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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 Q.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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Figure 1.1 Diagram of a block pallet and the butted
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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 stiffness 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 (A/nus 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). 

McLain 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)). McLain (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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�p�e�r�i�o�d�s� �o�f� �t�i�m�e�,� �t�h�a�n� �f�o�r� �l�o�n�g� �p�e�r�i�o�d�s�.� �W�h�e�n� �m�a�x�i�m�u�m� �l�o�a�d� �i�s� �c�a�r�r�i�e�d� �f�o�r� �a� 

�y�e�a�r� �o�r� �m�o�r�e�,� �3�0�-�4�0�%� �r�e�d�u�c�t�i�o�n� �i�n� �s�t�r�e�n�g�t�h� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d�.� 

�L�e�n�g�t�h� �o�f� �t�i�m�e� �a�n�d� �r�a�t�e� �o�f� �l�o�a�d�i�n�g� �a�r�e� �a�l�s�o� �i�m�p�o�r�t�a�n�t� �a�s�p�e�c�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� 

�c�r�i�t�e�r�i�a� �f�o�r� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �f�o�r� �l�a�t�e�r�a�l� �r�e�s�i�s�t�a�n�c�e� �o�f� �n�a�i�l� �j�o�i�n�t�s� 

�a�r�e� �b�a�s�e�d� �o�n� �s�t�a�t�i�c� �l�o�a�d� �t�e�s�t�s�.� �T�h�e�s�e� �v�a�l�u�e�s� �m�a�y� �n�o�t� �r�e�f�l�e�c�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� 

�a� �s�t�r�u�c�t�u�r�e� �u�n�d�e�r� �d�y�n�a�m�i�c� �s�t�r�e�s�s�.� �A� �m�o�r�e� �a�c�c�u�r�a�t�e� �p�r�o�c�e�d�u�r�e� �t�o� �d�e�f�i�n�e� 

�s�t�r�u�c�t�u�r�a�l� �d�e�s�i�g�n� �v�a�l�u�e�s� �f�o�r� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� �s�u�b�j�e�c�t� �t�o� �d�y�n�a�m�i�c� �l�o�a�d�i�n�g� 

�h�a�s� �b�e�e�n� �s�u�b�m�i�t�t�e�d� �f�o�r� �a�p�p�r�o�v�a�l� �b�y� �D�o�l�a�n� �(�1�9�9�3�)� �t�o� �A�S�T�M� �i�n� �d�r�a�f�t� �f�o�r�m� �.� 

�H�i�s�t�o�r�i�c�a�l�l�y�,� �t�h�e� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �f�o�r� �e�a�r�t�h�q�u�a�k�e�s� �a�n�d� �w�i�n�d� �h�a�v�e� �n�o�t� �b�e�e�n� 

�d�e�f�i�n�e�d� �f�r�o�m� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g�.� �I�t� �h�a�s� �b�e�e�n� �n�e�c�e�s�s�a�r�y� �t�o� �u�s�e� �v�a�l�u�e�s� �w�i�t�h� �h�i�g�h� 

�s�a�f�e�t�y� �f�a�c�t�o�r� �t�o� �p�r�e�d�i�c�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �s�t�r�u�c�t�u�r�e�s� �s�u�b�j�e�c�t� �t�o� �t�h�e�s�e� �f�o�r�c�e�s�.� 

�R�e�s�e�a�r�c�h� �c�o�m�p�a�r�i�n�g� �s�t�a�t�i�c� �a�n�d� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �h�a�s� �s�h�o�w�n� �t�h�a�t� �a�t� �s�m�a�l�l� 

�d�e�f�o�r�m�a�t�i�o�n�s�,� �t�h�e� �j�o�i�n�t� �c�a�p�a�c�i�t�y� �i�n�c�r�e�a�s�e� �f�r�o�m� �t�h�e� �h�i�g�h�e�r� �r�a�t�e� �o�f� �l�o�a�d�i�n�g� �i�s� 

�o�f�f�s�e�t� �b�y� �t�h�e� �j�o�i�n�t� �c�a�p�a�c�i�t�y� �d�e�c�r�e�a�s�e� �f�r�o�m� �l�o�a�d� �c�y�c�l�i�n�g�.� �T�h�e� �v�a�r�i�a�t�i�o�n�s� 

�b�e�t�w�e�e�n� �s�t�a�t�i�c�a�l�l�y� �a�n�d� �d�y�n�a�m�i�c�a�l�l�y� �l�o�a�d�e�d� �j�o�i�n�t�s� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �s�m�a�l�l� 

�d�e�f�o�r�m�a�t�i�o�n�s� �a�n�d� �l�o�w� �n�u�m�b�e�r� �o�f� �l�o�a�d� �c�y�c�l�e�s�.� �S�i�n�c�e� �m�o�s�t� �c�o�d�e� �v�a�l�u�e�s� �f�o�r� 

�c�o�n�n�e�c�t�i�o�n�s� �a�r�e� �b�a�s�e�d� �o�n� �s�m�a�l�l� �d�e�f�o�r�m�a�t�i�o�n�s� �a�n�d� �t�h�e�s�e� �v�a�l�u�e�s� �h�a�v�e� �n�o�t



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�5� 

�b�e�e�n� �c�h�a�n�g�e�d�,� �t�h�i�s� �r�e�d�u�c�t�i�o�n� �i�n� �s�t�r�e�n�g�t�h� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �d�e�s�i�g�n� 

