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(ABSTRACT)

The objective of this project is to develop a methodology to measure
and predict the strength and the stiffness of red alder (Alnus rubra) nailed
pallet connections subjected to repetitive loading. Joint tests were
conducted to define the mechanical properties of bottom block pallet
connections. The primary tests were conducted to define the strength and
stiffness of joint specimens tested in cyclic lateral loading, using three
different side member thicknesses and four types of nails. Also the
influence of other specific variables on joint performance was evaluated
including friction, pattern, moisture content, number of nails per joint,
specific gravity, and rate of loading. In total, 23 sets of nailed joint
specimens, with 15 replications each, were constructed and tested. The

use of a reversing cyclic lateral loading procedure permits documentation of



the effect of dynamic loading on the load-slip response of the connection.
Analysis of the data included the creation of two envelope curves, the initial
and the final (stabilized) curve. The data obtained from the two curves was
used to find the "best™ model for predicting the strength and stiffness of the
connections. Four models were identified but only one of these was found
useful for prediction purposes. Finally, experimental capacity loads were
found to be at least three times greater than the national design specification

allowable design loads.
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CHAPTER 1

INTRODUCTION

1.0 Background

Pallets are one of the most cost effective methods of shipping and
handling of materials, and are used as platforms to transport a wide variety
of products that are moved in volume, or require special care. There is an
increasing tendency by pallet users to adopt block pallets. The versatility
and low cost of this type of pallet have caught the attention of the Grocery
Manufacturer’s Association and manufacturers of pallets (Cristoforo, et al.,
1992). Additionally, block pallets are more adaptable to individual
situations, because they readily accommodate four-way entry by the tines of
a fork-truck. This survey is already showing the trend in the grocery
industry to use the block style pallet. Historically, the grocery industry has
purchased close to 15% of the pallets manufactured annually. In 1992, the
approximate wood volume used in wood pallet production in the USA was
9.6 billion board feet. The percentage of wood type used in pallet
construction was 79.45 percent hardwood , and 20.55 percent softwood
species. From the 1992 volume, 52.92 percent was used in the production
of multiple use (warehouse or returnable) pallets and 47.08 percent was

used in the construction of single use (expendable or shipping) pallets
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(National Wood Pallet Container Association (NWPCA), {1993). The Center
for Forest Products Marketing reports, from a mail survey of the U.S. pallet
and container industry, a consumption in 1993 of approximately 4.82 billion
board feet of solid hardwood {lumber, cants, parts and shook). The study
highlights in the same year a total consumption of 2.12 billion board feet of
solid softwood (lumber, cants, parts and shook) (Bush, et al. 1994).

Until now, the models developed for estimating the deformations of
laterally loaded nail joints in the block and stringer versions of the Pallet
Design System (PDS) were restricted to deformations well below the
proportional limit. No model for high deformations (beyond the proportional
limit) has been developed for pallet joints. The existing model predicts
deformations up to 0.015 inch and is based on models developed by
Wilkinson (1971). It has been found that block pallets with perimeter and
cruciform bottom deck constructions (Figure 1.1) supported in rack frames
on both bottom lead boards produce high deformations (more than 0.1 inch)
in the end-butted connections of the bottom boards. These deformations
exceed the limits of prediction for the reliability-based design model (PDS),
and could lead to under-designed pallets. Under-designed pallets can create
safety and serviceability problems to both producers and consumers, leading

to catastrophic failure, or damage to the unit load products, and/or danger
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BUTTED BOTTOM CONNECTION

Figure 1.1 Diagram of a block pallet and the butted
connections.
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to workers. Developing accurate models of the behavior of pallet joints is
important because approximately 77% of the structural damage in pallets is
at the connections between components (McLain and White, 1992). A
methodology that predicts the strength and stiffnéss of butted board pallet
connections will help in the construction of effective and safe pallets.

The most important hardwood species in the Pacific Northwest is red
alder (Alnus rubra) (Powell, et al., 1992). This species thrives in a wide
range of latitudes, from Alaska to Southern California. The wood has
intermediate mechanical properties, relatively low shrinkage, and properties
that make it easy to work. On the west coast of the US, because of the
increasing scarcity of softwood timber for the industry in the area (due to
changes in national government policy), the red alder species has became
more important for the producers of furniture, cabinets, case goods, pallets,
and novelties. In order to contribute to the knowledge and industrial
development of this species, the present study is focused on the
performance of red alder nailed connections as typically found in block
pallets. Two more species were also studied to provide a validity to the
theoretical model for multiple species.

1.1 Objective
The global objective of this research was to evaluate existing methods

for predicting the strength and the stiffness of block pallet connections and,
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if found inadequate, to develop a methodology to predict the strength and
the stiffness of laterally- loaded butted-board nailed pallet connections. This
project is focused on red alder, but two other species were also tested to
cover the range in density of species commonly used in the pallet industry.

Hypotheses: (1) The strength and stiffness of a butted joint
can be modeled by Foschi’s (1973, 1977) equation, or a new model can be
developed using a commercial statistical software; (2) The European Yield
Theory can be used to predict connection design values; (3) Multiple linear
regression analysis can be used to develop a model to predict the stiffness
of joints from materials and geometric characteristics of the connections. To
accomplish the primary objective the following specific subobjectives were
generated:

1. Develop methods to measure the deformation created in the
butted connection when the joint is subjected to cyclic testing. Using the
modified sequential phased displacement procedure that was proposed as an
ASTM standard test procedure for dynamic testing of connections with
mechanical fasteners (Dolan, 1993), the results were compared to data
obtained from the monotonic ASTM standard test procedure (ASTM D
1761-88 (1993)). This new cyclic testing procedure is expected to account
for the fatigue created when the pallets are subjected to the repeated

loading and unloading typically found in service.
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2. Determine the effect of selected test conditions on the load-slip

relationship of nailed connections in red alder subjected to lateral loading.

The factors investigated in this experimental program are:

A. Three deckboard thicknesses (1/2-, 5/8- and 3/4-inch),

B. Four types of threaded pallet nails,

C. Connections with one, two, and three nails per joint,

D. Connections with three nails in two different layout
patterns,

E. Connections tested with and without friction,

F. Connections with different moisture contents: joints
assembled green and tested green; joints assembled
green and tested dry; and joints assembled dry and
tested dry,

G. Connections tested with different rates and types of
loading.

3. Develop mathematical models of the load-slip relation as related

to the factors described in subobjective 2, parts A and B.

4, Define yield equation parameters (experimental)

A.

Dowel Bearing Strength for green and dry red alder

wood,
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B. Nail Bending Yield Moment for the four types of threaded
nails.

Chapter 2 contains general background literature related to the
methods for predicting the stiffness and the strength of nailed joints. This
includes several equations used to predict the stiffness and the strength
(capacity) of joints, methods and apparatus used to test these connections
in shear, and other relevant information about the topic. Chapter 3
describes the materials and methods used in the testing of the joint
specimens. It explains the testing equipment and computer programs
required for the testing, as well as the computer equipment and type of
analysis that was done with the collected data. In chapter 4, the results of
the research project are presented together with the discussion of these
results. Tables and figures are included to give the reader a visual
presentation of the results. Chapter 5 presents the conclusions and
recommendations for further research.

Finally, appendix A enlists the tables containing the general data
collected for the different sets of connections; appendix B describes the
statistical programs used in the study for analysis, and appendix C enlists
the curve fitting for each set using the commercial software and

Foschi’s model.



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

In this section a brief summary of some of the most relevant
information related to the topic of nailed wood connections will be
described. Since joints are one of the weakest points in the structure,
systematic research in this area has been conducted for years. As with the
building industry, other industries have had the need to study specific joints.
In the case of the pallet industry, the nailed joint is still the most common.
Some concepts and results of previous lateral load joint studies are included,
covering topics such as structural analysis of nailed joints in lateral loading,
pallet shook properties, and modelling load-slip behavior of timber joints. In
addition, some of the results of the performance of nails and nailed joints in
pallets will be described, especially those related to the strength and
stiffness of the red alder block pallet connection.
2.1 Prediction of Nailed Wood Joint Properties

The ultimate prediction of the performance of a wood structure is
dependent on the performance of the nailed joints. The prediction of the
mechanical properties of nailed joints will be influenced by a significant

number of variables, especially when they are tested in lateral loading.
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Three of the more significant factors in nailed joint behavior are: properties
and dimensions of nails and members of the connection, the connection
geometry, and the loading conditions.

2.1.1 Fastener

The type of fastener will define the way the force is transmitted in the
connection. There are three main forces transmitted through a connection
for a dowel-type fastener - (1) shear (lateral load), (2) parallel to the dowel
axis (withdraw or axial load), and (3) a combination of the two. DeBonis
and Bodig (1975) studied the effect of the combined axial and lateral loading
on nailed wood connections. They used a common wire nail, with different
depths of penetration in the main member, and three wood species with a
wide specific gravity range. They found that the lateral stiffness was
influenced by an additional axial load. That is, the initial stiffness was higher
when the load was applied in the direction of the nail axis (withdrawal or
compression).

MclLain and Carroll (1990) conducted research to find the influence of
the combined axial and lateral loading in wood connections using threaded
fasteners such as lag screws and wood screws. They found that relatively
small deviation from pure lateral loading or pure withdrawal loading may be

conservatively ignored. They derived design values from the application of
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different safety parameters to either the test load, defined lateral
deformation, or the ultimate withdrawal load.

The performance of a nailed wood connection is affected by the
materials from which the nail is made, the way the nail is treated and
finished, and its dimensions. ASTM Standard F547-77 indicates that the
wire used for nails can be of regular-stock steel (a bright low-carbon steel
with C< 0.15%), medium low-carbon steel (0.15 < C < 0.23%) or stiff-
stock steel (a bright, non-hardened, medium low or medium high-carbon
steel (0.23 < C = 0.44%). Stiff-stock steel is harder, tougher and stiffer
than regular steel. Nails made of stiff-stock steel can be heated above the
critical temperature, quenched and tempered to increase the hardness,
toughness and stiffness at high flexural loads (Ehlbeck, 1979).

Pallets are manufactured with driven nails and staples, bolts, wood
screws and lag bolts. Driven fasteners include nails, and double legged
staples. The nails used in pallet manufacturing are classified as plain shank,
helically threaded, annularly threaded, fluted, and twisted square wire. The
National Wooden Pallet Association (NWPA), in its Uniform Voluntary
Standard for Wood Pallets, 1994, recommends that the driven fastener
length should be sufficient to provide a minimum penetration of 1.25 inch
(32 mm) into the stringer or block for all deckboard thicknesses of 0.5 inch

(13 mm) or less. This manual specifies the minimum acceptable quality of
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driven fasteners, as well as the minimum number of driven fasteners per
connection for limited use or multiple use pallets.

The present work is focused on the performance of four common
types of threaded nails used in the pallet industry (description given in
Chapter 3). As explained by Ehlbeck (1979), treated nails are manufactured
"by rolling annular, helical or longitudinal deformation onto the shank of the
nail after its heading and pointing.” Helically threaded nails have continuous
multiple flutes which are rolled onto the nail shank.

2.1.2 Wood

A second important factor impacting the performance of the
connection is characteristics of the joint members. Properties such as dowel
bearing strength and compressive strength, both related to specific gravity,
and characteristics such as grain direction, moisture content, member
dimensions and wood defects critically influence on the behavior of the
connection. Strength and stiffness of a nailed wood connection has been
found to be directly related to the specific gravity of the wood members
(McLain (1975), Stern, et al, (1973), Wilkinson (1972a), (1972b), (1974a),
(1974b), (1991)). MclLain (1975) found that the specific gravity of both
side and main member influenced the behavior of the load-slip relationship.
Wilkinson (1991) studied the dowel bearing strength, one to the inputs of

the European yield model, adopted in the NDS manual for setting design
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values of laterally loaded dowel-type connections. He investigated the
effects of specific gravity, dowel diameter, and loading direction for dowels
and nails. He found that the dowel bearing strength for nails is related to
specific gravity only. In general, the loading direction affects the
performance of wood joints because of the orientation of the structural
elements in wood. In lateral loading, wood is stronger parallel to the grain
than it is perpendicular to the grain.

Wood moisture content influences structures or joints manufactured
green (more than 30% moisture content, oven-dry basis), if they are
seasoned, or have cyclical changes. Stern (1964) documented the loss of
the initial holding power of plain-shank nails when they were driven into
green wood with subsequent seasoning. He also found that for helically and
annularly threaded nails, the withdrawal resistance increases or decreases
with a decrease or increase in moisture content, respectively. Moehler and
Ehlbeck (1973) pointed out that helically threaded nails are not
subject to the relaxation effect of the wood fibers and the shrinkage effects
of wood, so they do not lose their initial holding power when wood is
seasoned. When wood is nailed green and tested dry the opposite holds
true; the wood fibers became stronger, so an increase in the withdrawal
resistance of threaded nails was observed. To account for the influence that

wood defects have on the performance of two member wood connections, it
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is required that the selection of representative materials be on an objective
and unbiased basis. Variables such as species of wood and defects such as
knots, cross grain, or other natural or manufacturing characteristics, should
be avoided to decrease their effect on the joint behavior.
2.1.3 Joint Geometry

The geometry parameters found to influence the performance of
laterally loaded nailed wood joints were single, double or multiple shear,
member thickness, number of nails, nail clinching, pre-drilled holes, end and
edge distances, spacing of nails, angle between nail axis and wood surface
or wood orientation, and depth of penetration, Ehlbeck (1979), Colclough
(1987), S4aRibeiro (1991).
2.1.4 Loading Conditions (rate and range of loading)

The strength of wood connections can be affected by many factors.
Least studied of these is the interaction between time and load duration.
The behavior of nailed joints is based on the method of application of the
load, the time length of application, and whether the load is static or
dynamic. Most of the time, these three factors occur together, and the
response of the connection will depend on individual factor variation, with
the others held constant.

The National Design Specification (NDS) (NF&PA, 1991 edition)

established "normal loading” as the load duration basis for wood design
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values. This normal loading is defined as a load in which a member receives
maximum stress to the limit of its allowable design value for a cumulative
period of ten years {(cumulatively or continuously). It is known that wood
structural members are better able to carry a greater maximum load for short
periods of time, than for long periods. When maximum load is carried for a
year or more, 30-40% reduction in strength has been reported.

