truss stiffness determined by Wolfe et al. (1986) if the fact that they

overplated several of the truss connections were fully accounted for.

The group of ten model truss tests have successfully shown that not only can model

trusses be fabricated, but their scaled average stiffness is within 17% of that obtained for

prototype trusses. As was expected, the strength and stiffness results from the model

truss are less than the stronger, stiffer, prototype truss results available. The stiffness of

the model trusses was much less variable than for the individual model board that were

used to make them. The model boards had a typical coefficient of variation (COV) of

14% (see Table 4.1), while a typical model truss stiffness COV was around 6% (Table

4.7). Model truss stiffness COV values were not unlike those of prototype trusses as seen

in Table 4.12).

Model truss stiffness and strength results were favorable overall and there is good

reason to believe that with small modifications to model truss plates (to their size, number

of staples and staple orientation) it would be possible to match prototype truss behavior,

and if necessary, overplate prototype trusses.

The modeling techniques developed are practical and could be applied by a researcher

with a little practice and persistence. Once patterns and jigs are constructed and all

individual truss members are sawn, a single truss can be fabricated with proper equipment

in as little as twenty to thirty minutes.



6. RECOMMENDATIONS

After successfully demonstrating that it is possible to develop a small-scale physical

model of a metal-plate-connected wood truss, there is a broad spectrum of possibilities

for additional research. One of the most immediate advantages of this scale model truss

research technique is that a system of model trusses could be used to further verify and

quantify the effects of load sharing and composite action.

A number of recommendations for future research can be made. The results

presented in this report serve only as a stepping stone to more advanced truss research.

To meet that end and to further satisfy critics of small-scale modeling with wood, further

verification of the truss modeling techniques will be required. A number of possible

studies are recommended:

Develop a greater understanding of how parameters of the wood such as stiffness

and strength affect model wood connections. The MOE study described in

section 3.2 could be extended to include a number of different board lengths and

dimensions. The study could also include the effects of juvenile wood and pith on

overall stiffness and strength of wood. New standard testing methods for

determining model component properties may need to be developed. Present

methods for prototype dimensioned wood components may not be directly

applicable to the spans and dimensions of model test specimens.

The effect of MOE on model truss stiffness would be a useful study. It is already

known that MOE has a pronounced effect on prototype trusses. Is this also true

for model trusses? Wolfe et al. (1986) found that MOE had a profound effect on

truss stiffness. Further testing of model trusses in low, medium, and high MOE

groups would be needed to determine whether the effects of model MOE are the

same, more, or less than for prototype trusses.
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In the future it may be worthwhile to perform a study specifically on the effect of

span length on the measured MOE of wood. If the measured MOE values of

wood are consistent, and independent of span (say from 2.5 to 5 feet), the

selection of model board material might be facilitated because weakening defects

such as knots could be eliminated first. The remaining boards would be shorter

with knots cut out of them, but these shorter boards could be used for model truss

web members which are shorter than truss top and bottom chords.

A study into the effects of orientation and proportions of early wood and late

wood on the holding ability and strength/stiffness of model truss connections

would be useful. Truss connectors may have greater stiffness and strength if they

are embedded into wood with higher specific gravities, MOE values, or with

certain grain angles with respect to the plate.

A study could be performed to determine if a more advanced selection criteria for

grading wood to be used in modeling would be useful for controlling model

variability. Grading could include effects of knots, slope of grain, specific

gravity, MOE, presence or nearness to pith and possibly even the amount of early

wood and late wood present. Allowances for defects could be outlined. This

method although rigorous may prove very beneficial for controlling model

variability. This study would be justified if the variability of model connections is

deemed to be too high.

A study on the rotational stiffness of model tension splice joint and heel joint

connections would be useful to compare the two and further refine the model

connections.

The first group of trusses all failed in tooth withdrawal at the heel joints with no

noticeable deflection at any of the other truss connections (i.e. tension splice joint,

peak joint or web joints). Theses trusses could be re-plated with oversized heel

joints plates and then re-tested to gain further insights into the behavior of the

model trusses. It would be useful to determine if model trusses with overplated



connections might have strength and stiffness even more like that obtained by

other researchers for overplated trusses.

Additional testing could be performed on other connections besides the tension

splice joints and heel joints, which were the only individual connections tested in

this research. There is certainly some room for refinement of the web connections

and peak joint connections. No effort was made to further refine the truss

modeling methods after the first ten trusses were tested. Undoubtedly, other

researchers will be able to use the knowledge gained from this research and

further improve model MPC truss methods.

A study comparing load-controlled tests and displacement-controlled tests using

the same testing apparatus and test specimens from the same board would be

useful for better understanding and comparing differences between data generated

by each loading method. Load-controlled tests are more dynamic as the ultimate

load is approached while a displacement controlled test would have a much more

gradual failure. Potentially, displacement-controlled tests might allow greater

creep as the higher loads are supported for a longer time than for load controlled

tests.

Tests should be done to determine the material properties of the model connector

plates for comparison with prototype connector plate properties.
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APPENDIX B MODEL TRUSS DIMENSIONS

4'-8 9/32"

A

N-1 1/4"

18.4° 43.2
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2-0 9/32"
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17/32" - 1 9/32"

5/8'' 17/32"
2'-0 13/32"
2-19/16"
2-1 1/32"

6-2 9/16"

43.1°

24.7°
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Figure B.1 Model truss dimensions
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127

310 9/16" 5-5 1/4"

46.9° 5-5 1/4"



43.
18.4° 43.2 118.4°

46.9°

14'-9 31/32"

1443 25/32"

43.