�v�a�l�u�e�s� �c�l�o�s�e� �t�o� �c�a�p�a�c�i�t�y� �(�S�o�l�t�i�s� �a�n�d� �M�t�e�n�g�a�,� �1�9�8�5�)�.� �T�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �s�t�a�t�i�c� 

�a�n�d� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �o�f� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� �w�i�t�h� �t�h�i�n� �a�n�d� �t�h�i�c�k� �m�e�m�b�e�r� �j�o�i�n�t�s�,� 

�w�i�t�h� �p�a�r�a�l�l�e�l� �a�n�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �l�o�a�d� �a�n�d� �g�r�a�i�n� �d�i�r�e�c�t�i�o�n�s�,� �h�a�v�e� �s�h�o�w�n� 

�i�m�p�o�r�t�a�n�t� �i�n�c�r�e�a�s�e�s� �i�n� �d�y�n�a�m�i�c� �s�t�r�e�n�g�t�h� �o�v�e�r� �s�t�a�t�i�c� �s�t�r�e�n�g�t�h� �w�h�e�n� �t�h�e� �r�a�t�e� 

�o�f� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �i�n�c�r�e�a�s�e�d�.� �G�i�r�h�a�m�m�e�r� �a�n�d� �A�n�d�e�r�s�s�o�n ��s� �(�1�9�8�8�)� �s�t�u�d�y� 

�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �i�n�c�r�e�m�e�n�t� �o�f� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�s� �m�o�r�e� �s�u�b�s�t�a�n�t�i�a�l� �i�n� �t�h�e� 

�w�o�o�d� �t�h�a�n� �i�n� �t�h�e� �n�a�i�l�.� 

�T�h�e�r�e� �a�r�e� �v�e�r�y� �f�e�w� �s�t�u�d�i�e�s� �w�h�i�c�h� �d�e�f�i�n�e� �c�l�e�a�r�l�y� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �t�i�m�e� �a�n�d� �l�o�a�d�.� �M�o�s�t� �r�e�m�a�r�k� �o�n� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�r�e�e� �f�a�c�t�o�r�s� �(�r�a�t�e� 

�o�f� �l�o�a�d�i�n�g�,� �t�i�m�e� �o�f� �l�o�a�d�i�n�g�,� �i�n�t�e�r�m�i�t�t�e�n�t� �o�r� �c�o�n�s�t�a�n�t� �l�o�a�d�)�.� �T�h�e� �d�e�s�i�g�n� 

�c�r�i�t�e�r�i�a� �f�o�r� �w�o�o�d� �s�t�r�u�c�t�u�r�e�s� �i�s� �b�a�s�e�d� �m�a�i�n�l�y� �o�n� �s�t�a�t�i�c� �p�r�o�c�e�d�u�r�e� �t�e�s�t�i�n�g�,� �a�n�d� 

�o�n� �c�o�n�s�t�a�n�t�,� �s�h�o�r�t�-�t�e�r�m� �l�o�a�d�s�.� �A�l�l� �t�h�e�s�e� �s�t�u�d�i�e�s� �c�a�l�l� �f�o�r� �n�e�w�,� �a�p�p�r�o�p�r�i�a�t�e� 

�p�r�o�c�e�d�u�r�e�s� �f�o�r� �d�e�f�i�n�i�n�g� �d�e�s�i�g�n� �v�a�l�u�e�s� �f�o�r� �i�n�t�e�r�m�i�t�t�e�n�t� �c�r�e�e�p�,� �d�a�m�a�g�e� 

�a�c�c�u�m�u�l�a�t�i�o�n� �(�l�o�a�d� �h�i�s�t�o�r�y�)�,� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �l�o�a�d�i�n�g�,� �a�n�d� �d�i�f�f�e�r�e�n�t� �r�a�t�e�s� �o�f� 

�l�o�a�d�i�n�g�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �r�e�s�e�a�r�c�h�,� �o�n�e� �o�f� �t�h�e� �s�u�b�o�b�j�e�c�t�i�v�e�s� �i�s� �t�o� �f�i�n�d� �h�o�w� 

�m�u�c�h� �e�f�f�e�c�t� �t�h�e� �r�a�t�e� �o�f� �l�o�a�d�i�n�g� �h�a�s� �o�n� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e�.� 

�2�.�2� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �M�e�t�h�o�d�s� �t�o� �p�r�e�d�i�c�t� �t�h�e� �L�o�a�d�-�S�l�i�p� �R�e�l�a�t�i�o�n�s�h�i�p� 

�O�n�e� �w�a�y� �t�o� �e�m�p�i�r�i�c�a�l�l�y� �o�b�t�a�i�n� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� 

�o�f� �a� �n�a�i�l�e�d� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n� �i�s� �t�o� �u�s�e� �t�h�e� �l�o�a�d�-�s�l�i�p� �c�u�r�v�e� �m�e�t�h�o�d� �(�W�i�l�k�i�n�s�o�n�,� 

�1�9�7�1�)�,� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �t�e�s�t�i�n�g� �a� �s�u�f�f�i�c�i�e�n�t� �n�u�m�b�e�r� �o�f� �j�o�i�n�t� �s�p�e�c�i�m�e�n�s�,� �a�n�d