Length of time and rate of loading are also important aspects of the design
criteria for structures. The design criteria for lateral resistance of nail joints
are based on static load tests. These values may not reflect the behavior of
a structure under dynamic stress. A more accurate procedure to define
structural design values for wood connections subject to dynamic loading
has been submitted for approval by Dolan (1993) to ASTM in draft form .
Historically, the design criteria for earthquakes and wind have not been
defined from dynamic testing. It has been necessary to use values with high
safety factor to predict the behavior of structures subject to these forces.
Research comparing static and dynamic testing has shown that at small
deformations, the joint capacity increase from the higher rate of loading is
offset by the joint capacity decrease from load cycling. The variations
between statically and dynamically loaded joints are not significant at small
deformations and low number of load cycles. Since most code values for

connections are based on small deformations and these values have not
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been changed, this reduction in strength must be considered for design
values close to capacity (Soltis and Mtenga, 1985). The evaluation of static
and dynamic testing of wood connections with thin and thick member joints,
with parallel and perpendicular load and grain directions, have shown
important increases in dynamic strength over static strength when the rate
of deformation is increased. Girhammer and Andersson’s (1988) study
showed that the increment of strength increases more substantial in the
wood than in the nail.

There are very few studies which define clearly the relationship
between time and load. Most remark on the influence of three factors (rate
of loading, time of loading, intermittent or constant load). The design
criteria for wood structures is based mainly on static procedure testing, and
on constant, short-term loads. All these studies call for new, appropriate
procedures for defining design values for intermittent creep, damage
accumulation (load history), time-dependent loading, and different rates of
loading. In the present research, one of the subobjectives is to find how
much effect the rate of loading has on the connection performance.

2.2 Evaluation of the Methods to predict the Load-Slip Relationship

One way to empirically obtain a measure of the strength and stiffness

of a nailed wood connection is to use the load-slip curve method (Wilkinson,

1971), which consists of testing a sufficient number of joint specimens, and
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fitting a regression model to the data for numerical simulation to predict the
behavior of the load-slip curve. Another empirical method proposed to
predict the load-slip relationship of nailed wood joints is the use of an
equation developed by Foschi (1973, 1977) to fit the experimental data.
Equation 2.1 presents Foschi’s three-parameter, nonlinear representation of
connection performance, with the initial slope of the curve (K,) as one of
the parameters, the slope of the asymptote (K,) and the load-intercept (P,)
as the other two. Next the Foschi’s model is presented

K, 4], (2.1)
P

[4

IF, | = (P, +K, |A[)(1 -

Where: A = displacement (in)

F, = load (lb).

First, Foschi studied the non-linear behavior of the load-slip
relationship assuming that the nail yields in bending and the wood under the
nail fails in bearing. He developed a theoretical model using finite element
approximations and concludes that "this elastic approximation is only
acceptable to estimate initial stiffness for the fastening.” The model was
later improved using finite-element elasto-plastic analysis and describes the

derivation of the load-slip characteristics of wood connections using
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common nails. He showed that his model is in agreement with the initial
stiffness and ultimate loads obtained by Wilkinson’s method (1971, 1972)
and Larsen’s methods (1973) as well as with experimental values. Foschi’s
equation is evaluated in this research to see how well it predicts the load-slip
relationships of block pallet connections nailed with threaded fasteners.
Kalkert and Dolan (1994) studied the effect of using Foschi’s equation with
only two-parameters (slope of the asymptote equal to zero), and how the
amount of the data affect parameter estimation. They found that it is better
to use the three-parameter equation (K, #0) since the two-parameter
equation underestimate the capacity of the connection.

An additional alternative assessed to estimate the strength and
stiffness of a nailed wood connection was the method developed by
SéRibeiro (1991). He studied the possibility for expanding and improving the
load-slip equation [P = A log (1 + BA}] developed by McLain (1975) for
nailed wood joints subjected to lateral (shear) loading with different species
of tropical hardwoods. The principal variables included in the model were 1)
specific gravity of joint members (SG), 2) side member thickness (t), 3) nail
diameter (d), and 4) moisture content (MC) of joint members.

He found that the parameter "A" of McLain’s equation can be better
predicted as a function of MC, SG, t, and nail diameter (d) using the

equation,
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Ayc = B, + B, (SG) + B, (SG xt) + B; (SG?xd) (2.2)
and that parameter B, can be better predicted as a function of SG, side
member thickness and d, using the equation
B =B, + B, {SG) + B, log (t) + B; (SG*xd) (2.3)

The use of the S4Ribeiro improved model is restricted to a small range
of moisture contents (from 6 to 18%) and since most of the wood tested in
this study was over 30% (Fiber saturation point), it was not possible to
apply the model to predict the load-slip relationship of the joint specimens in
this study. However, the model could predict accurately the load-slip
relationship of nailed wood connections manufactured and tested with wood
with moisture content from 6 to 18%, using the joint members specific
gravity.

2.2.1 Lateral Load (shear load). The theory on how to predict the strength
of a laterally loaded nailed joint is known as Moeller’s Theory or Yield
Theory, since he was the first to apply it to this type of joint. Moeller
assumed that the strength in the structure is dependent on the strength of
the elements, that is the yield moment of the nail and the dowel bearing
strength of the wood below the nail (Ehibeck, 1979). This theory assumes
that there is no deformation in the connection below the yield point. In
1991 the yield theory was adopted by the National Design Specification for

Wood Construction (AF&PA, 1993) for dowel type connections.
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Two basic types of failures can occur when wood nailed connections
are laterally loaded (single shear connections):

1) The wood will fail first while the nail will remain stiff

(Figure 2.1) .
2) The yield moment of the nail is reached first before the wood
fails (Figure 2.1 Connection Yield Modes).
In both cases the wood member thickness will determine the type of failure
in the joint (Ehlbeck, 1979).

After Moeller, several other scientists have contributed to the yield
theory, as it is now known. These works are summarized by Aune and
Patton-Mallory {1986). Their published work refers to these studies and
their own contribution to the yield theory, and extends it to include steel-to-
wood joints and joints with a layer of insulation (or gap) between joint

members. Aune and Patton-Mallory (1986) also presented the formulas to
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Figure 2.1 Connection yield modes (1991 NDS, AF&PA).
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estimate the ultimate load for wood-to-wood and steel-to-wood joints and
joints with unequal wood strength in the main and side members. A formula
(based on the yield model) to predict the stress-deformation of the wood
was developed by substituting a fourth-order curve for the traditional plastic
embedment behavior (Aune and Patton-Mallory 1986).

Aune and Patton-Mallory (1986) did the experimental verification of
the yield theory to predict the ultimate lateral stress using species and joint
geometries typical of construction in the United States. The strength of
different nailed joints under short-term loading was determined using the
wood and nail properties and confirmed by experiments. The results
showed very good agreement between predicted and experimental response.
The application of the yield theory to predict the load-deformation of the
connection was confirmed. However, the results show a good agreement
above deformations of 0.12 inch (3 mm), but poor predictions in the first
part of the curve.

As stated above, the two properties required to use of the yield theory
are the dowel bearing strength of the wood and the nail yield moment. The
dowel bearing strength is defined as "...the property of connection members
that imparts resistance to embedding of a dowel" (Wilkinson 1991).

Wilkinson investigated the effect of specific gravity, dowel diameter, and



Chapter 2. Literature Review 22

loading direction for bolts and nails. He established that the dowel bearing
strength for nails is related primarily to specific gravity.

No standard method for evaluating dowel bearing strength existed
until 1992, when a draft ASTM standard was proposed. This method sets
the basic procedure for evaluating dowel embedding strength of wood and
wood-based products. In this study, the nail yield moment was estimated
by subjecting the nails to three-point bending tests following the procedure
proposed by the draft ASTM Standard Test Methods for Determining the
Bending Yield Moment of Nails (1993).

2.2.2 Stiffness of a Wood Nailed Joint. The stiffness of a nailed
connection has been described for many years following the elastic theory,
and all the developed equations assumed that deformations were elastic up
to the proportional limit. It was also assumed that the curve remained linear
in the range up to the proportional limit. However, this is often not true
when there is no contact between nail and wood at the beginning of the
test. The required condition of tight contact has been achieved by loading
and unloading a number of times (Ehlbeck). Wilkinson (1971) used this
procedure to perform the tests used to derive his load-slip relationship,
which is only valid in the assumed linear load range.

Another approach to predict the load-slip behavior of a nailed

connection is to use an empirical formula that fits the test data. This
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approach is described by Ehlbeck (1979). Of all these methods, the one
suggested by McLain (1975) has been most commonly used (Pellicane,
Stone, and Vanderbilt 1991), (S4Ribeiro and Pellicane 1992), but, it is only
valid for slip up to 0.1 inch (2.54 mm).

For slips up to 0.1 inch (2.54 mm), McLain’s model [P= A log
(1 +BA)]can be used for prediction. In this model, the empirical parameters,
A and B, will be predicted as a function of the specific gravities of the main
and side members [McLain (1975), Pellicane, Stone and Vanderbilt (1992)].
The equation recommended by Pellicane et al. (1992) for solid wood
members is:

A = 205.3 - (232.2/SGS) - [32.4/(SGS*SGM)]  (2.4)
Where SGS, SGM = specific gravity (based on volume at 12 per cent
moisture content) of the side and main member, respectively. This equation
has a correlation coefficient (r) of at least 0.78. For the parameter B,
Pellicane et al. (1992) suggested the use of McLain’s equation and
prediction of a point in the load-slip curve. Rearranging McLain’s equation to
solve for B results in the equation:
B = 10”2 - 1/Deflection (2.5)

Because one of the objectives of this study is to predict deformations

over 0.250 inch (6.35 mm), it is proposed that a combination of the

Foschi’s method, and the yield theory method described by Aune and
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Patton-Mallory (1986) can be used for prediction of the entire curve of
interest, Foschi’s method would be used for prediction of the load-slip
relationship and the yield theory method would be used for defining the
maximum strength at capacity of the nailed wood connection.
2.3 Testing Methods

Several different testing methods were used in this research. For the
Yield Mode Theory two methods were used: Dowel Bearing Strength and
Nail yield Moment. To determine the strength and stiffness offered to lateral
cyclic movement, a Modified Sequential Phased Displacement Testing
Procedure (SPD) was used. Supporting the SPD two additional methods
were used, the monotonic lateral test and the fully-reversal cyclic test.

These tests are explain in more detail in chapter 3.



CHAPTER 3

MATERIALS AND METHODS

3.0 Introduction

Research in wood connections with threaded nails was conducted
using a dynamic, modified sequential-phased displacement procedure. The
details of the testing program are described in this chapter. The focus of
testing was to appraise the strength and stiffness of two-member, three-nail
connections, tested in shear. The main species used in the construction of
the joint specimens were red alder (A/nus rubra), southern yellow pine (Pinus
sp.) and white oak (Quercus sp.).

The determination of strength and stiffness was accomplished by the
use of a modified half-reversal cyclic shear testing of the joint specimens.
The theoretical yield mode equations were also used to predict the capacity
or strength of the connections. In order to determine the material properties
for the equation, tests of dowel bearing strength and nail yield moment were
performed. These tests are described in detail in the following pages. This
chapter also describes the equipment and techniques used to test the
specimens, the specimen geometry, and the methods developed for analysis

of the data.
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Definitions of frequently used terms in this thesis are:
Strength or Capacity -Measure of maximum load that the connection can
carry before failure, or the load associated with a 0.7 inch displacement.
This displacement was chosen as "capacity" because the maximum gap
found in the standard test of block pallets was smaller than this distance,
and because it was found that most red alder nailed wood connections
tested failed at deflection less than 0.7 inch.
Stiffness (initial stiffness) -Measure of the slope of the load/slip ratio given
by the tangent line drawn over the initial linear part of the curve.
Deckboard or Side Member -Element or component of pallet top and bottom
deck, perpendicular to stringers or stringerboards (Uniform Voluntary
Standard for Wood Pallets [UVSWP], edited by the National Wooden Pallet
and Container Association [NWPCA] 1994). For these connection
specimens, it was the thinner element of the two wood members.
Block or Main Member -Rectangular, square, multisided, or cylindrical deck
spacer, often identified by its location within the pallet such as a corner
block, end block, edge block, inner block, center, or middle block (UVSWP
[INWPCA] 1994). For these connection specimens, it was the thicker

element of the two wood members.
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3.1 Materials

All the red alder wood was obtained green from the inventories of two
different pallet manufactures in Oregon and Washington, while the southern
yellow pine and white oak were collected from a sawmill located in the
western Virginia area. The wood was received as 7/8 inch and 1/2 inch
thick by 6 inch wide by 48 inch long boards, and 4 inch thick by 6 inch wide
by 8 and 10 ft long timbers. The 7/8 inch thick boards were planed to 3/4
inch and 5/8 inch thick specimens, and the 1/2 inch thick boards were used
for the 1/2 inch thick side members. To keep the wood wet (above the fiber
saturation point), one third of the wood was wrapped in polyethylene
sheets, and stored in a cold room at 40°F (4.4°C), and the other two thirds
were stored submerged in fresh water until specimen fabrication and testing.
The deckboard (side member) specimens were sawn to 5.5 inches (139.7
mm) wide by 12 inches (304.8 mm) long. The blocks (main members) were
sawn and planed to 3.5 inches {88.9 mm) in thickness, by 5.5 inches
(139.7 mm) in width by 6 inches (152.4 mm) in length.