<-1-13-5-- 217°

Figure B.2 Prototype truss with dimensions
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APPENDIX C JOINT CONFIGURATIONS AND TEMPLATES
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Figure C.1 Various TSJ model connection configurations

0.24 in

1.32 in

1.33 in

129

0.08 in

0.15 in

,0.18 in

Approximate scale

.12 in

T0.21
in

Approximate scale

0.14 in 0.18 in 0.10 in

0.08 in 0.16 in 0.12 in 0.20 in

.0

__/0.06 in

Grain Orientation

_z0.16 In
0.18 in



Grain Orientation

0.18 ift 0.141

0.12 in

Grain OrientationOrientation

S25A (1:3)

1.30 in

0.20 in

0.12 in

0.19 in

Approximate scale

0.53 in Full-Size Connection

0.50 in
0.25 in

4.0 in

Grain Onentation

0.08 in
0.18 i

0.08

I \ I I

Figure C.2 Additional TSJ model and prototype configurations
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Figure C.4 Prototype heel joint configuration

Figure C.5 Model truss template for 2 inch by 4 inch model plate
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Figure C.6 Model truss template for 3 inch by 4 inch model plate
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Figure C.7 Model truss template for 3 inch by 5 inch model plate
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APPENDIX D MISCELLANEOUS TABLES

Table D.1 Prototype and Model MOE values from August 1997 Tests
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46 1.84 0.48 0.598 1.92 A46-1 0.180 1.87 2.6 1.82

A46-2 0.218 1.86 4.0
A46-3 0.219 1.85 3.8
A46-4 0.263 1.54 2.5
A46-5 0.214 1.89 3.3
A46-6 0.213 1.90 5.0

62 1.89 0.51 0.582 1.97 A62-1 0.236 1.71 7.7 1.95
A62-2 0.199 2.04 7.7
A62-3 0.208 1.95 7.1

A62-4 0.240 1.69 5.9 KN
A62-5 0.222 1.83 5.9
A62-6 0.164 2.46 5.9

93 1.84 0.49 0.601 1.91 A93-1 0.207 1.96 7.1 1.91

A93-2 0.193 2.10 20.0
A93-3 0.184 2.20 20.0
A93-4 0.293 1.38 14.3 KN
A93-5 - - - KN

A93-6 0.213 1.90 10.0 KN
99 1.88 0.52 0.605 1.90 A99-1 0.201 2.02 4.2 1.97

A99-2 0.203 2.00 4.2
A99-3 0.191 2.12 4.0
A99-4 0.242 1.67 4.2 SKN
A99-5 0.218 1.86 4.2 SKN
A99-6 0.190 2.13 3.7
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A17-2 0.203 1.99 6.3 SKN
A17-3 0.339 1.20 3.8 P
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A17-5 0.174 2.32 7.1

A17-6 0.330 1.23 4.0 NP
32 1.93 0.51 0.57 2.01 A32-1 0.188 2.16 5.6 2.07

A32-2 0.202 1.95 5.6 CL
A32-3 0.208 1.95 5.6 CL
A32-4 0.189 2.14 5.9
A32-5 0.188 2.09 6.3
A32-6 0.182 2.16 5.9



Table D.1 Prototype and Model MOE values from August 1997 Tests (continued)

excluding model boards with interfering knots and pith

Note Identification Input Dimensions and Loading
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A68-2 0.233 1.74 3.7 KN

A68-3 0.239 1.70 3.7 KN

A68-4 0.225 1.75 3.7 KN

A68-5 0.245 1.61 4.0 KN NP
A68-6 0.215 1.83 4.0 KN

101 1.9 0.51 0.612 1.87 A101-1 0.197 2.05 4.3 1.89

A101-2 0.203 1.99 4.3

A101-3 0.191 2.12 4.3
A101-4 0.249 1.58 4.0 KN

A101-5 0.220 1.84 4.0 KN

A101-6 0.225 1.75 4.0 KN

1 1.88 0.52 0.61 1.88 A1-1 0.190 2.13 10.0 1.90

A1-2 0.240 1.64 5.0
A1-3 0.185 2.12 12.5

A1-4 0.218 1.75 12.5
A1-5 0.222 1.83 5.9
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Average 1.87 0.51 0.6018 1.91 0.216 1.90 6.1 1.900
STDEV 0.03 0.01 0.01 0.05 0.04 0.26 3.58 0.08

COV(%) 1.61 2.69 2.48 2.56 16.35 13.8 58.5 4.38

Average' 2.01

STDEV1 0.20

COV(/o)" 9.8

KN Knot intefering with MOE,
causing greater deflection

Model Board Width (in)
Model Board Thickness (in)

1.167
0.5

SKN Small Knot Interfering Model Board Length (in) 39.5
Contained Pith Prototype Board Length (in) 118

NP Near Pith Prototype point load (lb) 33.0

CL Clear, without any knots Model point load (lb) 3.8
Bad data reading
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Table 1).3 Summary of model truss data (unsealed)

1

Truss failed improperly because of brace inadvertently left out, truss was retested but
data shown are questionable.

2
Average and COV exclude test TR6

138

Test ID
Maximum

Load (lb)

Stiffness (1131in) at locations:

F

Average Stiffness (113/in)

B&C E & G 1 E,F&G All

Time to

Failure

(mm)

Average
Truss MOE

(1 0"6

lb/in2)

TR 1 457 1473 1578 1435 1627 1416 1525 1531 1493 1506 13.6 1.91

TR2 430 1587 1468 1577 1453 1336 1528 1515 1456 1485 13.7 2.00
TR3 413 1371 1390 1419 1439 1319 1380 1429 1393 1388 11.8 1.89
TR4 455 1385 1445 1405 1448 1426 1415 1427 1426 1422 16.0 1.97
TR5 394 1658 1645 1650 1601 1591 1652 1626 1614 1629 21.0 1.97
TR61 471 1555 1673 1612 1704 1645 1614 1658 1653 1638 21.0 1.99
TR7 419 1517 1520 1620 1502 1302 1519 1561 1474 1492 30.3 2.02
TR8 453 1464 1483 1462 1536 1398 1474 1499 1465 1469 13.7 2.05
TR9 430 1447 1440 1451 1443 1282 1443 1447 1392 1413 13.7 1.97
TR 1 0 443 1556 1622 1538 1582 1474 1589 1560 1531 1554 27.2 2.03

Average2 433 1495 1510 1506 1514 1394 1503 1510 1472 1484 17.9 1.98

COV `)/02 5.0 6.3 5.8 6.1 4.9 7.0 5.7 4.5 4.8 5.1 37.5 2.71



Table D.4 Full-size tension splice joint data

Failure Modes

Plate Dimensions 3"x 4" (7.62cm x 10.16cm)