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�6� 

�f�i�t�t�i�n�g� �a� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �t�o� �t�h�e� �d�a�t�a� �f�o�r� �n�u�m�e�r�i�c�a�l� �s�i�m�u�l�a�t�i�o�n� �t�o� �p�r�e�d�i�c�t� �t�h�e� 

�b�e�h�a�v�i�o�r� �o�f� �t�h�e� �l�o�a�d�-�s�l�i�p� �c�u�r�v�e�.� �A�n�o�t�h�e�r� �e�m�p�i�r�i�c�a�l� �m�e�t�h�o�d� �p�r�o�p�o�s�e�d� �t�o� 

�p�r�e�d�i�c�t� �t�h�e� �l�o�a�d�-�s�l�i�p� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �n�a�i�l�e�d� �w�o�o�d� �j�o�i�n�t�s� �i�s� �t�h�e� �u�s�e� �o�f� �a�n� 

�e�q�u�a�t�i�o�n� �d�e�v�e�l�o�p�e�d� �b�y� �F�o�s�c�h�i� �(�1�9�7�3�,� �1�9�7�7�)� �t�o� �f�i�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� 

�E�q�u�a�t�i�o�n� �2�.�1� �p�r�e�s�e�n�t�s� �F�o�s�c�h�i ��s� �t�h�r�e�e�-�p�a�r�a�m�e�t�e�r�,� �n�o�n�l�i�n�e�a�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� 

�c�o�n�n�e�c�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e�,� �w�i�t�h� �t�h�e� �i�n�i�t�i�a�l� �s�l�o�p�e� �o�f� �t�h�e� �c�u�r�v�e� �(�K�,�)� �a�s� �o�n�e� �o�f� 

�t�h�e� �p�a�r�a�m�e�t�e�r�s�,� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �a�s�y�m�p�t�o�t�e� �(�K�.�)� �a�n�d� �t�h�e� �l�o�a�d�-�i�n�t�e�r�c�e�p�t� �(�P�,�)� 

�a�s� �t�h�e� �o�t�h�e�r� �t�w�o�.� �N�e�x�t� �t�h�e� �F�o�s�c�h�i ��s� �m�o�d�e�l� �i�s� �p�r�e�s�e�n�t�e�d� 

�*�K�,�|�4� �1�)� �(�2�.�1�)� 
�P� 

�o� 

�|�F�.�|� �=�(�P�,�+�K�,�|�A�|�)�(�1� �~�é� 

�W�h�e�r�e�:� �A� �=� �d�i�s�p�l�a�c�e�m�e�n�t� �(�i�n�)� 

�F�,� �=� �l�o�a�d� �(�I�b�)�.� 

�F�i�r�s�t�,� �F�o�s�c�h�i� �s�t�u�d�i�e�d� �t�h�e� �n�o�n�-�l�i�n�e�a�r� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �l�o�a�d�-�s�l�i�p� 

�r�e�l�a�t�i�o�n�s�h�i�p� �a�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �n�a�i�l� �y�i�e�l�d�s� �i�n� �b�e�n�d�i�n�g� �a�n�d� �t�h�e� �w�o�o�d� �u�n�d�e�r� �t�h�e� 

�n�a�i�l� �f�a�i�l�s� �i�n� �b�e�a�r�i�n�g�.� �H�e� �d�e�v�e�l�o�p�e�d� �a� �t�h�e�o�r�e�t�i�c�a�l� �m�o�d�e�l� �u�s�i�n�g� �f�i�n�i�t�e� �e�l�e�m�e�n�t� 

�a�p�p�r�o�x�i�m�a�t�i�o�n�s� �a�n�d� �c�o�n�c�l�u�d�e�s� �t�h�a�t� �"�t�h�i�s� �e�l�a�s�t�i�c� �a�p�p�r�o�x�i�m�a�t�i�o�n� �i�s� �o�n�l�y� 

�a�c�c�e�p�t�a�b�l�e� �t�o� �e�s�t�i�m�a�t�e� �i�n�i�t�i�a�l� �s�t�i�f�f�n�e�s�s� �f�o�r� �t�h�e� �f�a�s�t�e�n�i�n�g�. �� �T�h�e� �m�o�d�e�l� �w�a�s� 

�l�a�t�e�r� �i�m�p�r�o�v�e�d� �u�s�i�n�g� �f�i�n�i�t�e�-�e�l�e�m�e�n�t� �e�l�a�s�t�o�-�p�l�a�s�t�i�c� �a�n�a�l�y�s�i�s� �a�n�d� �d�e�s�c�r�i�b�e�s� �t�h�e� 

�d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�e� �l�o�a�d�-�s�l�i�p� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� �u�s�i�n�g



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�7� 

�c�o�m�m�o�n� �n�a�i�l�s�.� �H�e� �s�h�o�w�e�d� �t�h�a�t� �h�i�s� �m�o�d�e�l� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �i�n�i�t�i�a�l� 

�s�t�i�f�f�n�e�s�s� �a�n�d� �u�l�t�i�m�a�t�e� �l�o�a�d�s� �o�b�t�a�i�n�e�d� �b�y� �W�i�l�k�i�n�s�o�n ��s� �m�e�t�h�o�d� �(�1�9�7�1�,� �1�9�7�2�)� 