Four types of helically threaded nails were selected for the present
work. They represent some of the most commonly used fasteners in the
pallet industry. The properties of the nails (MIBANT angle, thread angle,
difference between wire and thread diameter) define not only the strength

and stiffness of the fastener but also its quality.
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3.2 Experimental Design (Test Procedure)

In this study, experimental testing of the isolated butted nail
connection is used as a basis to analyze the strength and stiffness of a
perimeter block pallet subjected to dynamic loads and deformations beyond
0.1 inch (2.54 mm). The visual analysis of block pallets during loading, has
shown the following actions: 1) the nail embeds in both the wood of the
deckboard and the wood of the block, 2) the nail head indents into the
surface of the deckboard {side member), 3) the nail shank withdraws from
the main member (block), and 4) the nail yields in bending under the action
of the lateral force. In order to estimate the high deformation (gap) created
in the bottom butted nail joints of block pallets, it is hypothesized that:

1. The pallet is racked across stringerboards (RAS).

2. Although lateral and withdrawal forces cause the high deformation (gap),
the withdrawal force is small compared to the lateral force. Therefore, it is
assumed that the butted nail joint is under pure lateral load. This idea has
been experimentally investigated by MclLain and Carroll (1990).

3. The lateral loading behavior is a function of fastener and wood
characteristics.

For the definition of the stiffness and strength of this pallet
connection a modified sequential phased displacement (SPD) procedure was

used. This procedure was used, first, to account for the repeated loading
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and unloading that pallets endure throughout their normal life (this method
simulates the effects caused by cyclic loading) and second, to define if there
is any important difference in results that could be due to the method of
testing { between the standard monotonic test and the dynamic test
procedure used in this study). This dynamic testing method has already
been used by Gutshall (1994), to determine if the seismic load duration
factor was appropriate and to define the effect of previous load history from
cyclic loading on connections. The latter portion of Gutshall’s study is
similar to what was used in this study.

It is assumed that the mechanical properties of this type of connection
can be predicted from the mechanical properties of its parts, fastener and
wood. Nail characteristics are illustrated in Figure 3.1 and described in
Table 3.1. The description includes, hardness, length, head size, diameter,
and thread characteristics. Wood characteristics include specific gravity,
moisture content and deckboard thickness. Unless otherwise stated, all
wood was assembled green and tested green. The analysis of this study is
concentrated on the following points:

1) A main statistical block consisted of four types of nails and three

different thicknesses of wood. These were tested with three nails per

joint and one pattern to determine the connection strength and

stiffness (Table 3.2)
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Table 3.1 Average Properties of the Four Nail Types.

PROPERTY" NAIL 1 NAIL 2 NAIL 3 NAIL 4
Length (in) 2.25 2.25 3.00 2.86
Wire diam (in) 0.111 0.111 0.120 0.121
Head diam (in) 0.281 0.276 0.272 0.276
ATD. (in) 0.127 0.126 0.135 0.138
T. angle {deg) 62 68 68 67

T. length (in) 1.75 1.625 2.00 1.81
No.helix 8/1.50 6/1.65 7.5 7.0
Flutes 4 4 4 4 &5
MIBANT (deg) 27 48 28 18
VPI No. 2349 2350 3113 3112

T.The nail properties described are: nail length, wire diameter,head diameter,
average thread diameter (ATD), thread angle, thread length, number of
helices, number of flutes, and MIBANT angle.
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Table 3.2 Cyclic Lateral Loading Test
Statistical Block Design
Side Member Thickness

3/4" 5/8" 1/2"

NAIL 1 n=15 n=15 n=15

NAIL NAIL 2 n=15 n=15 n=15
TYPE NAIL 3 n=15 n=15 n=15
NAIL 4 n=15% n=15 n=15

Joint specimen characteristics: red alder deckboard (Side Member). Three

thicknesses (3/4 inch, 5/8 inch and 1/2 inch). Four nail types. Pattern "A",

three nails connections.

Table 3.3 Friction Effect’

Side Member Thickness

3/4"

1/2u

NAIL

NAIL 3

n=15

n=15

statistical block design (Table 3.2).

'The comparison was done against two sets of specimens from the main
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3) Sets of specimens with one, two and three nails were evaluated to
predict the effect of differing numbers of nails on the strength and
stiffness of the connection (Table 3.4),
4) Two sets of fifteen specimens each, using white oak (Quercus sp.)
and southern yellow pine (Pinus sp.), were tested and compared to
the red alder results to determine the effect of differing specific
gravities on the strength and stiffness of the connection (Table 3.5),
5} Two sets of fifteen specimens each, the first was assembled green
and tested dry {(15% MC), and the second was assembled dry and
tested dry, were tested and the results compared to the assembled
green and tested green results, to define the effect of moisture
content (Table 3.6),
6) Fifteen specimens were tested using a different nailing pattern, to
investigate any change in the response of the connection (Table 3.7
and Figure 3.2),
7) Fifteen joint specimens were used to define the effect of rate of
loading on the strength and stiffness of the connection (Table 3.8)
These 23 sets of 15 specimens each comprised the target of 345 joint

specimens for this research.



Chapter 3. Materials and Methods 34

Table 3.4 Number of Nails Effect’

NUMBER OF NAILS

ONE TWO
NAIL TYPE NAIL 2 n=15 n=15
Table 3.5 Species Effect’
SPECIES
W. OAK S. Y. PINE
NAIL TYPE NAIL 3 n=15 n=15

Table 3.6 Moisture Content’

MOISTURE CONTENT

GREEN-DRY DRY-DRY

NAIL TYPE NAIL 3 n=15 n=15

' The third set of specimens for Tables 3.4, 3.5, and 3.5 was
taken from Table 3.2 for comparison.
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Table 3.7 Pattern Effect’

Side Member
Thickness
5/8"
NAIL TYPE NAIL 3 n=15
NOTE: All the previous tests were done at a rate speed of 1 hertz.

' Compared against the 5/8"-nail type 3 from Table 3.2.

Table 3.8 Rate of Loading'

Side Member
Thickness
5/8"
NAIL TYPE NAIL 1 n=15
NAIL 3 n=15
NOTE: Both sets were done at a rate speed of 1/2 hertz.

' The comparison was done against sets from Table 3.2 and the set of
specimens from the monotonic test.

36



Chapter 3. Materials and Methods 37
3.2.1 Monotonic Testing

This study started with monotonic lateral tests with a rate of loading
of 0.1 inch per minute in compliance with ASTM D 1761 "Standard Test
Methods for Mechanical Fasteners in Wood" (1993). All joint tests were
performed up to their ultimate capacity or a 0.700 inch (18 mm) slip,
whichever occurred first. This displacement was set as capacity because 1)
the desired observable deformation in this research fell securely within this
range; 2) it was observed that most of the joint specimens failed before this
displacement; and 3) it was simpler to create a program with 18 phases of
the modified sequential displacement procedure than to modify the
displacement in the original computer program. For the monotonic tests, the
data was acquired at the rate of five readings per second. The monotonic
tests were performed to:

1) Define the First Major Event (FME) for the Sequential Phased

Displacement Testing, and

2) Compare the strength and the stiffness values of monotonic

testing to the values found from cyclic testing.
One set of 15 nailed connections was tested using 5/8 inch thick boards and
type 3 nails, and the design value was estimated using the values given in
the National Design Specification (NDS) manual (NF & PA, 1991 Edition).

The design load was found on the load-slip curve created from the
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monotonic test and the related displacement was defined as the first major
event (FME) estimate for that type of connection. Figure 3.3 shows this
concept graphically. The average FME value from the 15 replications was
used as first major event (FME) for controlling the modified sequential
phased displacement (SPD) procedure.
3.2.2 Cyclic Testing

In this study two types of cyclic tests were performed
1) fully-reversing and 2) modified sequential phased displacement. The
fully-reversing tests used a rate of 1 Hertz (Hz) and consisted of a fully-
reversing displacement-controlled test that produces 10 cycles each at %
0.100 inch, £ 0.160 inch, £ 0.200 inch, + 0.300 inch, and + 0.400 inch
displacements. These tests were conducted to determine the number of
cycles required to produce a stabilized load-slip response. It was found that
after the third cycle there was less than 5 percent difference between each
subsequent cycle, so three was defined as the number of cycles required to
obtain the stabilized response. The definition given by Gutshall (1994)
explains the criteria followed to define the stabilized hysteresis curve; "The
connection was considered stable when the decrease in peak load between
successive cycles was less than five percent", see Gutshall (1994), Dolan
(1993), and Dolan and Gutshall (1994). This number of stabilizing cycles

was then used in the sequential phased displacement testing.
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3.2.3 Sequential Phased Displacement

The second type of cyclic testing used was the Sequential Phased
Displacement Testing (SPD) procedure, this was the method used to test
most of the joints in this study. This modified procedure is under
consideration as an ASTM standard test procedure for dynamic testing of
connections with mechanical fasteners, Dolan (1993). The procedure was
modified for the particular requirements of this research. A similar procedure
was followed, but the method differs from the full reversal cycling in that
this study used only a one-sided cyclic test. While the displacement in
Gutshall’s procedure begins at zero with displacement in the positive
direction, passes through the origin and continues in the negative direction
to complete a loop at zero, the procedure used in this study was initiated at
zero, reached a maximum displacement, and returned to zero (Figure 3.4 ).
The pattern of this test procedure involves constant increments in
displacement until a first major event (FME) occurs, then three relaxation
cycles, followed by a series of cycles at the first major event level, until
stabilization is reached. After stabilization, the displacement at the FME is
doubled one cycle (the displacement goes from 100% to 200%), followed
by the three relaxation cycles and the stabilization cycles are repeated. The
process is illustrated in Figure 3.5. A total of seven cycles are conducted to

produce one phase (one cycle at FME displacement, three decay cycles,
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and three stabilization cycles at the initial FME displacement); hence the
name of the procedure (sequential phased displacement). Gutshall (1994)
describes the details of this procedure.

In this work a modified sequential displacement procedure was used
instead of the monotonic ASTM procedure D 1761-88 "Standard Test
Methods for Mechanical Fasteners in Wood"” (1993) because it is believed
that the modified procedure better describes the behavior of pallet
connections that are exposed to repeated loading and unloading as well as
dynamic work in service. Furthermore, the same test can be used to
estimate the monotonic and stabilized hysteresis curves by using the first
and final cycle peak points, respectively (Figures 3.6, and 3.7 ).

The sequential phased displacement procedure used in this study for
the red alder, southern pine and white oak joints had 18 phases, from 100%
FME to 1800% FME. The average displacement value used for all three
thicknesses of red alder wood in the green state start with a first major
event (FME) value of 0.039 inch and, after 18 phases, the last displacement
was estimated to be 0.700 inch, which was accomplished by setting the
span on the MTS test machine to 28 percent from a full displacement of 2.5
inches. The FME value was determined from the monotonic curve by finding
the displacement that corresponds to the nominal design load value for that

connection, as given by the National Design Specification (AF & PA, 1991



43

*ainpadsoad qds ay3 Buisn HuljoAo jesale] Jopun paj)sal suoIBUUOD
pajieu iapje pail ay} 10} dAIND judwdoe|dsip-peo] |edldA] 9°¢ ainbi4

Chapter 3. Materials and Methods

(*u1) Jusawaoe|dsiq
L0 90 60 ¢t+O €0 <¢O0 10 0 L'0-
0]0) &

U8y 0 ® ‘A1690L XBN  Ldeoodones 00Z-

V(e -Mam

A7 oor 5

YANKNWIDNN” || ©
I W K

v 008

— 0001

ZH | ONIAvO1 40 31VH
1N3NTIOV1dSIA A3SVYHC TVILNINO3S




Chapter 3. Materials and Methods

44

1200

1000

HXBBBSF3

800

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

600

Load (1b.)

400

200

Stable

Max

-200
-0.1

0.0

0.1

0.2 0.3 0.4 0.5

Displacement (in.)

0.6

0.7

0.8

Figure 3.7 Backbone curves derived from the cyclic hysteresis curves.
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edition). In the same way, the number of cycles for stabilization was found
from the fully-reversing cyclic testing as explained in section 3.2.2. The
same methodology was followed to define the FME value for white oak and
southern yellow pine (monotonic tests to define the first major event [FME],
cyclic test to define the number of cycles for stabilization). The estimated
FME for white oak was 0.019 inch with a maximum displacement of 0.342
inch, for southern yellow pine the same FME as for red alder was used
(0.039 inch).

Separate FME values had to be established for different connection
geometries using one, and two nails per joint. The estimated FME value for
red alder connections with one nail per joint was 0.031 inch, with a
maximum estimated displacement at the end of the test of 0.558 inch. For
two nails per joint the FME was 0.024 inch with a maximum value of 0.434
inch. The majority of the testing was done at a rate of loading of 1 Hz,
however, two sets of 15 specimens each were tested at 1/2 Hz to estimate
the influence of the rate of loading on the connection strength and stiffness.

Data was collected at a rate of 98 points per second during the 1.0 hz test
which took 94.2 seconds to complete. Data was acquired at a rate of 45

points per second for 178.5 seconds during the 0.5 hz tests.
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3.2.4 Yield Mode Equation

A semiempirical model based on the yield theory was used for
predicting capacity of two-member joints with all-wood members. It was
found that the nail connection behavior can be described by one of the basic
modes of joint yielding. To predict this capacity two properties were
determined dowel bearing strength and nail yield moment.
3.2.4A Dowel Bearing Strength

The dowel bearing strength test provides the basis for determining the
stiffness and embedding yield strength of the wood specimens. The test
consists of embedding a fastener into a hole across the thickness of the
wood specimen, so the fastener does not bend. The load and deflection are
measured (Figure 3.8). The tests were conducted on a hydraulic universal
testing machine, material test system (MTS), in such a way that a
compressive load was uniformly applied to the fastener along its length. A
constant crosshead movement rate of 0.025 in/min (0.635 mm/min) was
used. This rate causes the maximum load to be reached in 2.5t0 5
minutes. The embedment was measured with the linear variable differential
transducer (LVDT) built into the MTS machine.

The specimens were prepared following the proposed ASTM standard
(1992). Configuration and dimensions of the specimen used are shown in

Figure 3.9 and include a half hole bored perpendicular to the faces of the
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Figure 3.9 Schematic of the dowel bearing test used by Wilkinson (1991).

specimen to simulate the embedment hole of the driven fastener. The hole
diameter bored in the wood was 75% of the nail diameter, or less. The
moisture content and specific gravity of the material was measured after
testing by the ASTM method B-Volume by water immersion, 1993 (ASTM
standard D2395-83 "Standard Test Methods for Specific Gravity of Wood
and Wood Based Materials” ).