Wood Dimensions 3.5"x 1.50" (8.89cm x 3.81cm)
Load Rate 0.1cm/min. Grain Orientation

Number of Tests 10

1.35 cm
1.23 cm

0.67 cm

Full-Size Connection

0.15 cm

c.)

co

0.30 cm

E

co
N.Number of teeth (one end of connection) 96 cO

Approximate scale

10.16 cm

Model MOE
Design Disp. at Full-Scale MOE Point Load Moisture Specific Grain Time to

Maximum Load Design Stiffness by E Computer Meth. (10A6 Content Gravity % Late Rings/ Angle Failure failure
Test ID Load (lb) (lb) I Load (in (lb/in) (104 lb/in2) I b/i n2) (%) (%) Wood Inch ( ° ) Mode (min.)
FA101 4547 1516 0.00642 236,200 1.84 1.92 13.9 0.441 20 4.25 20 1W' 6.7
FA102 7141 2380 0.00602 395,400 1.87 13.1 0.501 25 7.3 0 PF 8.8
FA17 5458 1819 0.00568 320,200 1.87 1.86 12.4 0.462 15 5 0 TAN 5.8
FA32 7479 2493 0.00726 343,500 1.93 2.01 12.1 0.443 10 5.5 40 PF 12.3
FA42 6963 2321 0.00813 285,500 1.85 1.87 12.0 0.461 40 7 0 -rw 3 8.5
FA46 5872 1957 0.00531 368,500 1.84 1.92 9.6 0.431 20 4 10 TW 8.8
FA62 7175 2392 0.00658 363,300 1.69 1.97 10.6 0.463 40 6.5 70 PF 12
FA68 6394 2131 0.00728 292,600 1.69 1.87 12.3 0.427 25 5 0 TVV 7.6
FA93 5686 1895 0.00638 296,900 1.84 1.91 13.1 0.427 25 12 0 TW 6.9
FA99 6900 2300 0.00852 269,900 1.88 1.90 13.2 0.452 25 4.25 0 -rw 3 10.8

Average 6362 2121 0.00676 317,200 1.82 1.91 12.2 0.451 24.5 6.1 14.0 8.8
COV % 14.8 14.8 15.3 15.7 4.5 2.6 10.5 5.0 39.0 39.2 169.0 25.4

WV Tooth Withdrawal 1 Design load and stiffness defined in section 4.2
PF Plate Failure 2 Plate was approximately 90% embedded at start of test.

Bad data reading 3 Tooth Withdrawal on one side of connection with plate failure emminent on other side



Table D.5 Model tension splice joint data (group S43E)

Scale Factor
Plate Dimensions

Wood Dimensions
Tooth configuration

Number of Tests
Number of teeth (one end of connection)

Failure Modes

TVV Tooth Withdrawal
PF Plate Failure
1 Design load and stiffness defined in section 4.2

1:3

Theoretical 1"x 1.33" (2.54cm x 3.39cm)
Actual lx 1.57" (2.54cm x 4.00cm)

1.16"x 0.50" (2.96cm x 1.27cm)
S43E Scale Model, Four rows of three staples

Perpendicular to grain orientation
10

48

Gram Onenlaton

S43E (1:3)

III I I III
III I I III
III I I III

4 00 cm

Rings per inch were determined by measuring an average ring width for the small wood
rips as opposed to counting the number of rings occuring in one inch. This method was
chosen because of the small cross-section available to measure and count rings
across.

A101.3 631 210 0.00218 96,360 1.84 2.12 10.7 0.452 20 4.3 10 TVV 7.0
A17.4 686 229 0.00176 130,220 1.87 1.88 12.4 0.422 15 5.6 0 TVV 5.6
A17.5 711 237 0.00220 107,730 1.87 2.32 11.3 0.507 15 7.1 30 WV 7.0
A32.3 696 232 0.00208 111,780 1.93 1.95 12.3 0.457 10 5.6 30 TAN 6.1
A42.6 701 234 0.00209 111,720 1.85 2.13 11.9 0.469 40 7.7 55 1W 4.6
A46.1 591 197 0.00248 79,420 1.84 1.87 10.8 0.436 20 2.6 90 WV 4.6
A62.5 526 175 0.00370 47,400 1.89 1.83 10.6 0.450 401 5.9 75 WV 6.4
A62.6 777 259 0.00183 141,740 1.89 2.46 10.9 0.507 40 5.9 20 WV 8.9
A68.5 654 218 0.00235 92,710 1.84 1.61 12.0 0.433 25 4.0 0 WV 5.4
A99.2 622 207 0.00145 142,930 1.88 2.00 12.7 0.440 25 4.2 0 WV 4.4
Average 660 220 0.00221 106,200 1.87 2.02 11.6 0.458 25.0 5.3 31.0 6.0
COV % 10.7 10.7 27.3 27.6 1.6 12.3 6.8 6.4 45.2 28.9 104.5 23.0

Model MOE
Design Disp. at Full-Scale MOE Point Load Moisture

Maximum Load Design Stiffness by E Computer Meth. (104 Content
Test ID Load (lb) (lb) 1 Load (in) (lb/in) 1 (104 Iblin2) lb/in2) (%)

Specific Grain Time to
Gravity % Late Rings/ Angle Failure failure

(%) Wood Inch ) Mode (min)

0 15 cm

-,- 0 40 cm

45 cm

ArPr, Imalc

0.45 cm

0.2 cm



Table D.6 Model tension splice joint data (group S33E3.7)

Failure Modes

-rvv Tooth Withdrawal
PF Plate Failure
1

Design load and stiffness defined in section 4.2

S33E (1:3.7)

1\ 1 1 1 / 1

r0.4cm

=--/°.15
cm

1 1 1 1 1 1 2125 cm

1 1 1 1 1 1 )145cm

1 1 1 1 1 1 Approximat, soak:

2.76 cm

2.04 11.7 0.455 25.0 6.6 18.0
12.8 8.2 8.0 38.9 58.2 103.3

Rings per inch were determined by measuring an average ring width for the small wood
rips as opposed to counting the number of rings occuring in one inch. This method was
chosen because of the small cross-section available to measure and count rings
across.