�a�n�d� �L�a�r�s�e�n ��s� �m�e�t�h�o�d�s� �(�1�9�7�3�)� �a�s� �w�e�l�l� �a�s� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s�.� �F�o�s�c�h�i ��s� 

�e�q�u�a�t�i�o�n� �i�s� �e�v�a�l�u�a�t�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �t�o� �s�e�e� �h�o�w� �w�e�l�l� �i�t� �p�r�e�d�i�c�t�s� �t�h�e� �l�o�a�d�-�s�l�i�p� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �b�l�o�c�k� �p�a�l�l�e�t� �c�o�n�n�e�c�t�i�o�n�s� �n�a�i�l�e�d� �w�i�t�h� �t�h�r�e�a�d�e�d� �f�a�s�t�e�n�e�r�s�.� 

�K�a�l�k�e�r�t� �a�n�d� �D�o�l�a�n� �(�1�9�9�4�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �u�s�i�n�g� �F�o�s�c�h�i ��s� �e�q�u�a�t�i�o�n� �w�i�t�h� 

�o�n�l�y� �t�w�o�-�p�a�r�a�m�e�t�e�r�s� �(�s�l�o�p�e� �o�f� �t�h�e� �a�s�y�m�p�t�o�t�e� �e�q�u�a�l� �t�o� �z�e�r�o�)�,� �a�n�d� �h�o�w� �t�h�e� 

�a�m�o�u�n�t� �o�f� �t�h�e� �d�a�t�a� �a�f�f�e�c�t� �p�a�r�a�m�e�t�e�r� �e�s�t�i�m�a�t�i�o�n�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �i�t� �i�s� �b�e�t�t�e�r� 

�t�o� �u�s�e� �t�h�e� �t�h�r�e�e�-�p�a�r�a�m�e�t�e�r� �e�q�u�a�t�i�o�n� �(�K�,� �~�Q�)� �s�i�n�c�e� �t�h�e� �t�w�o�-�p�a�r�a�m�e�t�e�r� 

�e�q�u�a�t�i�o�n� �u�n�d�e�r�e�s�t�i�m�a�t�e� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n�.� 

�A�n� �a�d�d�i�t�i�o�n�a�l� �a�l�t�e�r�n�a�t�i�v�e� �a�s�s�e�s�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� 

�s�t�i�f�f�n�e�s�s� �o�f� �a� �n�a�i�l�e�d� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n� �w�a�s� �t�h�e� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �b�y� 

�S�4�R�i�b�e�i�r�o� �(�1�9�9�1�)�.� �H�e� �s�t�u�d�i�e�d� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �f�o�r� �e�x�p�a�n�d�i�n�g� �a�n�d� �i�m�p�r�o�v�i�n�g� �t�h�e� 

�l�o�a�d�-�s�l�i�p� �e�q�u�a�t�i�o�n� �[�P� �=� �A� �l�o�g� �(�1� �+� �B�A�)�]� �d�e�v�e�l�o�p�e�d� �b�y� �M�c�L�a�i�n� �(�1�9�7�5�)� �f�o�r� 

�n�a�i�l�e�d� �w�o�o�d� �j�o�i�n�t�s� �s�u�b�j�e�c�t�e�d� �t�o� �l�a�t�e�r�a�l� �(�s�h�e�a�r�)� �l�o�a�d�i�n�g� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �s�p�e�c�i�e�s� 

�o�f� �t�r�o�p�i�c�a�l� �h�a�r�d�w�o�o�d�s�.� �T�h�e� �p�r�i�n�c�i�p�a�l� �v�a�r�i�a�b�l�e�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l� �w�e�r�e� �1�)� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �j�o�i�n�t� �m�e�m�b�e�r�s� �(�S�G�)�,� �2�)� �s�i�d�e� �m�e�m�b�e�r� �t�h�i�c�k�n�e�s�s� �(�t�)�,� �3�)� �n�a�i�l� 

�d�i�a�m�e�t�e�r� �(�d�)�,� �a�n�d� �4�)� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �(�M�C�)� �o�f� �j�o�i�n�t� �m�e�m�b�e�r�s�.� 

�H�e� �f�o�u�n�d� �t�h�a�t� �t�h�e� �p�a�r�a�m�e�t�e�r� �"�A�"� �o�f� �M�c�L�a�i�n ��s� �e�q�u�a�t�i�o�n� �c�a�n� �b�e� �b�e�t�t�e�r� 

�p�r�e�d�i�c�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �M�C�,� �S�G�,� �t�,� �a�n�d� �n�a�i�l� �d�i�a�m�e�t�e�r� �(�d�)� �u�s�i�n�g� �t�h�e� 

�e�q�u�a�t�i�o�n�,



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�8� 

�A�u�c� �=� �B�,� �+� �B�,� �(�S�G�)� �+� �B�,� �(�S�G� �x� �t�)� �+� �B�,� �(�S�G�?�x�d�)� �(�2�.�2�)� 

�a�n�d� �t�h�a�t� �p�a�r�a�m�e�t�e�r� �B�,� �c�a�n� �b�e� �b�e�t�t�e�r� �p�r�e�d�i�c�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �S�G�,� �s�i�d�e� 

�m�e�m�b�e�r� �t�h�i�c�k�n�e�s�s� �a�n�d� �d�,� �u�s�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� 