All tests were conducted using 3/4 inch thick specimens and only nail
type 3, because this nail type was determined to be the most representative

of the four nail types tested. The rationale for this decision was that there is
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no significant difference between the test results for the specimens with
nails of wire diameter 0.111 inch and specimens with nails of wire diameter
0.120 inch (Wilkinson, 1991). Red alder was tested with two moisture
contents; green (moisture content higher than 30 percent) and with an
average moisture of 15 percent. Southern yellow pine and white oak were
tested green only. Table 3.9, illustrates the experimental design for each
species. A total of 36 repetitions were tested.

Table 3.9 Dowel Bearing Strength Test

Statistical Block Design

MOISTURE CONTENT

GREEN DRY

SPECIES RED ALDER n=15 n=15

Characteristics: 0.75 in thick deckboard, 0.120 in nail diameter.
3.2.4B Nail Yield Moment

Four types of helically threaded nails were evaluated for nail yield
moment and nail stiffness. Each test had 15 repetitions for each nail type.
The nail yield moment was obtained by subjecting the nails to forces under
the three point load set up as shown in Figure 3.10. The span was adjusted

for each nail size so that the transition zone between shank and thread was
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Figure 3.10 Center point nail yield moment test
(Loferski and McLain, 1990).

as close to the midpoint between the bearing points as possible, but the load
was never applied on the transition zone. The rate of loading was "such
that the rate of deflection did not exceed one nail diameter per minute",
Stern (1993); or less than 0.12 in/min for the 2.25 inches nail (wire
diameter of 0.111 inch) and 0.16 in/min for the 2.86 and 3 inches nail (wire
diameter of 0.121 and 0.120 inch, respectively). All the helically threaded
nails were tested following the procedure described by Stern (1993) in the
proposed ASTM standard. The block design of these tests is shown in

Table 3.10.
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Table 3.10 Nail Yield Moment

Statistical Block Design

NAIL 1 n=15
NAIL 2 n=15

NAIL
TYPE NAIL 3 n=15
NAIL 4 n=15

3.3 Testing and Analysis Equipment

All testing in this study was done in the facilities of the Wood
Engineering Laboratory of the Brooks Forest Products Research Center in the
Department of Wood Science and Forest Products at Virginia Polytechnic
Institute and State University, in Blacksburg, Va. Testing involved the use
of a 22,000 Ib capacity MTS {Material Test System) servo-hydraulic
universal testing machine for the displacement-controlled monotonic, and
cyclic connection tests,and for the dowel bearing strength and nail yield
moment tests. In the two displacement-controlled tests, two linear variable
differential transformers (LVDTs) were used to measure the displacement.

The two LVDTs, mounted on opposite sides of the specimens, measured the
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average displacement of the deckboard relative to the block (Figure 3.11),
and a 5,000 Ib capacity load cell measured the load. The potential effect of
rotation of the side member about the main member causing erroneous
readings was eliminated by averaging the data from the two displacement
LVDTs. Thus, the advantages of using two LVDTs connected to the
members to measure displacement (instead of the one inside the MTS
machine), are seen in the measurement of the real slip at the connection. In
this way the reading does not include in the measurement the slippage of
the grip holding the specimen, nor any rotational effect caused by the
moment induced by variations in the three nail pattern of the connection
(Figure 3.12). The test fixture used to test the nailed connections is the
same as that used by Gutshall (1994) and is similar to the one used by Liu
and Soltis (1984). The fixture is designed to eliminate the effect of
eccentricity in lateral testing of two member connections. In the dowel
bearing strength tests and nail yield moment tests, only the built-in LVDT of
the MTS machine was used to measure displacement.

Two IBM microcomputers were used, one for function generation to
control the Hydraulic actuator position, and the other for data acquisition.
The first one used commercially produced software called Global Lab
(registered trademark of Data Translation, Inc. 1991), to convert the digital

information produced in the custom-designed Sequential Phased
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Specimen

Figure 3.11 Laterally-loaded connection test fixture

(Gutshall, 1994).
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3.4 Connection Geometry

Only one connection geometry was used for this study (Figure 3.13).
It represents the nail butted connection that is found in the bottom of
perimeter block pallets. A single shear connection specimen with one,
two,or three nails per joint, using three different deckboard thicknesses (1/2
inch, 5/8 inch, and 3/4 inch) was used. There was no predrilling in the joint
specimens made of red alder and southern yellow pine, but it was
necessary to predrill holes before driving the nails into the oak joint
specimens. This was because of white oak’s high density (average ovendry
specific gravity of 0.74) and splits formed when the nails are driven without
predrilling holes. The nails were all driven by hand until the head was flush
with the side member surface. The end and edge distances varied from 3/4
inch to 1 inch. All nails were placed in their respective patterns within the
2 inch by 5.5 inch area of the two member connection. The side member
represents the deckboard and the main member represents the block in a
block pallet. These joints were laterally loaded in single shear.
3.5 Data Analysis

Values obtained by analyzing the SPD data include the entire cyclic
load-slip time-history curve, the points for the initial and final envelope
curves, with their maximum load values. The peak displacement points from

each phase were taken from the cyclic test curve to create the initial curve.
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For the creation of the stabilized (final) curve, the values from the final cycle
in the stabilization sequence were used (as it is explain in 3.2.3). Finally,
from previous personal judgement and visual analysis of these two curves,
the values for the variables of initial stiffness and load at 5% of the nail
diameter offset were found (Figure 3.14). Table 3.11 shows the average
values for a typical set of specimens and their respective coefficients of
variation. The results and comments of this analysis are presented in the

next chapter under the title "Results and Discussion”.
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CHAPTER 4

RESULTS AND DISCUSSION

4.0 Introduction

Extensive data were generated from the testing program described in
the previous chapter. This chapter presents and discusses the results of a
semi-empirical model for estimating the strength and stiffness of the butted
connection of block pallets. This model is designed to be used for
estimating high deformations present in this joint when the pallets are loaded
while racked. Assumptions and variables analyzed in the study are
delineated, as well as the method for verification of the model, and the
specific analysis done. This chapter is divided into five parts:

1. Factor effects on connection performance. Results derived from

comparison of the different variables of the testing program are

presented and discussed.

2. Description of the results obtained from the dowel bearing

strength, nail bending yield moment, and the comparison of predicted

yield equation values (NDS parameters, and experimental parameters)

against experimental values for the joint performance.

3. Description of mathematical models of the load-slip relationship for

the twenty four-different groups of nail-thickness combinations. This

60
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task involves the analysis and presentation of the results of fitting

equations to the data and showing the "best” models for the initial

and the final (stabilized) envelop curves.

4. Fitting Foschi’s model. Foschi’s equation, equation 3.2, is fit to

the data generated in this study, and the parameters for the

regression analysis are presented.

5. Description of the "best" general multiple regression model to

predict the load-slip relationship for the bottom butted block nailed

connections. This model is generated using the variables from the

main block design described in Chapter 3.

4.1 Effect of experimental factors on connection performance.

The variables tested in the experimental design described in Chapter 3
are discussed in the following sections. The base test conditions for the
connection performance comparisons are: 1) Geometry: two-member three-
nailed connections tested in single shear, 2) Moisture content: all the wood
was assembled and tested in the green state, 3) Load rate: the rate of
loading for all the testing was 1 Hz (one hertz), 4) Dependent variable: the
value used for comparison is the load at capacity (maximum load for the
connection) from the initial cycle envelop curve, 5) Material quality: the
wood used for the construction of the joint specimens was grade # 4

common or better (pallet stock}, and 6) Limiting criteria: for all the testing,
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the capacity of the connection was defined as the load at 0.7 inch
displacement, or the load at failure if this happens first (refer to discussion in
section 3.2.1).

It is important to emphasize the fact that the limiting displacement
criteria influenced the value of the mean joint capacities that did not fail at
this displacement. The connections were tested until a maximum 0.70 inch
displacement, and in some joints the load was still increasing when the test
was stopped. The displacement at 0.70 inch was set as the maximum
displacement in the modified sequential phased displacement procedure
(SPD) for these type of connections. For this study the limiting criteria
affects the single and average capacity values for the different sets of
specimens, as well as the shape of the predicted curve and parameter values
of the mathematical model that fit this data. However, the effect is
conservative since it results in a lower mean value for capacity than if all
specimens had been tested to ultimate failure.

Tables 4.1, 4.2 and 4.3 presents the average values and coefficients
of variation for the moisture content and specific gravity of joint specimens
at the time of testing, for three board thicknesses. The average moisture
content (MC) for 1/2 inch thick deckboard specimens ranged from 128 to
153 percent with an average specific gravity (SG) of 0.39 (oven dry specific

gravity [ODSG] of 0.43), while the block component of the specimens had a



63

ISscussion

Di

Chapter 4. Results and

siseq awnjoA Aig=qQ

SISeq 8WN|OA UBBID =)

pieoq =og
Ao0|g=19

‘Gl = 18S 9y} uI suawdads JO JequinNu g = UOI}DBUUOI 8Y) Ul S|IBU JO JAQUINYN 810N
L 9 S S vi 4> (%) AOD
£0°0 ¢0'0 ¢0'0 ¢0'0 8l 8¢ sats v adA) peN
vv'o ov'o or'o LEO 6cl L8 OAVY
6 L S 9 €l 8¢ (%) AOD
v0'0 €00 ¢0'0 ¢0'0 9l 6¢C sais € :9dA} jieN
S¥'0 (3 A1) €v'o ov'o 8¢l €01 OAVY
L L G G ol 6¢C (%) AOD
£€0°0 £0°0 ¢0'0 ¢0'0 Sl Lz $als T :adA peN
EV'o 6€°0 vv'o Iv'0 Lyl c6 OAY
9 G vi £l 6 vi (%) AOD
0’0 ¢0'0 L0’0 90’0 vi L $ais L :9dA} peN
[44Y) 8€°0 9o o 1021 3 LS OAV
agod O og aig 918 pieog 3d0ig uondudsag
Kjaein  oyoadg (%) 3U3lU0) BINISIoON I

"(ZH| :BUIPEO] JO B)BH .2/l :SSOWNDIY} PIBOG)I9(Qq (Ud2iB) Japje pal :saidadg) -adA} peu

pue $Sau}aIy} JO BOUBN|UI BY) BUIWIBYIBP O} PAIS3} SUOIAUUODI J0) ANARID d1j19ads pue Jusjuod

2Jmsiow 30 (AQD) UOHIELIBA JO JUB|D1}4909 puUR ‘(SQLS) UONEBIAGP piepuels ‘(DAY) ebeiaAy | b ojqel




64

ScCussion

i

siseq awnjoAa AiQ=Q pjeoq =og
SISBQ BWN|OA UBBID =) 30019 =19
‘Gl = 39S 8yl Ul SuswW|dads JO JBqWINU !E = UONDAUUOD BY) Ul S|ieU JO JaquinN :8l0N
9 9 g ] 8 9€ (%) AOD
£0°0 zo'o ¢0'0 c0'0 €l (0] sais v :edA} peN
v¥0 6€°0 ev'o 6€°0 091 €8 DAV
9 9 [4 L4 4! 8l (%) AOD
€00  [200 100 20°0 61 €2 sals | €:9dA e
159 AV 6€'0 [4 AV 8€'0 961 L2l DAV
9 9 € € 6 €e (%) AOD
£0°0 co'o 100 100 Sl (3 sals T ‘edA} peN
Ev'0 6€°0 ev'0 o¥°0 0Ll v6 OAV
8 L 6 ol vl 8l (%) AOD
€0°0 €0'0 v0°0 ¥0°0 [44 [44 sais L :9dA} jieN
¥¥°0 6£°0 8 A0 8t'0 LSl 144! OAVY
aod 9 og aig GYT] pieog %009 uondudsag
AMiaeig  J)198dg (%) IUdIU0D NSION )98

Chapter 4. Results and D.

“(ZH| :DUIpeO] J0 2By -,8/G :SSAWYIIY} PIROQIIag (UsaiD) Jepje pai :s3199dg) -9dA} jeu
pue $SOWOIY} JO 9OUINJU| I SUILWIILIBP O} PIISS} SUOIIIUUOD 10) ANARID d110ads pue JUIIUOD

eIM}sjow Jo (AQD) UOHELBA JO JUS|D1}909 pue ‘(SGLS) UonBIAGP piepuels ‘(DAY) abeiany Z'd 9jqel




65

iscussion

Chapter 4. Results and D.

m_mmn awnjoA Aig=qQq
SiSeq 3WN|OA Udain) =0

pieog =og
¥o0jg =19

Gl = 18 8yl ul suawnoads JO JaquINU ! = UOIIDBUUOD 3y} U} SjieU JO JaqWINN 910N

8 L 9 9 cl (A4 (%) AOD
¥0°0 £0°0 €0°0 200 14 (0] sals v 0dAy N
vvo ov'o Lv'0 LEOQ (44} LL DAY
v G 0C 61 gl A (%) AOD
¢00 ¢0°0 6070 LO°0 [44 8t salLs € adA) jreN
[A AV 8€°0 €V'0 6€°0 vl 8L DAY
L L ot 6 6¢ 8¢ (%) AOD
€0°0 £0°0 S0°0 v0°0 14 ve saiLs T :adA) peN
EVo 6€°0 |90 [A AV 8Ll 88 OAV
6 8 6 6 8l ey (%) AOD
v0°0 €00 v0°0 €00 9¢ 144 - 8ALS L :edA) peN
¢y o 8€°0 ov'o LEO0 (44! ot DAV

a og o og ailg 918 pieog 320ig uondudsag

Ajneir)  oy0ads {9%) Judjuo) ainysio 198

*(ZH| :BuIpeO] JO B)BY -.p/E :SSeWNOIY} pIBOgyOaq (UeaiD) Jopje pai :se1dads) ‘adA} jieu

pue ssauxdIY} JO B83UBNJU| 8Y) BLIULIIIBP 0} PaIsa) SUOHIBUUOD 10} AJABIB oi10ads pue Jualuod

ein}siow o (AQD) UOHBUEBA JO JUBIO}}20D pue ‘(SQLS) UONBIAGP piepuels ‘(DAY) 8Beieay ¢'p 9jqel




Chapter 4. Results and Discussion 66

moisture content between 51 and 103 percent with an average SG of 0.40.
For 5/8 inch deckboard specimens the average moisture content values
varied from 152 to 170 percent with an average SG of 0.39 (ODSG of
0.44), and the block components of the specimens had a MC changing from
83 to 127 with an average SG of 0.39 (ODSG of 0.42). The 3/4 inch
deckboards, had an average MC ranging from 118 to 142 percent with an
average SG of 0.39 (ODSG of 0.43), and the block component for the
specimens had a MC ranging from 71 to 101 percent with an average SG of
0.39 (ODSG of 0.43).