Test ID
Maximum

Load (lb)

Design
Load
(lb) I

Disp. at
Design

Load (in)

stiffness

(lb/in) 1

Full Scale MOE
by E Computer

(104 lb/in2)

Model MOE

Point Load

Meth. (10"6

lb/in2)

Moisture
Content (%)

Specific

Gravity (%)

% Late
Wood

Rings/
Inch

Grain
Angle

( ° )
Failure
Mode

Time to
failure
(min)

A1.3 569 190 0.00237 80,140 1.88 2.12 12.1 0.508 30 12.5 0 TVV 7.5
A101.3 356 119 0.00166 71,510 1.87 2.12 13.3 0.445 20 4.3 10 TIN 7.0
A17.4 412 137 0.00249 55,140 1.86 1.88 - - 15 5.6 0 TVV 3.9
A32.4 439 146 0.00239 61,080 2.01 2.14 11.7 0.466 10 5.9 30 TVV 4.8
A42.1 497 166 0.00187 88,790 1.87 2.05 11.5 0.407 40 6.7 45 TVV 6.1
A46.4 488 163 0.00185 87,860 1.92 1.54 9.9 0.419 20 2.5 30 TW 5.0
A62.6 426 142 0.00191 74,220 1.97 2.46 11.0 0.433 40 5.9 20 TW 4.6
A68.6 443 148 0.00278 53,250 1.87 1.83 11.2 0.456 25 4 45 TW 5.2
A93.4 454 151 0.00212 71,280 1.91 - 12.2 0.452 25 14.3 0 TIN 6.1
A99.3 494 165 0.00194 85,090 1.90 2.20 12.3 0.513 25 4 0 TAN 5.9
Average 458 153 0.00214 72,840 1.91
COV % 12.7 12.7 16.5 17.9 2.7

Scale Factor 1:3.7
Plate Dimensions Theoretical 0.811" x 1.081" (2.06cm x 2.76cm)

0 35

0.2

Actual 0.811"x 1.081" (2.06cm x 2.75cm)
Wood Dimensions 0.946" x 0.405" (2.55cm x 1.03cm)
Tooth Configuration S33E Three rows of Three Staples,

Perpendicular Orientation

Grain Orientation

Number of Tests 10
Number of teeth (one end of connection) 36

5.6
19.7



Table D.7 Model tension splice joint data (group S35A )

Scale Factor 1:3

Plate Dimensions Theoretical 1.00" x 1.33" (2.54cm x 3.39cm)
Actual 1.00" x 1.81" (2.54cm x 4.60cm)

Wood Dimensions 1.16" x 0.50" (2.96cm x 1.27cm)
Tooth Configuration S35A Three rows of five staples,

Parallel Orientation
Number of Tests 10

Number of teeth (one end of connection) 60

Failure Modes
TVV Tooth Withdrawal
TVVPF Tooth widthdrawal one side and plate tear failure on other side of connection

Weakening knot present
1 Design load and stiffness defined in section 4.2

0 20 cm
0 45 cm

0.20 cm

1'1\

4 60 cm

020cm

- 0 50 cm

Rings per inch were determined by measuring an average ring width for the small wood
rips as opposed to counting the number of rings occuring in one inch. This method was
chosen because of the small cross-section available to measure and count rings
across.

A101.3 878 293 0.00352 83,060 1.87 2.12 12.2 0.442 20 4.3 10 TVV 11.5
A17.4 855 285 0.00359 79,430 1.86 1.88 12.3 0.445 15 5.6 0 TVV 5.1
A17.5 7931 264 0.00250 105,780 1.86 2.32 11.6 0.472 15 7.1 30 TW 7.2
A32.3 958 319 0.00441 72,390 2.01 1.95 15.0 0.438 10 5.6 30 1W 9.4
A42.6 930 310 0.00410 75,580 1.87 2.13 12.2 0.489 40 7.7 55 TW 10.4
A46.1 698 233 0.00510 45,650 1.92 1.87 10.1 0.434 20 2.6 90 TW 4.4
A62.5 769 256 0.00350 73,250 1.97 1.83 11.7 0.454 40 5.9 751 TW 4.9
A62.6 985 328 0.00411 79,790 1.97 2.46 10.7 0.489 40 5.9 201 TW 12.8
A68.5 1023I 341 0.00393 86,640 1.87 1.61* 11.5 0.433 25 4 0 TVVPF 7.5
A992 8081 269 0.00425 63,330 1.90 2.00 13.0 0.462 25 4.2 0 TW 6.2

Average 870 290 0.00390 76,490 1.91 2.06 12.0 0.456 25.0 5.3 31.0 7.9
COV % 12.0 12.0 17.6 20.3 3.0 10.5 11.1 4.737 45.2 28.9 104,5 37.2

Model MOE
Design Disp. at Full-Scale MOE Point Load

Maximum Load Design Stiffness by E Computer Meth. (104
Test ID Load (lb) (lb) 1 Load (in) (lb/in) I (10"6 iblin2) Iblin2)

Moisture Specific Grain Time to
Content Gravity % Late Rings/ Angle ( Failure failure

(0/0) (0,4) Wood Inch 0) Mode (min)



Table D.8 Model tension splice joint data (group S33E3)

Failure Modes

TW Tooth Withdrawal
T1N-KN Comination of TVV and knot failure

Not measured in preliminary study
1 Design load and stiffness defined in section 4.2

S33E (1:3)
0.62 cm

/
.0.20c

cm

...0.45 cm

An"'

Rings per inch were determined by measuring an average ring width for the small wood
rips as opposed to counting the number of rings occuring in one inch. This method was
chosen because of the small cross-section available to measure and count rings
across.