�B� �=� �B�,� �+� �B�,� �(�S�G�)� �+� �B�,� �l�o�g� �(�t�)� �+� �B�,� �(�S�G�?� �x�d�)� �=� �(�2�.�3�)� 

�T�h�e� �u�s�e� �o�f� �t�h�e� �S�a�R�i�b�e�i�r�o� �i�m�p�r�o�v�e�d� �m�o�d�e�l� �i�s� �r�e�s�t�r�i�c�t�e�d� �t�o� �a� �s�m�a�l�l� �r�a�n�g�e� 

�o�f� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�s� �(�f�r�o�m� �6� �t�o� �1�8�%�)� �a�n�d� �s�i�n�c�e� �m�o�s�t� �o�f� �t�h�e� �w�o�o�d� �t�e�s�t�e�d� �i�n� 

�t�h�i�s� �s�t�u�d�y� �w�a�s� �o�v�e�r� �3�0�%� �(�F�i�b�e�r� �s�a�t�u�r�a�t�i�o�n� �p�o�i�n�t�)�,� �i�t� �w�a�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� 

�a�p�p�l�y� �t�h�e� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �t�h�e� �l�o�a�d�-�s�l�i�p� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �t�h�e� �j�o�i�n�t� �s�p�e�c�i�m�e�n�s� �i�n� 

�t�h�i�s� �s�t�u�d�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�d�e�l� �c�o�u�l�d� �p�r�e�d�i�c�t� �a�c�c�u�r�a�t�e�l�y� �t�h�e� �l�o�a�d�-�s�l�i�p� 

�r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �n�a�i�l�e�d� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� �m�a�n�u�f�a�c�t�u�r�e�d� �a�n�d� �t�e�s�t�e�d� �w�i�t�h� �w�o�o�d� 

�w�i�t�h� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �f�r�o�m� �6� �t�o� �1�8�%�,� �u�s�i�n�g� �t�h�e� �j�o�i�n�t� �m�e�m�b�e�r�s� �s�p�e�c�i�f�i�c� 

�g�r�a�v�i�t�y�.� 

�2�.�2�.�1� �L�a�t�e�r�a�l� �L�o�a�d� �(�s�h�e�a�r� �l�o�a�d�)�.� �T�h�e� �t�h�e�o�r�y� �o�n� �h�o�w� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�t�r�e�n�g�t�h� 

�o�f� �a� �l�a�t�e�r�a�l�l�y� �l�o�a�d�e�d� �n�a�i�l�e�d� �j�o�i�n�t� �i�s� �k�n�o�w�n� �a�s� �M�o�e�l�l�e�r ��s� �T�h�e�o�r�y� �o�r� �Y�i�e�l�d� 

�T�h�e�o�r�y�,� �s�i�n�c�e� �h�e� �w�a�s� �t�h�e� �f�i�r�s�t� �t�o� �a�p�p�l�y� �i�t� �t�o� �t�h�i�s� �t�y�p�e� �o�f� �j�o�i�n�t�.� �M�o�e�l�l�e�r� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �s�t�r�e�n�g�t�h� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� 

�t�h�e� �e�l�e�m�e�n�t�s�,� �t�h�a�t� �i�s� �t�h�e� �y�i�e�l�d� �m�o�m�e�n�t� �o�f� �t�h�e� �n�a�i�l� �a�n�d� �t�h�e� �d�o�w�e�l� �b�e�a�r�i�n�g� 

�s�t�r�e�n�g�t�h� �o�f� �t�h�e� �w�o�o�d� �b�e�l�o�w� �t�h�e� �n�a�i�l� �(�E�h�l�b�e�c�k�,� �1�9�7�9�)�.� �T�h�i�s� �t�h�e�o�r�y� �a�s�s�u�m�e�s� 

�t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �d�e�f�o�r�m�a�t�i�o�n� �i�n� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �b�e�l�o�w� �t�h�e� �y�i�e�l�d� �p�o�i�n�t�.� �I�n� 

�1�9�9�1� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� �w�a�s� �a�d�o�p�t�e�d� �b�y� �t�h�e� �N�a�t�i�o�n�a�l� �D�e�s�i�g�n� �S�p�e�c�i�f�i�c�a�t�i�o�n� �f�o�r� 

�W�o�o�d� �C�o�n�s�t�r�u�c�t�i�o�n� �(�A�F�&�P�A�,� �1�9�9�3�)� �f�o�r� �d�o�w�e�l� �t�y�p�e� �c�o�n�n�e�c�t�i�o�n�s�.



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�9� 

�T�w�o� �b�a�s�i�c� �t�y�p�e�s� �o�f� �f�a�i�l�u�r�e�s� �c�a�n� �o�c�c�u�r� �w�h�e�n� �w�o�o�d� �n�a�i�l�e�d� �c�o�n�n�e�c�t�i�o�n�s� 

�a�r�e� �l�a�t�e�r�a�l�l�y� �l�o�a�d�e�d� �(�s�i�n�g�l�e� �s�h�e�a�r� �c�o�n�n�e�c�t�i�o�n�s�)�:� 

�1�)� �T�h�e� �w�o�o�d� �w�i�l�l� �f�a�i�l� �f�i�r�s�t� �w�h�i�l�e� �t�h�e� �n�a�i�l� �w�i�l�l� �r�e�m�a�i�n� �s�t�i�f�f� 