The initial stiffness for the connections was estimated from the
tangent line drawn to the initial straight segment of the load-slip curve. The
load at five percent offset of nail diameter was defined by Gutshall (1994),
as "the coordinates of the intersection of a line drawn parallel to the initial
stiffness line that was offset along the displacement axis by 5% of the

fastener diameter and the load-slip curve of the connection”.

4.1.1 Effect of Type of Nail

To determine the effect of the nail type on the joint capacity, the
mean capacity values (P, ) for the four types of nails described in the
previous chapter were compared. For this analysis, a 3 X 4 factorial

ANOVA test (three thicknesses vs. four types of nails) was performed using
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the software SAS. First, the null hypothesis of equality of the means was
tested against the alternative hypothesis that they were not equal.

H,: all the means are equal

H,: at least one of the means is different

F=26.37; with Pr>F of 0.0001
The null hypothesis of equality of the sample means was rejected because
the F value (test statistic) has a small probability of occurrence of type |
~ error for an a=0.05 ( type | error is the probability of rejecting the null
hypothesis when it is true). LSD and DUNCAN multiple comparisons were
used to analyze the means, and it was found that the mean values for four
nail types are significantly different from each other. It is also found that
nail four is the strongest followed by nails three, one, and two respectively,
as illustrated in Figure 4.1 and Tables 4.4, 4.5, and 4.6.

The ANOVA test of a completely randomized design was conducted
for each of three thicknesses using an a value of 0.05. In this test, the null
hypothesis of the equality of the means of the four nails in each thickness
was proposed. The alternative hypothesis was that for each thickness the

mean capacity of the four nail types are not equal.

H,: the means of the four nails are equal in each thickness

H,: at least one of the means is different
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Since the test for 1/2" thickness has a F=19.04; with Pr>F=0.0001
{lower than a=0.05), the null hypothesis of equality was rejected. Multiple
comparisons were developed to rank the sample means of the four types of
nails. It was found that for 1/2" thick deckboard (side member) there is not
a significant difference between nail types one and two, but they are
significantly different from nail types three and four. It was found that nail
type 4 was the strongest followed by nail type three; nail types one and two
were the weakest types of nails.
The same test was used for the 5/8" side member thickness, and the

null hypothesis was equality of the means of the four types of nails.

H,: the means of the four nail types are equal

H,: at least one of the means is different

F=36.21; with Pr>F value of 0.0001
The null hypothesis of equality was rejected for the alternative hypothesis
that the sample means of the four types of nails were different. For 5/8"
thick deckboards, the results showed that nail types four and two were
significantly different from each other and from the other types of nails. The
means of nail types one and three are not statistically different, but they
were from nail types two and four. Nail type four was the strongest

followed by nail types three, one and two respectively.
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The next ANOVA test was conducted for 3/4" thick side member
connections. The null hypothesis again was equality of the sample means,
and, as in the two previous thicknesses, was rejected because the
probability of occurrence of error type | is smaller than 0.0001 (F=29.71;
with Pr>F of 0.0001). Multiple comparisons were developed to rank the
means of the four types of nails. The results of 3/4" deckboard showed
that there is no significant difference between nail types one and three, but
a significant difference exists between them and nail types two and four.
Nail type four was the strongest, followed by nail types one and three, with
nail type two, the weakest, see Figure 4.1 and Tables 4.4, 4.5, and 4.6.
More details about data are given in Appendixes A, and B.

The results for all three deckboard thicknesses show that nail type
four is the strongest follow by nail types three, one and two respectively.
There is a disagreement between the 3x4 factorial and the randomized block
design ANOVA tests. The first test shows significant difference between all
the means of the four types of nails. The later test shows no significant
difference between the means for nail types three and one for board
thicknesses 3/4"and 5/8" and no significant difference between nail types
one and two for a thickness of 1/2". This discrepancy in the test results is
given because the difference between the means of the nail types is not the

same in each thickness, as was explained previously, but the addition of
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these means in the 3x4 factorial changes the results. The average values of
the variables for the four types of nails presented in Tables 4.4, 4.5, and 4.6
confirm that strength, diameter and length of the fastener are important
factors that influence the stiffness and strength of nailed wood connections.
It was observed during the testing that joints made with nail types one and
three had similar capacites, but the withdrawal force produced at high
deformations changed the mode of failure. Connections nailed with nail type
three were stronger because the wood fails in embedding before the nail
bends. Joints made with nail type one, however, fail not only in embedding
of the fastener into the wood but also by bending and withdrawal of the
nail. Therefore the capacity of connections built with these two nail types
was not defined by diameter or strength (they have approximately the same
MIBANT angle), but by length, because the shorter nail failed in withdrawal
at high displacement levels. In general it is seen that for a given side
member thickness, the strength of the fastener is the factor that most
influences the capacity of these connections. This was appreciated in the
results obtained from the cyclic lateral testing of wood nailed connections.
Table 3.1 illustrates the difference between nails in terms of MIBANT angle,
diameter and length.

Results for initial stiffness and load at five percent offset do not show

the same consistency as the results for the capacity (strength) of the
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connections. This was mainly due to electrical noise in the MTS equipment
at small levels of load and displacement, and to the inaccurate procedure
used to define these values ("eye-balling”). The problems described above
are reflected in the high coefficients of variation (COV) of the initial stiffness
and load at five percent offset, as presented in the Tables in this chapter.
However, even with this inaccuracy in the results, the general tendency of
the initial stiffness for these connections indicates that the bending strength
of the fastener is the most important factor that defines this value. Nail
type four seems to make the stiffest connections, followed by nail types
three and one, with nail type two making the least stiff connections.
Comparisons of the monotonic response of connections constructed with
the four nail types is presented in Figures 4.2 to 4.4. This set of figures
focus on the first part of the load-slip curve (from zero to 0.1 inch) to
illustrate the differences in the average initial stiffness of these connections.
These figures are generated using the "best" model fitted to the

experimental data, as described later in Section 4.2.

4.1.2 Effect of Thickness
To define the effect of the side member thickness on the strength and
stiffness of the connections, the mean capacity values (P,,,) for the three

thicknesses (1/2 , 5/8, and 3/4 inch) were compared. The analysis of the
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three thicknesses was done using two types of ANOVA tests: 3x4 factorial
for the three together, and a completely randomized block design for each
thickness.
The 3x4 factorial ANOVA test was the same as that used for the four
nail types, so it follows the same pattern (subsection 4.1.1).
H,: all the mean capacities are equal
H,: at least one of the mean capacities is different
F=26.37; with Pr>F of 0.0001
The null hypothesis of equality of the sample mean capacities was
rejected because the probability of having type | error (rejecting the null
hypothesis when it is true) is less than 0.01 percent, which is below the a
value of 5 percent. Multiple comparisons (LSD and DUNCAN) revealed that
the mean capacity values for thicknesses are significantly different from
each other. It was found that there is no significant difference between the
mean capacities of connection with 3/4 inch and 5/8 inch thickness side
members, but there is a significant difference between these two, and the
mean capacity of connections with 1/2 inch thick side members. Multiple
comparisons indicate that the first two, connections with 3/4 inch and 5/8
inch thick side members, are stronger than the connections with 1/2 inch

thick side members.
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The completely randomized ANOVA test was conducted for each of

the four types of nails using an a value of 0.05. The null hypothesis was

proposed as the equality of the mean capacities of the three side member

thicknesses for each nail type. The alternative hypothesis was proposed as

the mean capacity of these three connection would be different for each nail

type.
H,: The mean capacities of the three connection are equal for each

nail type

H,: The mean capacity for each nail type is different

For Nail type 1: F=5.3 Pr>F=0.0088

For Nail type 2: F=0.49 Pr>F=0.6134

For Nail type 3: F=0.87 Pr>F=0.4279

For Nail type 4: F=17.41 Pr>F=0.0001

The null hypothesis of equality for nail type one was rejected, since the
probability of the occurrence of error type | is smaller than 0.0088. Multiple
comparisons showed that there is no significant difference in capacity
between connections with 3/4 inch and 5/8 inch thick side members, nor
between connections with 5/8 inch and 1/2 inch thick side members.

Tthere is, however, significant a difference between connection capacities
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for 3/4 inch and 1/2 inch thickside members. There is a continuous
increment of increasing capacity that is directly correlated to increasing side
member thickness.

For nail type two, there was insufficient evidence to reject the null
hypothesis, because the probability of the occurrence of error type | is very
high {(more than 61%). Therefore, the hypothesis that the mean capacities
of all the thicknesses were equal was accepted. This was supported by
multiple comparison testing. Although a constant increment of increasing
strength was expected, it was not the case with nail type two. The mean
capacity of the connection with a 5/8 inch thick side member was the
lowest, indicating that this connection was the weakest. The strongest
connection had a 3/4 inch side member, with the connection with 1/2 inch
thick side member folling in between the other two connections. These
results suggest that the mode of failure for these joint specimens was
defined not by the side member thickness but by the nail yield strength and
the nail length (failure in withdrawal). Nail type two had the lowest stiffness
and bending strength value among the four types of nails (MIBANT
angle =48° and bending strength =98,345 psi) and was 2.25 inches long. It
was observed in joint specimens fastened with shorter nails that the
deckboard was easily removed from the block after testing. This loosening

of the connection suggests the failure of the joint was due to the withdrawal
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force exerted on the nails. The variation in the capacity obtained with this
type of nail (nail type two) among the three side member thicknesses is not
statically significant and is assumed to be in the typical range of nailed wood
joints.

ANOVA test results for nail type three resembled those of nail type
two. There was insufficient evidence to reject the null hypothesis that the
mean capacities of the connectionc with three side member thicknesses
were equal. Multiple comparison testing with an a value of 0.05 confirmed
that there is no significant difference between the capacity of the three
connections. Although there is not a statistical difference between the
means of the thicknesses, there appears to be some increase in strength
that is correlated to increasing side member thickness (Figure 4.5). A larger
sample size may have provide sufficient information to show a statistical
difference.

The ANOVA test for nail type four presents adequate evidence to
reject the null hypothesis of equality of the mean capacities of the
connections with three side member thicknesses. This was confirmed using
multiple comparisons testing for the three mean capacities. The results
indicated that the mean capacities for connections with side member
thicknesses of 3/4 inch and 5/8 inch are not significantly different from

each other, however, there is a significant difference between connections
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with 1/2 inch side members and connections with both 5/8 inch and 3/4
inch thick side members.

It was generally observed that the capacity and stiffness of
connections increased with an increase in thickness, as depicted in Tables
4.4, 4.5, 4.6, and Figures 4.5 to 4.9. In these connections, the nail
strength was sufficient to cause a combined wood crushing and nail yielding
failure mode.

4.1.3 Effect of Friction

Table 4.7 presents the average values and coefficients of variation for
the moisture content and specific gravity of the joint specimens used to
investigated the effect of friction at the time of testing, for the connections
with 1/2 and 3/4 inch thick side members, respectively. Table 4.8 shows
the results of the comparison between the connections tested with normal
friction and those tested with reduced friction. It was observed that there
is, on average, more than 20 percent difference in the capacity of joint
specimens with friction and specimens with reduced friction. As would be
expected, friction has an important influence on the capacity and stiffness
properties of connections. This influence is due to the fact that wood in the
green state (moisture content greater than 30 percent) has increased friction
between members because of the roughness of the surfaces caused by

raised grain and swollen fibers, even though all specimens were planed.
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Two friction comparisons were made, one using thirty joint specimens
with 1/2 inch thick side members, and the other using thirty specimens with
3/4 inch thick side members. For each side member thickness, fifteen
specimens were tested with friction, and fifteen, without.

For connections with 1/2 inch thick side members, the T-test for the
null hypothesis of equality of the variances of the capacities had a t value of
4.07, with Pr>t=0.0129 (probability of error type l). For connections with
3/4 inch thick side members, the t-test for the null hypothesis of equal
variances had an t value of 2.11, with Pr>t=0.1747. Both tests had an a
value of 0.05; for the first case (1/2 inch side members), the null hypothesis
was rejected. For the second case (3/4 inch side members), there was
insufficient evidence to reject the null hypothesis. Table 4.8 and Figures
4.10 and 4.11, however, exhibit the actual averages of the data, which
showed a difference of 18, and 22 percent between reduced friction and
friction test sets for the 1/2 inch and 3/4 inch thicknesses, respectively.
The difference between the statistic t-test and the figures and tables is due
to the fact that the confidence limits of both mean capacities fall within
each other’s range.