3.35 cm

Test ID
Maximum
Load (lb)

Design
Load
(lb)

Disp. at
Design

Load (in)

Stiffness

(lb/in) 1

Full-Scale MOE

by E Computer

(10"6 lb/in2)

Model MOE

Point Load Moisture
Meth. (104 Content

lb/in2) (%)

Specific
Gravity

(%)
% Late
Wood

Grain
Rings/ Angle
Inch °

Failure
Mode

S3310A 485 162 0.00276 58,565 1.79 0.47 TW
S3310B 473 158 0.00300 52,508 1.79 0.47 TW
S3316A 569 190 0.00300 63,223 1.82 0.46 TW
S3316B 583 194 0.00200 97,125 1.82 0.46 TW
S3318A 599 200 0.00200 99,758 1.80 0.48 TW
S3318B 540 180 0.00200 90,060 1.80 0.48 TW
S3335A 515 172 0.00200 85,915 1.79 0.49 TW
S3335B 573 191 0.00200 95,457 1.79 0.49 TW
S336A 551 184 0.00219 83,680 1.71 0.48 TW
S336B 502 167 0.00246 67,928 1.71 0.48 * TW-KN

Average 539 180 0.00234 79,420 1.78 0.48
COV % 8.1 8.1 18.3 22 2.2 1.9

Scale Factor intended to be approximately 1:3
Plate Dimensions Theoretical 1"x 1.33" (2.54cm x 3.39cm)

0.45 cm

0.28 cm

Actual 1"x 1.57" (2.54cm x 3.35cm)
Wood Dimensions 1.16"x 0.50" (2.96cm x 1.27cm) Gram Or...bon

Tooth Configuration S33E Scale Model, Three rows of Three
Staples, Perpendicular Orientation

Number of Tests 10
c.;

Number of teeth (one end of connection) 36



Table 0.9 Model tension splice joint data (group S25A3)

Scale Factor 1:3
Plate Dimensions Theoretical 1"x 1.33" (2.54cm x 3.39cm)

Actual 1"x 1.30" (2.54cm x 3.30cm)
Wood Dimensions 1.16"x 0.50" (2.96cm x 1.27cm)
Tooth configuration S25A Scale Model, Two rows of Five Staples,

Parallel Orientation
Number of Tests 10
Number of teeth (one end of connection) 40

Failure Modes

Grain Orientation

S25A (1:3)

1.30 in

i

0.19 i

Approximate scale

TW Tooth Withdrawal
TW-KN Tooth Withdrawal and simultaneous knot failure
1 Design load and stiffness defined in section 4.2

Test ID
Maximum

Load (lb)

Design Disp. at
Load Design
(lb) I Load (in)

Stiffness

(lb/in) 1

Full-Scale MOE

by E Computer

(10"6 lb/in2)
Specific

Gravity (%)
Failure
Mode

S526A 525 175 0.00450 38,930 1.71 0.481 TW
S526B 533 178 0.00300 59,200 1.71 0.481 TW
S5210A 426 142 0.00400 35,500 1.79 0.469 TW
S5210B 577 192 0.00300 64,110 1.79 0.469 WV
S5216A 544 181 0.00300 60,420 1.82 0.464 WV
S5216B 499 166 0.00300 55,490 1.82 0.464 WV
S5218A 589 196 0.00300 65,490 1.8 0.481 TW
S5218B 587 196 0.00461 42,380 1.8 0.481 WV
S5235A 540 180 0.00500 36.010 1.79 0.487 TW-KN
S5235B 615 205 0.00400 51,220 1.79 0.487 TW
Average 544 181 0.00371 50,880 1.78
COV % 10.0 10.0 21.6 23.1 2.2

0.18 in 0.14 in
0.12 in 0.20 in



Table D.10 Model tension splice joint data (group S24A3)

Failure Modes

TIA/ Tooth Withdrawal
1 Design load and stiffness defined in section 4.2

Grain Orientation

0.18 in 0.10 in

0.12 in

S24A (1:3)

0.20 in

1.33 in

0.12 i

0.21 i

Approximate scale

Test ID
Maximum

Load (lb)

Design
Load

(lb) I

Disp. at
Design

Load (in)

Stiffness

(lb/in) I

Full Scale MOE

by E Computer

(104 lb/in2)
Specific

Gravity (%)
Failure
Mode

SM6A 473 158 0.00269 58,477 1.71 0.184 TVV

SM6B 413 138 0.00300 45,892 1.71 0.481 TW
SM10A 428 143 0.00300 47,556 1.79 0.469 TW
SM1OB 367 122 0.00281 43,581 1.79 0.469 TVV
SM16B 411 137 0.00319 42,859 1.82 0.469 TVV
SM18A 436 145 0.00350 41,550 1.8 0.481 TVV
SM35A 530 177 0.00331 53,423 1.79 0.487 TW
SM16A 435 145 0.00331 43,880 1.82 0.464 TVV

Average 437 146 0.00310 47,150 1.78 0.438
COV % 11.0 11.0 8.8 12.5 2.5 23.5

Scale Factor 1:3

Plate Dimensions Theoretical 1"x 1.33" (2.54cm x 3.39cm)
Actual 1"x 1.33" (2.54cm x 3.39cm)

Wood Dimensions 1.07"x 0.50" (2.72cm x 1.27cm)
Tooth configuration AS24A3 Scale Model, wo rows of four staples

Parallel to grain orientation
Number of Tests 8

Number of teeth (one end of connection) 32



Table D.11 Heel joint Model 1 Test Data

Plate Dimensions
Staple Orientation
Staple Configuration
Wood Dimensions
Load Rate

1"x 1.67" (2.54cm x 4.24cm)
Parallel to bottom tension chord
3R10C (three rows, ten columns)
1.17"x 0.50" (2.96cm x 1.27cm)
0.2cm/min.

Test ID

I

Disp. at

Maximuml Ultimate
Load I Load

Disp. at

Design

Load 1 Stiffness' MOE2 MOE3 MOE4

Moisture

Content

Specific

Gravity
% Late

Wood

Rings/

Inch

Grain

Angle
Failure

Mode

Time to

Failure

(lb) (in) (in) (lb/in) (10° lb/in`) (100 lb/in') (10° lb/in') (%) (%) (rings/in) ( ° ) (min.)