�(�F�i�g�u�r�e� �2�.�1�)� �.� 

�2�)� �T�h�e� �y�i�e�l�d� �m�o�m�e�n�t� �o�f� �t�h�e� �n�a�i�l� �i�s� �r�e�a�c�h�e�d� �f�i�r�s�t� �b�e�f�o�r�e� �t�h�e� �w�o�o�d� 

�f�a�i�l�s� �(�F�i�g�u�r�e� �2�.�1� �C�o�n�n�e�c�t�i�o�n� �Y�i�e�l�d� �M�o�d�e�s�)�.� 

�I�n� �b�o�t�h� �c�a�s�e�s� �t�h�e� �w�o�o�d� �m�e�m�b�e�r� �t�h�i�c�k�n�e�s�s� �w�i�l�l� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�y�p�e� �o�f� �f�a�i�l�u�r�e� 

�i�n� �t�h�e� �j�o�i�n�t� �(�E�h�l�b�e�c�k�,� �1�9�7�9�)�.� 

�A�f�t�e�r� �M�o�e�l�l�e�r�,� �s�e�v�e�r�a�l� �o�t�h�e�r� �s�c�i�e�n�t�i�s�t�s� �h�a�v�e� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �y�i�e�l�d� 

�t�h�e�o�r�y�,� �a�s� �i�t� �i�s� �n�o�w� �k�n�o�w�n�.� �T�h�e�s�e� �w�o�r�k�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �b�y� �A�u�n�e� �a�n�d� 

�P�a�t�t�o�n�-�M�a�l�l�o�r�y� �(�1�9�8�6�)�.� �T�h�e�i�r� �p�u�b�l�i�s�h�e�d� �w�o�r�k� �r�e�f�e�r�s� �t�o� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�n�d� 

�t�h�e�i�r� �o�w�n� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y�,� �a�n�d� �e�x�t�e�n�d�s� �i�t� �t�o� �i�n�c�l�u�d�e� �s�t�e�e�l�-�t�o�-� 

�w�o�o�d� �j�o�i�n�t�s� �a�n�d� �j�o�i�n�t�s� �w�i�t�h� �a� �l�a�y�e�r� �o�f� �i�n�s�u�l�a�t�i�o�n� �(�o�r� �g�a�p�)� �b�e�t�w�e�e�n� �j�o�i�n�t� 

�m�e�m�b�e�r�s�.� �A�u�n�e� �a�n�d� �P�a�t�t�o�n�-�M�a�l�l�o�r�y� �(�1�9�8�6�)� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �t�h�e� �f�o�r�m�u�l�a�s� �t�o
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�F�i�g�u�r�e� �2�.�1� �C�o�n�n�e�c�t�i�o�n� �y�i�e�l�d� �m�o�d�e�s� �(�1�9�9�1� �N�D�S�,� �A�F�&�P�A�)�.



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�1� 

�e�s�t�i�m�a�t�e� �t�h�e� �u�l�t�i�m�a�t�e� �l�o�a�d� �f�o�r� �w�o�o�d�-�t�o�-�w�o�o�d� �a�n�d� �s�t�e�e�l�-�t�o�-�w�o�o�d� �j�o�i�n�t�s� �a�n�d� 

�j�o�i�n�t�s� �w�i�t�h� �u�n�e�q�u�a�l� �w�o�o�d� �s�t�r�e�n�g�t�h� �i�n� �t�h�e� �m�a�i�n� �a�n�d� �s�i�d�e� �m�e�m�b�e�r�s�.� �A� �f�o�r�m�u�l�a� 

�(�b�a�s�e�d� �o�n� �t�h�e� �y�i�e�l�d� �m�o�d�e�l�)� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�t�r�e�s�s�-�d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �w�o�o�d� 

�w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �s�u�b�s�t�i�t�u�t�i�n�g� �a� �f�o�u�r�t�h�-�o�r�d�e�r� �c�u�r�v�e� �f�o�r� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� �p�l�a�s�t�i�c� 

�e�m�b�e�d�m�e�n�t� �b�e�h�a�v�i�o�r� �(�A�u�n�e� �a�n�d� �P�a�t�t�o�n�-�M�a�l�l�o�r�y� �1�9�8�6�)�.� 

�A�u�n�e� �a�n�d� �P�a�t�t�o�n�-�M�a�l�l�o�r�y� �(�1�9�8�6�)� �d�i�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�e�r�i�f�i�c�a�t�i�o�n� �o�f� 

�t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� �t�o� �p�r�e�d�i�c�t� �t�h�e� �u�l�t�i�m�a�t�e� �l�a�t�e�r�a�l� �s�t�r�e�s�s� �u�s�i�n�g� �s�p�e�c�i�e�s� �a�n�d� �j�o�i�n�t� 

�g�e�o�m�e�t�r�i�e�s� �t�y�p�i�c�a�l� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n� �i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s�.� �T�h�e� �s�t�r�e�n�g�t�h� �o�f� 

�d�i�f�f�e�r�e�n�t� �n�a�i�l�e�d� �j�o�i�n�t�s� �u�n�d�e�r� �s�h�o�r�t�-�t�e�r�m� �l�o�a�d�i�n�g� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� 

�w�o�o�d� �a�n�d� �n�a�i�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �c�o�n�f�i�r�m�e�d� �b�y� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �r�e�s�u�l�t�s� 