4.1.4 Effect of Moisture Content
Three different moisture conditions were tested, all of the connections

used in this part of the study had a 3/4 inch deckboard thickness. The first
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set of joint specimens were manufactured and tested with wood in the
green state. The second set of specimens were manufactured in the green
state and tested in the dry state (approximately 15 percent moisture
content), and the third set of specimens were manufactured dry and tested
dry. Table 4.9 presents the average values and coefficients of variation for
the moisture content and specific gravity of the joint specimens at the time
of testing. An ANOVA test was run to determine if a difference existed

between the mean capacities of the three joint specimen moisture

conditions.
H,: The mean capacities of the three moisture conditions are equal
H,: The mean capacities for each moisture condition was different

For the three conditions: F=47.78 Pr>F=0.0001
The null hypothesis of equality was rejected for an a value of 0.05, because
the probability of error type | is equal to 0.0001, significantly below the a
value. Multiple comparison testing showed that there is a significant
difference between the Green/Dry condition {(manufactured Green and tested
Dry) and the other two conditions. However, there was no significant
difference between the mean values of the Green/Green and Dry/Dry
conditions. This statistical test shows that the strongest connections were
found in the Green/Dry joint specimens, followed by the Green/Green and

Dry/Dry respectively. Table 4.10 and Figure 4.12 show agreement with
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these statistical results for the capacity of the connections. Table 4.10 also
illustrates that the Green/Green joint specimens had the highest average
value of initial stiffness, followed by Dry/Dry, with Green/Dry having the
lowest average value. The results show that the green-dry connection
curves have a transition from the weakest of the three at the beginning of
the curve to the strongest at capacity. This is a consequence of the friction
between members and the effect of the kind of nail used in the connection.
Lack of friction decreased the strength of the joint at low deformations
because of the gap created between members when seasoning of the wood,
however, at high deformations the kind of nail affected the withdrawal force
and the strength of the connection. This effect is observed in wood nail
connections fasten with helically threaded nails when they are built with
green wood and then seasoned to 30% or less moisture content (see 2.1.2
for more details). All the joint specimens were planned to size for
uniformity, this fact affects the behavior of the connections. There was
more friction between the two members in the green-green and green-dry
connections than in the dry-dry connections due to the smoothness of the
later when compared to the other two.
4.1.5 Effect of Pattern of Nails

Figure 4.13 and Table 4.11 illustrate and describe the results of the

two different patterns of nails. Fifteen specimens were tested with each
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pattern (A and B, as discussed in section 3.2), and the results show that
pattern B has higher average capacity (maximum load) than pattern A. The
average initial stiffness is also higher in pattern B. Table 4.12 presents the
average values and coefficients of variation for the moisture content and
specific gravity of the joint specimens at the time of testing. A t-test was
run to determine if a difference existed between the mean values of capacity
for the two nail patterns.

H,: Mean capacities of the two nail patterns are equal

H,: Mean capacities for each nail pattern are different

For the two conditions: T=3.21 Pr>T=0.0431

The null hypothesis of equality was not rejected due to insufficient evidence
for an a value equal to 0.05. Since the P value {0.0431) is so close to the a
value of 0.05, there is high probability that error type | may have occurred.
This means that the mean capacities of the two patterns are not statistically
different from each other, as could be appreciated in Figure 4.13 and Table
4.11. Both of them show a very small difference between pattern A and
pattern B. Pattern B seems to create connections 7% stronger than pattern
A, however , the difference is so small that it is believed to be caused by the

normal variability of wood.
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4.1.6 Effect of Number of Nails

In this section, fifteen specimens were tested for 3 configurations:
one, two and three nail connections. The joint specimens used nail type two
and 3/4 inch thick side member. Average values and coefficients of variation
for the moisture content and specific gravity of the joint specimens at the
time of testing are presented in Table 4.13. An ANOVA test was run to
determine if a difference in the mean capacities of strength existed for the
joint specimens between the different numbers of nails.

H,: The mean capacities of the three samples are equal

H,: The mean capacity for each sample are different

For the three conditions: F=813.67 Pr>F=0.0001
The null hypothesis of equality was rejected for an a value of 0.05, because
the probability of error type | is equal to 0.0001, significantly below the a
value. Multiple comparison test results indicated that there is a significant
difference between the mean capacities of one, two and three nail
connections. The data collected show strength increases in increments
between one and two nails, and between two and three nails, with the
appearance, overall, of close to a linear relationship between number of nails
and strength increase (Table 4.14). This appearance is misleading, because
the average strength increase between one nail and two nail connections is

almost doubled, as would be expected in a linear relationship. The average
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Chapter 4. Results and Discussion 106

strength increase between two nail and three nail connections, however, is
again almost doubled, which does not fit the NDS predicted pattern of
strength increase (Figure 4.14). It is believed that the reason for the
variation from the linear assumption of the NDS manual is due to the nail
pattern in the specimen. The three nails in the connection were driven in a
staggered pattern. When the third nail was driven in between the other two
but not in the same horizontal row, the load-carrying capacity of the nailed
joint was improved, increasing the carrying capacity more than was

expected for a single nail.

4.1.7 Effect of Specific Gravity

Three species were tested to investigate the effect of specific gravity
on performance of the connections. These species were: red alder (specific
gravity = 0.42), southern yellow pine (specific gravity = 0.51), and white
oak (specific gravity = 0.68). Table 4.15 presents the average values and
coefficients of variation for the moisture content and specific gravity of the
joint specimens at the time of testing. The results of an ANOVA test were
expected to determine if a significant difference existed between the means
of strength of the three joint specimens with differing specific gravities. The

hypothesis was:
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H,: The mean capacities for the three specific gravities are equal.

H,: The mean capacity for each specific gravity is different

For the three conditions: F=402.36 Pr>F=0.0001
The null hypothesis of equality was rejected for an a value of 0.05, because
the probability of error type | is equal to 0.0001, significantly below the a
value. Multiple comparison testing shows that there is a significant
difference between the means of the three species. This statistical test
shows that the strongest connections were found in the white oak
specimens, followed by the red alder and southern yellow pine, respectively.
Table 4.16 and Figure 4.15 agree with these statistical results, in the
strength of the connections. This table also illustrates that white oak joint
specimens had the highest average value of initial stiffness, followed by red
alder, with southern yellow pine having the lowest average value. The
results obtained for initial stiffness values are as expected for the white oak,
but the yellow pine was expected to be stronger than the red alder
specimens, because of the difference in specific gravity between pine and
alder (0.43 and 0.38 in green, respectively). It has been established by
several studies that specific gravity of the wood is directly related to its
mechanical properties (for more details in this topic see section 2.1.2). The
reason why southern yellow pine samples had lower capacity values than

the red alder specimens may be due the difference in anatomical structure
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Chapter 4. Results and Discussion 112

between the two species. Red alder is a diffuse porous species with very
uniform anatomic configuration, southern yellow pine has an abrupt
transition between the early and latewood and therefore a large difference
in specific gravity between the two zones. Conseduently, depending on the
exact placement of the nail in either early or latewood higher or lower
strength joint may result. The specific gravity of the specimen may not be
related to specific gravity of the wood in the vicinity of the nail because
specific gravity is measured, in this study, as an average for the specimen
rather than a pointwise measurement.
4.1.8 Effect of rate of loading

The predicted curves of three different data sets of connections were
compared to investigate the effect that rate and type of loading have on the
performance of their load-slip curves. Average curves were derived from
nail-wood connections tested at three different rates of loading 1) monotonic
lateral loading, 2) cyclic lateral loading at 1/2 Hz, and 3) cyclic lateral loading
at 1 Hz (Figure 4.16). It appears to be a significant increment has an effect
on the initial stiffness between the two cyclic test curves, as compared to
the monotonic curve. The increment in the initial stiffness of the two cyclic
envelope curves is derived from the increment of the rate of loading at the
time of testing. There is insignificant difference between the three curves at

capacity and there is no statistical difference among the three curves at this
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point. In fact, it seems that the curve derived from the monotonic lateral
test is rising, and will intersect the others. When the two envelope curves
are compared to the monotonic curve at the yield load, the envelope curves
have higher values. However, at high deformations, before failure or
capacity, the two curves seem to be affected by the previous loading
history, which is reflected in a decrease at capacity {(maximum load).
4.2 Yield Theory Results
4.2.1 Dowel Bearing Strength

The results obtained from the dowel bearing test of green and dry red
alder are found in Table 4.17. Average values and coefficient of variation
for these two conditions of red alder wood are used to determine if the
dowel bearing strength was affected by moisture content. There was no
standard method for defining this property. The two most commonly used
methods are the Nordtest (Aune and Patton-Mallory, 1986) and the one used
by Wilkinson (1991). For this research, a proposed ASTM standard (under
review) was followed, similar to the one used by Wilkinson. Because of the
specific gravity of red alder, the thickness of the side member, and the use
of hardened threaded nails, it was assumed that the mode of failure for this
type of nailed wood connection was defined by the side member thickness.
Since the range of deckboard thickness tested was from 0.5 inch to 0.75

inch, and the threaded portion of the nail shank is two-thirds of the nail
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length, the bearing effect on the nail was in the non-threaded portion of the
shank. In order to determine the dowel bearing strength for this type of
connection, all the tests were done using 0.120 inch wire diameter. The
definition of the b percent offset load was not an easy task because of the
nonlinearity in the initial part of the load-slip curve (for wood connections),
and the lack of specific criteria to account for this nonlinearity.

Table 4.17 shows a significant difference in dowel bearing strength
between the average value for green red alder and the average value for red
alder at 15 percent of moisture content. The difference between the two
moisture contents was approximately 69 percent. This difference is due to
the increase in dowel bearing strength with decreasing moisture content.
4.2.2 Nail Bending Yield Moment

Table 4.18 shows the results of the nail yield moment test for the
threaded-shank types of nails. The nail bending yield stress seems to
increase with decreasing wire diameter. These results were also found by
Wills, et al. (1993), who state that this difference is due to the
manufacturing process required for each nail diameter. Wills, et al.
described this effect as: " ...the smaller diameter wire is drawn through
more forming dies and therefore experiences more strain hardening than the
larger diameter nails.” However, the differences among these types of nails

are smaller for bending yield stress than for MIBANT angle (Ma). An
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example to illustrate this is found in Table 3.1, where there is a description
of the four nail types, when comparing nail type 4 (Ma = 18 degrees, length
= 2.86 inch) against nail type 1 (Ma = 27 degrees, length = 2.25), nail
type 1 has an increase of 9 degrees over nail type 4. However, these two
nails have similar nail bending yield moment (181, 061 psi and 181, 902 psi
respectively). These results suggest variations derived from the slight
differences in manufacturing processes among nail diameters, as well as
among manufacturers. Loferski and Mclain (1991) found a similar result and
observed that there was a very low correlation between MIBANT angle and
nail yield moment. It is important to remark that it was observed that the
MIBANT test provides a better correlation to connection yield strength than
the nail yield moment test.
4.2.3 Results of the NDS Yield Equation Against Experimental Data

Table 4.19 shows the results obtained from a comparison of the 5
percent offset yield values, using A) the NDS values and the four yield mode
equations, selecting the smallest value (Note: in all cases mode type lll, was
the predicted failure mode); B) the experimental data for the dowel bearing
strength and nail yield stress parameters inserted into the NDS yield
equations; C) the 5 percent yield value of the initial envelope curve
measured from the nailed wood joint experimental curves; and D) the 5

percent yield value of the envelope curve of the final cycles
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(stabilized response), measured from the nailed wood joint experimental
curves. Figure 4.17 illustrates the comparison of the four, 5 percent offset
yield values. First, there is no statistical difference between the 5 percent
offset load values of the initial and final (stabilized) envelope curves.
Second, the NDS equation predictions show inconsistent differences when
compared to the experimental values because the assumed nail yield stress
in the NDS is constant for all the nails used in this study (F, = 130, 000 psi
for 0.120" and 0.135" diameter but nail types 1 and 4 have an F, = 181,
000 psi and nail types 2 and 3 below 112, 000 psi). Third, the yield
equation produces liberal predictions. The estimated 5 percent offset values
are greater than the experimental 5 percent offset values by an average of
26 percent for wood with moisture content over the fiber saturation point,
and by approximately 58 percent for wood with a moisture content of 15
percent. The NDS estimate yield design values are liberal, because they are
between 4 percent below and 14 percent above the experimental values
(Table 4.19a). This result is derived from the difference in the NDS dowel
bearing strength values and the experimental dowel bearing strength values.
Table 4.20 and Figure 4.18 illustrate the comparison of the two
predicted allowable design values to the experimental capacity of the initial
envelope curve of the tested joint specimens. The allowable design values

were estimated using the procedure and data described in the NDS manual
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as well as experimental values for dowel bearing strength and nail yield
stress. The capacity of the initial envelope curve was obtained from the
lateral cyclic testing of the nailed wood connections. The predicted
allowable design values for connections using wood with moisture content
over the fiber saturation and helically threaded nails are conservative with a
minimum factor-of-safety of 3.69 (ratio = capacity/NDS value). For
connections using wood at 15% moisture content and the same kind of
nails, it was found that the predicted allowable design values are also
conservative with a minimum factor-of-safety of 3.01 (Table 4.20a). The
average specific gravity used for estimation of the NDS yield design values
were of 0.39 for green joint specimens and of 0.44 for joint specimens at

15 percent of moisture content.

4.3 Description of Mathematical Models

Mathematical models were fit to sets of 15 specimens, using a
commercial statistical software (TableCurve), and the "best” model was
selected. Twenty-four sets of initial envelop curves, and 24 sets of
stabilized curves were used. Two different models (Equation 1123 and
Equation 12) were selected from the established software, and Foschi’s
equation was fit as a user-defined function (Figures 4.19, 4.20, and 4.21,

respectively). A description of the equation characteristics -- identification,
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parameters, equation and level of fitting -- were summarized in Tables 4.21,
4.22, 4.23 and 4.24. The two equations selected are:

Equation 1123 {(number used in TableCurve)

y=a+bexp*+cyx (4.1)

and Equation 12 (TableCurve)

y=a+bﬁ (4-2)

The criteria for selecting the best model was
1) equation with minimal number of parameters (two or three)
2) visual analysis to determine if the equation form fits well across
the data
3) Higher fitting value with sort method based in Adjust R?, and fit
standard error, both of which order the equations based upon a
pure least squares criteria.
4.3.1 Fitting Foschi’s Model
As stated above, Foschi’s model was fit to the experimental data
following the same criteria. The model was fit to 24 average cyclic
monotonic curves, and 24 average stabilized curves. The resuits of this
fitting are shown in Tables 4.23 and 4.24 and Figure 4.21.
Even when there is a mathematical model for prediction, this model

must have general applications in order to be useful. This is not the case
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Table 4.23 Values for Parameters of Foschi's Equation Fitted to the Initial Envelope
Curves for Each Set of Experimental Data.