A7-2M1 855 0.0971 0.0083 34,320 1.82 1.87 1.97 11.8 0.48 20 5.3 80 NP TW 4.4
Al2-3M 666 0.0948 0.0094 23,520 1.81 1.86 2.24 12.5 0.47 25 5.6 80 TW 3.7
A25-3M 663 0.1037 0.0071 31,050 1.80 1.85 2.18 11.8 0.46 25 5.6 40 TW 4.3
A28-5M 717 0.1152 0.0096 24,890 1.79 1.86 2.09 12.6 0.41 25 7.7 45 TW 4.5
A39-5M 698 0.1133 0.0098 23,730 1.80 1.91 1.97 11.4 0.43 20 3.4 35 TW 4.6
A41-5M 827 0.1154 0.0102 26,950 1.79 1.84 2.06 10.7 0.46 33 7.7 75 TW 4.5
A55-5M 778 0.1111 0.0098 26,540 1.81 1.74 1.40 11.8 0.44 40 4.2 40 TW 4.8
A47-4M 866 0.0900 0.0082 35,340 1.79 1.80 1.98 10.5 0.47 25 5.3 60 TW 4.2
A63-3M 868 0.1133 0.0093 31,190 1.81 1.78 2.25 11.7 0.42 25 5.3 70 TW 4.6
A87-3M 657 1 0.1075 0.0109 20,050 1.81 1.85 2.06 13.3 0.42 18 5.9 45 TW 4.4
Average 759 0.1061 0.0093 27,760 1.80 1.83 2.02 11.8 0.445 25.6 5.6 54.4 4.4
COV % 11.7 8.7 12.0 18.1 0.6 2.7 11.9 7.3 5.6 25.5 23.8 31.3 7.1

Design load and stiffness defined in section 4.2 TW Tooth withdrawal
2 Method 1, Full-Scale MOE by E Computer

3 Method 2, Full-Scale MOE by Point Load Method

4 Method 2, Model MOE Point Load Method

Number of Tests 10 \ LI I.1 IL LI 1:1 Li LI 11 LL i----

Number of Staples each plate 30 \ a) LI H H H Li [1 H H H H

HHHHUHHHUL cs:,;1

1.67 in

---0.10 0.16 in



Table D.12 Heel Joint Model 2 Test Data

Plate Dimensions
Staple Orientation
Staple Configuration
Wood Dimensions
Load Rate

Number of Tests
Number of Staples each plate

10

30

1 Design load and stiffness defined in section 4.2

2 Method 1, Full-Scale MOE by E Computer

3 Method 2, Full-Scale MOE by Point Load Method

4 Method 2, Model MOE Point Load Method

1"x 1.67" (2.54cm x 4.24cm)
Parallel to bottom tension chord
6R5C (six rows, five columns)
1.17"x 0.50" (2.96cm x 1.27cm)
0.1cm/min.

Stiffness"

(lb/in)

MOE2

(1e lb/inI)

MOE3

(10° lb/ii

moe

(10° lb/inz)

2.12
2.55
1.70

1.97

2.58
2.18
2.17
1.50

2.28
1.82

77:71

L11.1

2.09
16.6

1.67 in

5
Loading rate = 0.2cm/min

PF Plate failure

"NV Tooth withdrawal

30%WF-TVV 30%wood failure 70% tooth withdrawal

-

Moisture

Content

Specific
Gravity

% Late
Wood

Rings/
Inch

Grain
Angle

Failure
Mode

Time to
Failure

(0/0) (%) n) ° ) (min.)
12.0 0.480 45 9.7 90 PF-TW 3.5 (5)

12.1 0.439 23 4.8 15 50%VVF-TW 2.5 (5)
12.5 0.440 30 5.9 90NP 25%VVF-TW 2.3 (5)
11.1 0.433 33 5.9 35 30%VVF-TW 2.6 (5)
11.9 0.490 25 5.9 15 30%VVF-TW 4.8
12.2 0.420 30 6.7 35NP 120%VVF-TV 3.9
11.4 0.432 17 5.9 50 25%VVF-TVV 5.5
10.8 0.430 30 7.1 85 WV 5
11.9 0.560 45 11.1 65 70%WF-PF 4.7
13.4 0.390 15 4.8 90 30%VVF-TVV 5.1

11.9 0.451 29.3 6.8 55.6 4.0
6.1 10.5 34.5 30.7 57.1 30.1

A1-3M2 972 0.1512 0.0129 25,090 1.88 1.88
Al2-4M 876 0.1236 0.0110 26,430 1.81 1.86
A28-1M 941 0.0930 0.0144 21,860 1.79 1.86
A41-3M 929 0.1126 0.0108 28,730 1.79 1.84
A7-5M2 872 0.1037 0.0104 28,020 1.82 1.87
A25-3M 794 0.0845 0.0126 21,040 1.80 1.85
A25-5M 849 0.1185 0.0120 23,650 1.80 1.85
A47-3M 945 0.1082 0.0103 30,500 1.79 1.80
A63-5M 1055 0.1004 0.0091 38,570 1.81 1.78
A87-2M 954 0.1219 0.0140 22,770 1.81 1.85

Average 919 0.1118 0.0117 26,670 1.81 1.84
COV % 8.0 16.7 14.5 19.5 1.5 1.7

Disp. at Disp. at

Maximum Ultimate Design

Test ID Load Load Load

(lb) (in) (in)

-O0 in 0.17 in



Table D.13 Heel Joint Model 3 Test Data

Plate Dimensions
Staple Orientation
Staple Configuration
Wood Dimensions
Load Rate

Number of Tests 2

Number of Staples each p27

1"x 1.67" (2.54cm x 4.24cm)
Parallel to bottom tension chord
3R9C (Three rows, nine columns)
1.17"x 0.50" (2.96cm x 1.27cm)
0.1cm/min.

.0
0 _EHHHOHIld

DJUHHHHEU

1.67 in

Disp. at Disp. at

Maximum Ultimate Design Stiffness % Late Rings/ Failure Time to
Test ID Load Load Load 1 1 MOE2 MOE3 MOE4 Wood Inch Mode Failure

(lb) (in) (in) (lb/in) (100 (100 (100 (%) ) (min.)