�s�h�o�w�e�d� �v�e�r�y� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�p�o�n�s�e�.� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� �t�o� �p�r�e�d�i�c�t� �t�h�e� �l�o�a�d�-�d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�c�o�n�n�e�c�t�i�o�n� �w�a�s� �c�o�n�f�i�r�m�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �a� �g�o�o�d� �a�g�r�e�e�m�e�n�t� 

�a�b�o�v�e� �d�e�f�o�r�m�a�t�i�o�n�s� �o�f� �0�.�1�2� �i�n�c�h� �(�3� �m�m�)�,� �b�u�t� �p�o�o�r� �p�r�e�d�i�c�t�i�o�n�s� �i�n� �t�h�e� �f�i�r�s�t� 

�p�a�r�t� �o�f� �t�h�e� �c�u�r�v�e�.� 

�A�s� �s�t�a�t�e�d� �a�b�o�v�e�,� �t�h�e� �t�w�o� �p�r�o�p�e�r�t�i�e�s� �r�e�q�u�i�r�e�d� �t�o� �u�s�e� �o�f� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� 

�a�r�e� �t�h�e� �d�o�w�e�l� �b�e�a�r�i�n�g� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �w�o�o�d� �a�n�d� �t�h�e� �n�a�i�l� �y�i�e�l�d� �m�o�m�e�n�t�.� �T�h�e� 

�d�o�w�e�l� �b�e�a�r�i�n�g� �s�t�r�e�n�g�t�h� �i�s� �d�e�f�i�n�e�d� �a�s� �"�.�.�.�t�h�e� �p�r�o�p�e�r�t�y� �o�f� �c�o�n�n�e�c�t�i�o�n� �m�e�m�b�e�r�s� 

�t�h�a�t� �i�m�p�a�r�t�s� �r�e�s�i�s�t�a�n�c�e� �t�o� �e�m�b�e�d�d�i�n�g� �o�f� �a� �d�o�w�e�l�"� �(�W�i�l�k�i�n�s�o�n� �1�9�9�1�)�.� 

�W�i�l�k�i�n�s�o�n� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�,� �d�o�w�e�l� �d�i�a�m�e�t�e�r�,� �a�n�d



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�2� 

�l�o�a�d�i�n�g� �d�i�r�e�c�t�i�o�n� �f�o�r� �b�o�l�t�s� �a�n�d� �n�a�i�l�s�.� �H�e� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �d�o�w�e�l� �b�e�a�r�i�n�g� 

�s�t�r�e�n�g�t�h� �f�o�r� �n�a�i�l�s� �i�s� �r�e�l�a�t�e�d� �p�r�i�m�a�r�i�l�y� �t�o� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�.� 

�N�o� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �d�o�w�e�l� �b�e�a�r�i�n�g� �s�t�r�e�n�g�t�h� �e�x�i�s�t�e�d� 

�u�n�t�i�l� �1�9�9�2�,� �w�h�e�n� �a� �d�r�a�f�t� �A�S�T�M� �s�t�a�n�d�a�r�d� �w�a�s� �p�r�o�p�o�s�e�d�.� �T�h�i�s� �m�e�t�h�o�d� �s�e�t�s� 

�t�h�e� �b�a�s�i�c� �p�r�o�c�e�d�u�r�e� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �d�o�w�e�l� �e�m�b�e�d�d�i�n�g� �s�t�r�e�n�g�t�h� �o�f� �w�o�o�d� �a�n�d� 

�w�o�o�d�-�b�a�s�e�d� �p�r�o�d�u�c�t�s�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �n�a�i�l� �y�i�e�l�d� �m�o�m�e�n�t� �w�a�s� �e�s�t�i�m�a�t�e�d� 

�b�y� �s�u�b�j�e�c�t�i�n�g� �t�h�e� �n�a�i�l�s� �t�o� �t�h�r�e�e�-�p�o�i�n�t� �b�e�n�d�i�n�g� �t�e�s�t�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �p�r�o�c�e�d�u�r�e� 

�p�r�o�p�o�s�e�d� �b�y� �t�h�e� �d�r�a�f�t� �A�S�T�M� �S�t�a�n�d�a�r�d� �T�e�s�t� �M�e�t�h�o�d�s� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e� 

�B�e�n�d�i�n�g� �Y�i�e�l�d� �M�o�m�e�n�t� �o�f� �N�a�i�l�s� �(�1�9�9�3�)�.� 

�2�.�2�.�2� �S�t�i�f�f�n�e�s�s� �o�f� �a� �W�o�o�d� �N�a�i�l�e�d� �J�o�i�n�t�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �a� �n�a�i�l�e�d� 

�c�o�n�n�e�c�t�i�o�n� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �f�o�r� �m�a�n�y� �y�e�a�r�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �e�l�a�s�t�i�c� �t�h�e�o�r�y�,� 

�a�n�d� �a�l�l� �t�h�e� �d�e�v�e�l�o�p�e�d� �e�q�u�a�t�i�o�n�s� �a�s�s�u�m�e�d� �t�h�a�t� �d�e�f�o�r�m�a�t�i�o�n�s� �w�e�r�e� �e�l�a�s�t�i�c� �u�p� 