Initial FOSCHI'S EQUATION
Envelope THREE PARAMETER MODEL
Curve
Set MODEL AdiR"2 Fit Stat. F Value
1.D.* B C {1
1 420 974 15846 0.952 74 2039
2 397 1164 32686 0.944 80 1673
3 389 1348 48318 0.947 86 1826
4 470 1335 40435 0.938 93 1464
5 457 989 20984 0.941 84 1660
6 496 838 19073 0.921 89 1138
7 545 922 13470 0.944 85 1658
8 580 1295 26778 0.954 86 1930
9 566 882 21040 0.931 96 1404
10 572 787 25569 0.910 100 947
11 433 1160 19056 0.932 97 1428
12 551 1322 32835 0.960 83 2416
13 321 806 11811 0.907 85 1019
14 283 921 15438 0.930 74 1388
15 153 261 7813 0.911 26 875
16 231 809 21997 0.943 40 1591
17 340 954 17773 0.959 61 2449
18 360 867 15514 0.962 55 2562
19 423 972 13730 0.954 75 2163
20 298 1708 13607 0.979 65 4926
21 253 1072 33580 0.951 65 1927
22 402 798 19374 0.941 67 1623
23 870 4110 109231 0.968 122 3109

* See appendix A for set definition.

{1} See appendix B for definition.
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Table 4.24 Values for Parameters of Foschi's Equation Fitted to the Final Envelope
Curves for Each Set of Experimental Data.

Final or
Stabilized FOSCHI'S EQUATION
Envelope THREE PARAMETER MODEL
Curve
Set MODEL AdiR"2 Fit Stat. F Value
1.D.* B C (1)
1 343 808 19386 0.942 65 1669
2 345 905 40380 0.934 70 1378
3 273 666 13122 0.884 77 776
4 378 1157 56761 0.935 77 1342
5 367 841 26249 0.937 70 1524
6 371 799 27543 0.908 78 936
7 541 715 15550 0.933 74 1371
8 504 966 27935 0.938 81 1423
9 458 770 25200 0.925 82 1277
10 465 705 32039 0.904 87 927
11 370 950 23150 0.928 82 1344
12 460 1116 40300 0.958 71 2270
13 281 644 12572 0.884 77 786
14 264 717 16542 0.897 73 899
15 127 209 9396 0.896 23 768
16 204 623 25084 0.927 37 1218
17 298 758 19821 0.957 51 2320
18 322 648 16632 0.948 50 1831
19 382 752 14925 0.942 69 1711
20 284 1400 12675 0.975 61 4097
21 236 862 33779 0.950 54 1576
22 342 625 21451 0.936 56 1452
23 824 3437 109101 0.963 116 2742

* See appendix A for set definition.

{1) See appendix B for definition.
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with the first two models, equation 1123 and equation 12, because they
cannot be generalized to data other than the set for which they were
created. Additionally, their parameters (a, b, c) do not have any physical
meaning that could relate them to the nailed wood connection properties.
Foschi’s equation is more useful. Although it is only applicable to one
set of data, the three parameters of the equation have a direct relationship
to the characteristics of the load-slip behavior for the nailed wood
connection. This equation is a three-parameter, nonlinear representation of
connection performance, with the initial slope of the curve (K,) as one of
the parameters, the slope of the asymptote (K,) and the load-intercept (P,)

as the other two. See Chapter 2, for more details on Foschi’s equation.

4.3.2 Model Comparisons

Figure 4.22 illustrates the performance of the three models when they
are compared to each other (where equation 1123 represents the average
curve of the actual data set). In this curve, Foschi’s equation seems to
under estimate initial stiffness and overestimate capacity, but it has the
highest slope at the asymptote. The curve from equation 12 seems to have
the shortest range of linear behavior, and good prediction of the initial

stiffness, however, it overestimates the capacity the most.
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4.4 General Regression Model Development
The development of a statistical model for the prediction of the load-
slip relationship of nailed wood connections made of green, red alder and
subjected to cyclic lateral loading is the major contribution intended in this
work. Red alder is a hardwood species only found in the West coast of the
United States, with average green specific gravity ranging from 0.36 to 0.39
and oven dry specific gravity ranging from 0.39 to 0.49. It was selected for
this study because of its availability, its growth characteristics and the
scarcity of accessable softwoods on the West coast. Wood with moisture
contents varying from 52 percent to 170 percent was used. Three side
member thicknesses were used, 1/2 inch, 5/8 inch, and 3/4 inch, and four
nail types with variable stiffness characteristics were included. A total of
180 tests were conducted and the load-slip curves were obtained and used
to analyze and create the statistical model. The initial model was of the
form:
Y = B, + B,(D) + B, (th) + B; (MC) + B, (SG) + Bg (N1) + B¢ (N2) +
B; (N3) + B; (thN1) +8, (thN2) + B,, (thN3) + B,, (th)® + €
where: Y = load; D = Displacement; th = deckboard thickness;

MC = members average moisture content; 5,

Coefficients;
SG = members average specific gravity; N1 = Nail type 1;

N2 = Nail type 2; N3 = Nail type 3; N4 = Nail type 4.
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A spreadsheet was developed and analyzed using the Analysis of
Covariance in SAS. The analysis of covariance was used to account for the
quantitative variables in the data; nail type was a typical quantitative
variable. This procedure combines features of the analysis of variance and
regression, making use of a general linear model (Lyman, R. Ott, 1994). To
develop this analysis for the qualitative variables (the four nail types), three

"dummy" variables must be used, where:

N1 = 1 if set 1 was used, N1 = O otherwise
N2 = 1 if set 2 was used, N2 = 0O otherwise
N3 = 1 if set 3 was used, N3 = 0 otherwise

The expected value for observations on set 4 (joint specimens using nail
type 4) is found by substituting N1 = 0, N2 = 0, N3 = 0.

After several trials and model adjustments, a large dispersion between
the data and the predicted values, was observed at the beginning of the
curve. This suggested deletion of those initial points causing the dispersion,
which led to smaller differences between the predicted values and the data.

The model obtained is of the form:

Y =8, + 8,{D) + B, (th) + B; (MC) + B, (SG) + B (N3) + B¢{thN1) +
B,(th)? + €

therefore
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Y = - 364.97 + 1525.10(D) + 6.25(MC) + 198.49(SG) + 267.22(th)

- 53.79(N3) - 0.54(MCN1) - 0.02(MC)? (4.3)

was selected as the "best"™ model with ADJ R2=0.848. Table 4.25
presents the three next "best” models in descending order of prediction as
measured by ADJ R? (adjusted R?) and MSE (mean square error).

Table 4.25 List of Models in Descending Order of Prediction as Measured by
Adjusted r? (adj r*) and Mean Squared Error (MSE).

Adjusted r? MSE Variables in the model
0.848 17255.96 D TH SG N3 THN1 it
0.845 17622.94 D MC SG N3 THD1
0.845 17618.71 D TH MC SG N3 THN1

4.4.1 Model Accuracy

The prediction accuracy of the statistical model for three different
typical connections, selected at random from the main statistical block
design (4x3), is illustrated in Figures 4.23, 4.24, and 4.25. Sets HXAAF3,
HXBBF1, and HXCCF4, were chosen for the test of accuracy. The first set

represents the joint specimens using 3/4 inch thick side members and type 3
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nails, the second set represents the joint specimens that use 5/8 inch thick
side members and type 1 nails, and the last set, the 1/2 inch thick side
members and type 4 nails. The general linear model produced a straight line
when plotted against the generated average curve of the data, which does
not predict the load-slip behavior of the nailed wood connection. The lack of
fit of this model suggests readjustment to linearize the data. This
transformation (or re-expression of the variables) can be done on either the
dependent variable, the independent variable, or both variables, to eliminate
the curvature in the data. For more details in this technique see Ott (1994)
and Neter and Wasserman (1974).

After transforming the data the "most appropriate”™ model was
found. This transformation requires relatively simple methods of estimation
and involves different parameters than the first model presented. The final

model is of the form:

Y =8, + B,(D’) + B,(SG) + B, (th) + B,(N1) + B (N3) + B, (thN2) +
B; (thN3) + B; (thth) + €

therefore

Y’ = 0.416 (D’) + 0.129 (SG) + 2.790 (th) - 0.098 (N1) + 0.038 (N3)

- 0.140 (thN2) - 0.197 (thN3) - 1.982 (thth) (4.4)
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where, Y’ = LOG,, (Y}, and D’ = LOG,, (D). This was selected as the
"most appropriate model with ADJ R? = 0.946 and MSE = 0.006. This
model required the re-expression of the dependent variable as well as the re-
expression of independent variable, displacement (D). Table 4.26 presents
the four next "best” models in descending order of prediction as measured
by ADJ R? (adjusted R?) and MSE (mean square error).

Table 4.26 List of Models in Descending Order of Prediction as Measured by
Adjusted r? (adj r?) and Mean Squared Error (MSE).

I Adjusted r? MSE Variables in the model
0.945 0.006 D’ SG th N1 thN2 thN3
0.945 0.006 D’ th N1 N3 thN2 thN3
0.945 0.006 D’ th N1 thN2 thN3 thth
0.945 0.006 D’ SG th N1 N3 thN2 thth

The prediction accuracy of the model was tested using the same
mean curves from sets HXAAF3, HXBBF1, and HXCCF4 which were already
used for the prediction accuracy of the first model. Figures 4.26, 4.27, and

4.28 show that the label of prediction of the model has improved
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dramatically, this model is able to yield reasonably accurate predictions for
the load in the load-slip relationship against the experimental curves for
these three mean sets.

Although the author’s prediction equation seems to be accurate for
prediction, its applicability is restricted to the range of the variables involved:
1) wood with a moisture content over saturation point (more than 30
percent), 2) red alder or species with similar green specific gravity
(0.36 to 0.40),

3) joint specimens with similar joint geometry

a.-two member joints with dissimilar thickness

b.-joints fasten with three helically threaded nails

c.-all the other characteristics of the butted block pallet connection
4) nails with similar characteristics as the four types of nails used in this

research.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The results of the cyclic lateral testing discussed in the previous
chapter show that, in general, thickness of the deckboard, nail stiffness,
and nail length define the mode of failure of butted block pallet connections
made of red alder. The analysis of the results of the main statistical block
design support the following conclusions

1) The nail type used in the manufacture of the connection
significantly influences the performance of nailed wood connections. Stiffer
nails (smaller MIBANT angles) produce stiffer and stronger joints. The mode
of ultimate failure of lateral loaded nailed wood connections is related to the
length of the nail when the thickness or specific gravity of the wood made
the joint fail in withdrawal at large deformations. It is concluded that in
general, nail type 4 produces the strongest connections, followed by nails 3
and 1, with the weakest being nail type 2.

2) In two-member nailed connections, the thickness of the side and
main members influence the behavior of the connection. When there is a
significant difference in thickness between the side and the main member,

and they have similar specific gravities, the mode of failure is defined by the

147
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side member thickness or by the fastener stiffness. Thicker deckboards
produce stronger and stiffer connections. The joint specimens fabricated
with 3/4 inch side members made the strongest connections, followed by
5/8 inch and 1/2 inch thick side members.

3) The method of defining the initial stiffness influences the results of
the load at 5% offset of the fastener diameter. Because it is based on visual
judgement by the individual doing the measurement, this method is
subjective, and not accurate enough to be used to compare results.

4) Nail pattern appears to influence the joint strength and stiffness.
Three-nail connections in pattern "B" seem to be 8.6 percent stronger than
joints nailed in pattern "A".

5) Joint strength seems to increase when the block pallets are
manufactured green and used dry. Joints manufactured and tested green
seem to have lower strength but the highest stiffness. Joints manufactured
and tested dry seem to have the lowest strength. Evidence seems to
indicate that the green-dry joint connections were 26 percent stronger than
the green-green connections and 33 percent stronger than the dry-dry
connections.

6) Friction appears to increase the strength of the block pallet

connection by approximately 20 percent.
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7) There is no significant difference between the envelope curves for
the initial and final cycles at the 5 percent offset yield load, either value can
be used for design purposes of the connection.

8) Experimental data of laterally loaded butted joints of the block
pallet, can be modeled by Foschi’s equation with an Adj r? that varies from
0.88 t0 0.98. The load-slip behavior of laterally loaded butted joints of a
block pallet type, can be modeled by Foschi’s equation only if the three
variables of the equation are known from previous testing.

9) The estimated NDS allowable design values are conservative for
green and dry (wood at 15% moisture content) red alder nailed connections
subjected to lateral loading with a minimum factor-of-safety of 3.69 and
3.01, respectively, when compare to the capacity of the connection. The
defined NDS values for the dowel bearing strength of red alder are below the
experimental values, and the NDS values for the nail yield moment of
threaded-shank nails with small diameters are lower than those actually
measured.

10) The statistical model developed for predicting the strength and
stiffness of a red alder block pallet connection is:

Y’ = 0.416 (D’) + 0.129 (SG) + 2.790 (th) - 0.098 (N1) + 0.038 (N3) -

0.140 (thN2) - 0.197 (thN3) - 1.982 (thth)

where, Y’ = LOG,, {Load), and D’ = LOG,, (D). This was selected as the
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"most appropriate” model with ADJ R? = 0.946 and MSE = 0.006.
Where:

Y = load, D = Displacement, th = deckboard thickness, MC = members
average moisture content, SG = members average specific gravity, N1 =

Nail type 1, N2 = Nail type 2, N3 = Nail type 3, and N4 = Nail type 4.

5.2 Recommendations

*Research should be expanded with a wider range of specific gravity
species.

*More joint specimens with one, two, and four nails should be tested to
develop a more general prediction model.

*A prediction model that incorporates other pallet materials (plastic or
composite) should be develop.

*The Yield theory requires more accurate values for nail yield moment of
threaded-shank nails and dowel bearing strength of red alder for estimation
of design values, additional research on these topics is suggested.

*The prediction model developed in this research may be improved by
studying other variables including species with higher and lower specific
gravity, more types of nails, others connection geometries.

*A more general model can be developed by a mechanical analog approach,

using springs to model the connection actions.
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APPENDIX A:
Tables for Data Acquisition with Specimen Identification Code.
The Tables contain the average values and coefficient of variation for

moisture content, specific gravity, initial stiffness, load at 5% and load at
capacity for each specimen by set.
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APPENDIX B:

Typical Data Collected from the TableCurve™ Program for Each Set of Nailed
Joint Specimens.

Each page shows a half page figure, with the 95% prediction limits and the
curve fitting for the model chosen, the mathematical model and its rank, the

model parameter values, and the statistics Sort Criteria of the fitted
equation.