A41-3 821 0.1161 0.0089 30,840 1.79 1.84 2.06 27 6.5 TW 4.8
A474M 818 0.0952 0.0107 25,540 1.79 1.80 1.98 25 6.6 TW 4.4
Averag 819 0.1057 0.0098 28,190 1.79 1.82 2.02 26 6.55 4.6
COV % 0.2 13.9 13.0 13.3 0.0 1.6 2.8 5.4 0.6 5.1

Design load and stiffness defined in section 4.2 TVV Tooth withdrawal
2 Method 1, Full-Scale MOE by E Computer
3

Method 2, Full-Scale MOE by Point Load Method

4 Method 2, Model MOE Point Load Method



Table D.14 Heel Joint Model 4 Test Data

1.67 in

co

Test ID
Maximum

Load

Disp. at

Ultimate

Load

Disp.

Design

Load

at

I Stiffnessl MOE2

i

MOE3 MOE4

Time to
Failure
(min)

Failure
Mode

(lb) (in) (in) (lb/in) (10b lb/in') (10b lb/in') (10b lb/in') (min.)

A93-5M4 706 0.11494 0.01135 20,730 1.84 1.91 - 4.6 TW
A63-3M4 660 0.08238 0.00977 22,530 1.81 1.78 2.25 3.9 TW
A46-4M3 682 0.09405 0.00718 31,660 1.92 1.87 1.54 4.0 TW
Average 683 0.097 0.00943 24,973 1.86 1.85 1.90 4.1
COV % 3.3 17.0 22.3 23.5 3.1 3.6 26.5 8.6

Plate Dimensions rx 1.67" (2.54cm x 4.24cm)
Staple Orientation Parallel to bottom tension chord
Staple Configuration 3R8C (Three rows, eight columns)
Wood Dimensions 1.17"x 0.50" (2.96cm x 1.27cm)
Load Rate 0.1cm/min. in 0.20 in

Number of Tests
Number of Staples each plate

3 \ .c .c
24 a

a)
,c2

a HUH
UUll
DLL]

Design load and stiffness defined in section 4.2 TW Tooth withdrawal
2 Method 1, Full-Scale MOE by E Computer

3 Method 2, Full-Scale MOE by Point Load Method

4 Method 2, Model MOE Point Load Method



Table D.15 Heel Joint Model 5 Test Data

Plate Dimensions
Staple Orientation
Staple Configuration
Wood Dimensions
Load Rate

Number of Tests 3

Number of Staples each plate 30

1"x 2.00" (2.54cm x 5.08cm)
Perpendicular to bottom tension chord
3R10C (Three rows, ten columns)
1.17"x 0.50" (2.96cm x 1.27cm)
O. 1cm/min.

TAN Tooth withdrawal

a Method 1, Full-Scale MOE by E Computer

Method 2, Full-Scale MOE by Point Load Method

Method 2, Model MOE Point Load Method

LIHLHUI111[1H
H U 1 J U 1111 [IL] CO

d

Test ID
Maximum

Load

Disp. at

Ultimate
Load

Disp. at

Design

Load I Stiffnessl MOE2 IVIOE3 MOE4

Failure

Mode

Time to

Failure

(lb) (in) (in) (lb/in) (10° lb/in) (10° lb/in) (10° lb/in) (min.)

A39-4M5 842 0.0824 0.0099 28,400 1.89 2.09 2.09 TW 4.0
Al2-3M5 759 0.0811 0.0081 31,220 1.68 2.24 2.24 TW 4.0
A87-3M5 830 0.1168 0.0121 22,820 1.63 2.06 2.06 TW 4.4
Average 811 0.093 0.010 27,480 1.73 2.13 2.13 4.1
COV 5.5 21.6 20.1 15.6 8.0 4.7 4.7 5.8



Table D.16 Prototype Heel Joint Test Data

Plate Dimensions
Tooth Orientation
Tooth Configuration
Wood Dimensions
Load Rate

Number of Tests

3"x 5" (7.62cm x 12.70cm)
Parallel to bottom tension chord
12R5C (12 rows, 5 columns)
1.5"x 3.5" (3.81cm x 8.89cm)
0.2cm/min.

10

5 in

Test ID
Maximum

Load

Disp. at

Ultimate
Load

Disp. at

Design

Load 1 Stiffness' MOE2 MOE3

Moisture

Content
Specific
Gravity

% Late

Wood
Rings/
Inch

Grain

Angle
Failure

Mode

Time to
Failure

(lb) (in) (in) (lb/in) (100 lb/inI) (100 lb/inI) (%) (%) (rings/in) ( ° ) (min.)
HJAl2F 5497 0.217 0.018 101,500 1.81 1.86 12.6 0.46 - - - TW 5.7
HJA25F 5748 0.217 0.017 113,700 1.80 1.85 12.2 0.43 - - - TVV 6.8
HJA28F 5777 0.218 0.019 100,300 1.79 1.86 13.4 0.41 - - - DA/ 6.5
HJA39F 5424 0.120 0.016 113,100 1.80 1.91 11.9 0.45 - - TVV 5.2
HJA41F 6356 0.320 0.019 110,400 1.79 1.84 12.0 0.44 - - - TW 7.0
HJA55F 6169 0.201 0.018 115,600 1.81 1.74 11.7 0.45 - - - TW 6.8
HJA63F 5883 0.246 0.021 94,200 1.81 1.78 11.5 0.41 - - - TW 6.3
HJA7F 6071 0.217 0.019 107,400 1.82 1.87 11.9 0.46 - - - 1W 5.6
HJA87F 5494 0.184 0.018 101,400 1.81 1.85 13.9 0.42 - - - TW 7.3
HJA47F4 5197 0.062 0.014 125,200 1.79 1.80 11.0 0.44 1W 4.8
Average5 5824 0.215 0.018 106,400 1.80 1.84 12.3 0.44 6.2
COV %5 5.6 24.4 7.8 6.9 0.6 2.7 6.5 4.5 13.7

Design load and stiffness defined in section 4.2 TW Tooth Withdrawal
2 Method 1, Full-Scale MOE by E Computer 4 Twisted in apparatus during test, not a good test

3 Method 2, Full-Scale MOE by Point Load Method 5 Average excludes Test ID HJA47F because of specimen twisted in apparatus during loading