OF Adj r’=0057342226 FitStdEm=75.2781514 Fstat=23356805
Rank 1 Egn 1123 y=a+bexpx+cix
=611.41246 b=-572.02696
¢c=1912.023
1250 - —
,;-/’-/'-/,’:h - it
)// . L. 4-/.—‘/_/'_-;_,.._-:—
1000 . % .:r'/' -t s hd
e - " /."/ - ’/" —_—:T
'§ 750 /
_|J < ek
= el
500 P |
250
0+
0.2 04 06
M—Disp
Sep 7,1994 12:15 PM
208 Active X-Y Points
X: M-Disp Mean: 0.2238221154 SD: 0.2189414633
¥: M-Load Mean: 622.80288462 SD: 365.36900094
File Source: MXAAF1A.PRN
Rank 1 Egn 1123 y=a+bexpx+cSQRTxX
r2 Coef Det DF Adj r2 Fit std Err F-value
0.9579604545 0.9573422259  75.278151442 2335.6804992
Parm Value std Error t-value 95% Confidence Limits
a 611.4124611 50.53105741 12.09973613 511.778098 711.0468242
b ~-572.026965 56.78196396 -10.0740962 -683.986522 -460.067407
(o] 1912.023038 62.44294874 30.62031945 1788.901462 2035.144614
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DF Adj r’=0.947495307 FitStdEm=75.8976614 Fstat=1697.97142
Ronk 1 Egn 1123 y=a+bexpx+cix
0=869.47917 b=—822.94333
c=2033.6113

1500

1250 .

1000 s

* . ,,/V'_./" ._:' \.;_ '-._- .

-§ )//)q/ '. '
— 750 K 8o
EI /

500

250

O+
04 0.6
M—Disp

Sep 7,1994 12:24 PM
188 Active X-Y Points
X: M-Disp Mean: 0.186 SD: 0.1941956398
Y: M-Load Mean: 569.30851064 SD: 332.12860812
File Source: MXAAF2A.PRN

Rank 1 Egn 1123 y=a+bexpx+cSQRTx

r2 Coef Det DF Adj r2 Fit std Err F~value

0.9483376283 0.947495307 75.897661424 1697.9714186

Parm Value std Error t-value 95% Confidence Limits
a 869.4791697 61.43881503 14.15195214 748.259117 990.6992223
b -822.94393 67.84733556 -12.1293478 -956.808126 =-689.079734

c 2033.611337 68.35350821 29.75138205 1898.748452 2168.474223
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DF Adj r*=0952188989 FitStdEr=65.3533094 Fstat=2052.97078
Rank 2 Egn 1123 y=o+bexpx+cix
0=54064784 b=-—483.70735

c=1574.879
1250
1000 . . ..
N e D
- 750 P A —
§ .,-", - ..: ) .-/;/-
J) . “ A/;{////
500 / 4t .
By, o a
250 /
/
0O-
0.2 0.4 06
S—Disp

Sep 8,1994 9:33 AM
206 Active X-Y Points

X: S-Disp Mean: 0.2267087379 SD: 0.2233011149

Y: S-Load Mean: 534.21359223 SD: 299.62355733
File Source: SXAAF1A.PRN

Rank 2  Egn 1123 y=a+bexpx+cSQRTx

r2 Coef Det DF Adj r2 _ Fit std Err F-value

0.9528886626 0.9521889892 65.353309369 2052.9707814

Parm Value Std Error t-value 95% Confidence Limits
a 540.6478403 42.44869378 12.73650123 456.9448814 624.3507992
b -483.707349 47.80135691 -10.1191134 -577.96502 -389.449678

c 1574.878993 53.4099239 29.48663616 1469.562003 1680.195983



DF Adj r’=093398781 FitStdEr=71.9169093 Fstat=138819265
Rank 4 Egn 1123 y=a+bexpx+cix
=673.32706 b=—599.97238

¢=1608.2363
1250
1000 e M—"" -
/-.//‘-’T, "~ b, 1 .
750 e R B vy i I T
S ,// % C™ ‘,;: . "
_Igj i T ]
“ 500
2507
0
04 8]
S—Disp

Sep 8,1994 9:37 AM
196 Active X-Y Points
X: S-Disp Mean: 0.2078061224 SD: 0.2121040702
Y: S-Load Mean: 513.5 SD: 280.63832916
File Source: SXAAF2A.PRN

Rank 4 Egn 1123 y=a+t+bexpx+cSQRTx

r2 Coef Det DF Adj r2, . Fit Std Err F-value

0.9350033826 0.9339878104 71.916909309 1388.1926477
Parm Value Std Error t-value 95% Confidence Limits
a 673.3270557 50.3790528 13.36521864 573.9553756 772.6987358
b -599.972382 56.13062205 -10.6888604 -710.688918 -489.255846

c 1608.236306 60.19456995 26.71729871 1489.503714 1726.968899
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OF Adj ’=0936535147 FitStdEm=91.8209237 Fstat=3071.5583
Raonk 11 Egn 12 y=a+bix
0=110.86134
b=1314.232

1250 ==
/../.. . :/

1000

750

M—Load

3500

250

0.4 06
M—Disp

Sep 7,1994 12:18 PM

208 Active X-Y Points
X: M-Disp Mean: 0.2238221154 SD: 0.2189414633
¥Y: M-Load Mean: 622.80288462 SD: 365.36900094

File Source: MXAAF1A.PRN

Rank 11 Eqn 12 y=a+bSQRTx

r2 Coef Det DF Adj r2 Fit std Err F-value

0.9371483339 0.9365351469 91.820923742 3071.5583013

Parm Value std Error t-value 95% Confidence Limits
a 110.8613375 11.21874177 9.881797779 88.74148466 132.9811903

b 1314.231992 23.71333592 55.42164109 1267.476705 1360.98728
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OF Adj r’=0.906250507 FitStdEmr=101.419191 Fstat=1819.45949
Rank 15 Egn 12 y=o+bix
0=1331243
b=1248.2308
1500
/
1250 . —
1 > .-. . .‘:‘I M .'
OOO /.(' /..;./"‘..:/‘ .:/.-://::/
e - e L . ® i
S 70 '/ s
| S 2 "
= -/!‘ . - L
P .
500777 % ~
[ e/ R /
. w/
250
0+
0 02 04 06
M—Disp
Sep 7,1994 12:26 PM
188 Active X-Y Points
X: M-Disp Mean: 0.186 SD: 0.1941956398
Y: M-Load Mean: 569.30851064 SD: 332.12860812
File Source: MXAAF2A.PRN
Rank 15 Egn 12 y=a+bSQRTx
r2 Coef Det DF Adj r2 Fit std Err F-value

0.9072531752 0.9062505068 101.41919097 1819.4594904
Parm Value std Error t-value 95% Confidence Limits
a 133.1243034 12.6206047 10.54817155 108.2244729 158.0241339
b 1248.230779 29.26332643 42.65512267 1190.495679 1305.965878
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OF Adj r’=0928426672 FitStdEm=79.9621562 Fstat=2674.30479
Rank 10 Eqn 12 y=a+b{x

0=118.78265
b=1061.7869
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-:/f sa ..-:-/-_’.:, e
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750 = * o
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500
250
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04 06
S—Disp
Sep 8,1994 9:35 AM
206 Active X~Y Points
X: S-Disp Mean: 0.2267087379 SD: 0.2233011149
Y: S-Load Mean: 534.21359223 SD: 299.62355733
File Source: SXAAF1A.PRN
Rank 10 Egn 12 y=a+bSQRTx
r2 Coef Det DF Adj r2 Fit std Err F-value
0.9291249485 0.9284266721 79.962156213 2674.3047863
Parm Value std Error t-value 95% Confidence Limits
a 118.7826458 9.776109039 12.15029879 99.506083 138.0592087

b 1061.786888 20.53203081 51.71368084

1021.301765 1102.272012
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OF Adj r’=089545456 FitStdEmr=90.5059899 Fstot=1680.88199 _
Rank 10 Egn 12 y=a+bVx
0=14316153
b=899.01966
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Sep 8,1994 9:39 AM
196 Active X-Y Points
X: S-Disp Mean: 0.2078061224 SD: 0.2121040702
Y: S-Load Mean: 513.5 SD: 280.63832916
File Source: SXAAF2A.PRN
Rank 10 Eqgn 12 y=a+bSQRTx
r2 Coef Det DF Adj r2 Fit std Err F-value
0.896526821 0.8954545601 ° 90.505989905 1680.8819922
Parm Value std Error t-value 95% Confidence Limits
a 143.1615263 11.10796731 12.88818397 121.2519988 165.0710538

b 999.0196624 24.36718854 40.99856086 950.9574407 1047.081884
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c=21040244

P=0931962749 FitStdbr=957664346 Fstat=1404.02765
Ronk 1 Egn 8001 y=foschi ILOF#1]
0=56634254 b=881.75498

208 Active X-Y Points

X: M-Disp Mean: 0.2238221154
Y: M-Load Mean: 622.80288462
File Source: MXAAF1A.PRN

Rank 1 Egn 8001 y=foschi [UDF#1]

r2 Coef Det DF Adj r2 Fit std Err
0.931962749 0.9309622012 895.76643461
Parm Value std Error t-value

a 566.3425396 21.7963591 25.98335515

b 881.7549793 52.69367284 16.73360257
c 21040.24446 1568.499201 13.41425259

Jul 5,1994 11:32 AM

SD: 0.2189414633
SD: 365.36900094

F~value
1404.0276515

95% Confidence Limits
523.3656761 609.3194031
777.8564899 985.6534687
17947.56391 24132.92502
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?=0911048056 FitStdFm=995907363 Fstat=947387339
Rark 1 Eqn 8001 y=foschi LIDF#1]
0=57213509 b=786.87944
¢c=25569272
1500 ! : : : : :
e T e e e
1000 T~ g e L i g
B : 5 : :
- 75077 "“f """"" H i S
= : ; :
SO0 /4 i e
250 R A A
0+ l i l } } —+
0 02 04 06
M—Disp
Jul 5,1994 11:36 AM
188 Active X-Y Points
X: M-Disp Mean: 0.186 SD: 0.19415956398
Y: M-Load Mean: 569.30851064 SD: 332.12860812

File Source: MXAAF2A.PRN

Rank 1 Egn 8001 y=foschi [UDF#1}]

r2 Coef Det DF adj r2 Fit Std Err F-value

0.9110480563 0.9095977529 99,.,590736864 947.38733867

Parm Value std Error t-value 95% Confidence Limits
a 572.1350876 22.94294187 24.93730275 526.8681888 617.4019864
b 786.8794438 . 63.15968271 12.45857183 662.2640836 911.4948039

c 25569.2718 2009.725992 12.72276514 21604.04085 29534.50274
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?=0926380634 FitStdEm=816960207 Fstat=127721332
Rork 1 Eqn 8001 y=foschi ILOF#11
0=45839079 b=769.79668
c=25199.737

1250 ' v ! T

206 Active X~Y Points

X: S-Disp Mean: 0.2267087379
Y: S-Load Mean: 534.21359223
File Source: SXAAF1A.PRN

Rank 1 Egn 8001 y=foschi [UDF#1]

r2 Coef Det DF Adj r2 Fit Std Err
0.9263806343 0.9252872774 81.696020694

Parm Value Std Error t-value

a 458.3907939 16.39876154 27.95276904
b 769.7966835 40.16397175 19.16634859
[o] 25199.73742 2018.683147 12.48325546

Jul 5,1994 11:34 AM

SD: 0.2233011149
SD: 299.62355733

F-value
1277.2133187

95% Confidence Limits
426.054702 490.7268858
690.5988808 848.9944862
21219.17318 29180.30166
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2=0805739232 FitStdEm=86606627 Fstat=927255713
Rark 1 Eqn 8001 y=foschi ILDF#11
0=46528289 b=70487577
c=32039268

1250 T T T

Jul 5,1994 11:37 AM

196 Active X-Y Points
X: S-Disp Mean: 0.2078061224 SD: 0.2121040702
Y: S-Load Mean: 513.5 SD: 280.63832916

File Source: SXAAF2A.PRN

Rank 1 Egn 8001 y=foschi [UDF#1]

r2 Coef Det DF Adj r2 Fit std Err F-value
0.9057392317 0.9042664072 86.606626989 927.25571285
Parm Value _ 8td Error t-value 95% Confidence Limits
a 465.2828904 16.76716271 27.74964962 432.2099953 498.3557855

b 704.87577 44.03958879 16.00550299 618.0085567 791.7429834
[o 32039.26572 2793.811993 11.46793508 26528.52711 37550.00434



195

SORT CRITERIA

There are four options that can be used to sort the fitted equations. These
four statistics are also described in Appendix E.

Coef of det r?
Coefficient of determination, r?,
r2 = 1-(SSE/SSM)

where, SSE = Sum of Squares due to error and SSM = Sum of Squares
about mean.

Dof adjusted r?

This is a coefficient of determination that has been adjusted for degrees of
freedom. The standard r? sort criteria, but will better represent a true least
squares sort criteria. As with the unadjusted r?, the closer the value to 1.0,
the better will be this statistical measure of the fit. It is recommended that
either this method or the fit standard error be used for approximating
functions.

fit std Error

This sort criterion is the actual least squares error of fit. It is known as the
Fit Standard Error or Root MSE. The closer this value is to zero, the better
the least-squares fit will be. The disadvantage of this criteria is that the
values will not be normalized and as such cannot be used to compare the fit
of dissimilar data sets. The Fit Standard Error will be directly related to the
number of data points and is sensitive to any shift in the X-Y data. If only a
single data set is under consideration, the fit std Error option is the fastest of
all sort options, and again is wholeheartedly recommended for approximating
functions.

F-statistic
The F-statistic is a measure of the extent to which the given equation

represents the data. If an additional parameter makes a statistically
significant contribution to a model, the F-statistic increases. Otherwise, a
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decrease occurs. The higher the F-statistic, the more efficiently a given
equation models the data.

NOTE: This material was taken from TableCurve (Curve Fitting Software)™,
User’s Manual.

For this study the statistic Adj r? was used as sort criteria.
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