APPENDIX E FINITE ELEMENT MODEL INPUT AND RESULTS

Member Releases
4 End Moment Z
5 Start Moment Z
7-10 Start Moment Z End Moment Z
Member Properties Standard 1-12
Rectangle A 0.5 B 1.1667
Material Wood Emod 1.98e+06
Member 1-12
Loading 1 "Three equal point loads"
Joint Loads
6 Force Y-145
5 Force Y-145
7 Force Y -145

Loading 2 "Single Point Load"

Joint Loads
5 Force Y -435
Loading 3 "Distributed Load"

Member Loads
3 Global Force Y Uniform W -3.691
4 Global Force Y Uniform W -3.691
5 Global Force Y Uniform W -3.691
6 Global Force Y Uniform W -3.691

152

112 762
234 825
316 953
465 1037
557 1128
674 12 8 3

Input File
Type Plane Frame
Units Inches Pounds Degrees
Joint Coordinates
10 0 Support
2 37.25 0
3 74.5625 0
4 111.8125 0 Support
5 55.90625 18.625
6 28.375 9.46875
7 83.4375 9.46875
8 46.562 0

Joint Releases
1 Moment Z 4 Force X Moment Z

Member Incidences



Load Case: Three equal point
loads
NODAL DISPLACEMENTS

153

1

0 646.0535 -0.2933

8.1395

37.25 646.0535 -0.2933

19.0658

2

0 437.504 0

19.0658

9.312 437.504 0

19.0658

3

0 437.504 -0

19.0658

28.0005 437.504 -0

19.0658

4

0 646.0535 0.2933

19.0658

37.25 646.0535 0.2933

8.1395

5

0 -681.5875 -1.5351

-8.1395

29.9132 -681.5875 -1.5351

37.7812

6

0 -574.0216 1.3022

37.7812

29.0139 -574.0216 1.3022

7

0 -574.0216 -1.3022

0

29.0139 -574.0216 -1.3022

37.7812

8

0 -681.5875 1.5351

37.7812

29.9132 -681.5875 1.5351

-8.1395

9

0 -147.624 -0

0

12.9778 -147.624 -0

0

10

0 152.0352 0

0

26.3618 152.0352 0

-0

11

0 152.0352 -0

0

26.3618 152.0352 -0

0

12

0 -147.624 0

0

12.9778 -147.624 0

-0

Node DX DY RZ

A 0 0 -0.3771

B 0.0208 -0.1828 -0.1555

C 0.035 -0.1828 0.1555

D 0.0558 0 0.3771

F 0.0279 -0.185 -0

E 0.0378 -0.1691 -0.1833

G 0.018 -0.1691 0.1833

H 0.0244 -0.2018 -0.0779

NODAL REACTIONS

Node FX FY MZ

A -0 217.5 0

D 0 217.5 0

MEMBER INTERNAL FORCES

Member Offset Fx FY

Mz



154

Load Case: Single Point Load 0 -683.2083 -1.2434

NODAL DISPLACEMENTS 0

Node DX DY RZ 29.0139 -683.2083 -1.2434

A 0 0 -0.3911 36.0745

B 0.0208 -0.1934 -0.1672 8

C 0.0419 -0.1934 0.1672

D 0.0627 0 0.3911

F 0.0314 -0.2041 -0 0 -681.6552 1.4399

E 0.0399 -0.1754 -0.2009 36.0745

G 0.0228 -0.1754 0.2009 29.9132 -681.6552 1.4399

H 0.0261 -0.2138 -0.0837 -6.9988

9

NODAL REACTIONS 0 3.714 -0

Node FX FY MZ 0

A -0 217.5 0 12.9778 3.714 -0

D 0 217.5 0 0

10

MEMBER INTERNAL FORCES 0 -4.3481 0

Member Offset Fx Fy 0

Mz 26.3618 -4.3481 0

1 -0

0 646.1478 -0.3622 11

6.9988 0 -4.3481 -0

37.25 646.1478 -0.3622 0

20.4904 26.3618 -4.3481 -0

2 0

0 651.7648 0 12

20.4904 0 3.714 0

9.312 651.7648 0 0

20.4904 12.9778 3.714 0

3 -0

0 651.7648 -0

20.4904

28.0005 651.7648 -0

20.4904

4

0 646.1478 0.3622

20.4904

37.25 646.1478 0.3622

6.9988

5

0 -681.6552 -1.4399

-6.9988

29.9132 -681.6552 -1.4399

36.0745

6

0 -683.2083 1.2434

36.0745

29.0139 -683.2083 1.2434

-0

7



Load Case: Distributed Load
NODAL DISPLACEMENTS

NODAL REACTIONS

Node FX FY MZ

A -0 217.4998 0

D 0 217.4998 0

MEMBER INTERNAL FORCES

Member Offset Fx Fy

Mz

155

1

0 518.2694 3.0257

107.6893

37.25 518.2694 3.0257

-5.0189

2

0 326.6742 0

-5.0189

9.312 326.6742 0

-5.0189

3

0 326.6742 0

-5.0189

28.0005 326.6742 0

-5.0189

4

0 518.2694 -3.0257

-5.0189

37.25 518.2694 -3.0257

107.6893

5

0 -561.4248 -45.1323

-107.6893

29.9132 -526.4756 59.5999

-324.075

6

0 -470.7323 -61.9786

-324.075

29.0139 -436.9366 39.6393

0

7

0 -436.9366 -39.6393

0

29.0139 -470.7323 61.9786

-324.075

8

0 -526.4756 -59.5999

-324.075

29.9132 -561.4248 45.1323

-107.6893

9

0 -133.2896 -0

0

12.9778 -133.2896 -0

0

10

0 141.9299 0

0

26.3618 141.9299 0

-0

11

0 141.9299 -0

0

26.3618 141.9299 -0

0

12

0 -133.2896 0

0

12.9778 -133.2896 0

-0

Node DX DY RZ

A 0 0 -0.7953

B 0.0167 -0.1457 0.0409

C 0.0273 -0.1457 -0.0409

D 0.044 0 0.7953

F 0.022 -0.1464 -0

E 0.0302 -0.1351 -0.2041

G 0.0137 -0.1351 0.2041

H 0.0193 -0.1407 0.0205