�t�o� �t�h�e� �p�r�o�p�o�r�t�i�o�n�a�l� �l�i�m�i�t�.� �I�t� �w�a�s� �a�l�s�o� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �c�u�r�v�e� �r�e�m�a�i�n�e�d� �l�i�n�e�a�r� 

�i�n� �t�h�e� �r�a�n�g�e� �u�p� �t�o� �t�h�e� �p�r�o�p�o�r�t�i�o�n�a�l� �l�i�m�i�t�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �i�s� �o�f�t�e�n� �n�o�t� �t�r�u�e� 

�w�h�e�n� �t�h�e�r�e� �i�s� �n�o� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �n�a�i�l� �a�n�d� �w�o�o�d� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� 

�t�e�s�t�.� �T�h�e� �r�e�q�u�i�r�e�d� �c�o�n�d�i�t�i�o�n� �o�f� �t�i�g�h�t� �c�o�n�t�a�c�t� �h�a�s� �b�e�e�n� �a�c�h�i�e�v�e�d� �b�y� �l�o�a�d�i�n�g� 

�a�n�d� �u�n�l�o�a�d�i�n�g� �a� �n�u�m�b�e�r� �o�f� �t�i�m�e�s� �(�E�h�l�b�e�c�k�)�.� �W�i�l�k�i�n�s�o�n� �(�1�9�7�1�)� �u�s�e�d� �t�h�i�s� 

�p�r�o�c�e�d�u�r�e� �t�o� �p�e�r�f�o�r�m� �t�h�e� �t�e�s�t�s� �u�s�e�d� �t�o� �d�e�r�i�v�e� �h�i�s� �l�o�a�d�-�s�l�i�p� �r�e�l�a�t�i�o�n�s�h�i�p�,� 

�w�h�i�c�h� �i�s� �o�n�l�y� �v�a�l�i�d� �i�n� �t�h�e� �a�s�s�u�m�e�d� �l�i�n�e�a�r� �l�o�a�d� �r�a�n�g�e�.� 

�A�n�o�t�h�e�r� �a�p�p�r�o�a�c�h� �t�o� �p�r�e�d�i�c�t� �t�h�e� �l�o�a�d�-�s�l�i�p� �b�e�h�a�v�i�o�r� �o�f� �a� �n�a�i�l�e�d� 

�c�o�n�n�e�c�t�i�o�n� �i�s� �t�o� �u�s�e� �a�n� �e�m�p�i�r�i�c�a�l� �f�o�r�m�u�l�a� �t�h�a�t� �f�i�t�s� �t�h�e� �t�e�s�t� �d�a�t�a�.� �T�h�i�s



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�3� 

�a�p�p�r�o�a�c�h� �i�s� �d�e�s�c�r�i�b�e�d� �b�y� �E�h�l�b�e�c�k� �(�1�9�7�9�)�.� �O�f� �a�l�l� �t�h�e�s�e� �m�e�t�h�o�d�s�,� �t�h�e� �o�n�e� 

�s�u�g�g�e�s�t�e�d� �b�y� �M�c�L�a�i�n� �(�1�9�7�5�)� �h�a�s� �b�e�e�n� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �(�P�e�l�l�i�c�a�n�e�,� 

�S�t�o�n�e�,� �a�n�d� �V�a�n�d�e�r�b�i�l�t� �1�9�9�1�)�,� �(�S�a�d�R�i�b�e�i�r�o� �a�n�d� �P�e�l�l�i�c�a�n�e� �1�9�9�2�)�,� �b�u�t�,� �i�t� �i�s� �o�n�l�y� 

�v�a�l�i�d� �f�o�r� �s�l�i�p� �u�p� �t�o� �0�.�1� �i�n�c�h� �(�2�.�5�4� �m�m�)�.� 

�F�o�r� �s�l�i�p�s� �u�p� �t�o� �0�.�1� �i�n�c�h� �(�2�.�5�4� �m�m�)�,� �M�c�L�a�i�n ��s� �m�o�d�e�l� �[�P�=� �A� �l�o�g� 

�(�1�+�B�A�)�]�c�a�n� �b�e� �u�s�e�d� �f�o�r� �p�r�e�d�i�c�t�i�o�n�.� �I�n� �t�h�i�s� �m�o�d�e�l�,� �t�h�e� �e�m�p�i�r�i�c�a�l� �p�a�r�a�m�e�t�e�r�s�,� 

�A� �a�n�d� �B�,� �w�i�l�l� �b�e� �p�r�e�d�i�c�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�i�e�s� �o�f� �t�h�e� �m�a�i�n� 

�a�n�d� �s�i�d�e� �m�e�m�b�e�r�s� �[�M�c�L�a�i�n� �(�1�9�7�5�)�,� �P�e�l�l�i�c�a�n�e�,� �S�t�o�n�e� �a�n�d� �V�a�n�d�e�r�b�i�l�t� �(�1�9�9�2�)�]�.� 

�T�h�e� �e�q�u�a�t�i�o�n� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �P�e�l�l�i�c�a�n�e� �e�t� �a�l�.� �(�1�9�9�2�)� �f�o�r� �s�o�l�i�d� �w�o�o�d� 

�m�e�m�b�e�r�s� �i�s�:� 

�A� �=� �2�0�5�.�3� �-� �(�2�3�2�.�2�/�S�G�S�)� �-� �[�3�2�.�4�/�(�S�G�S�*�S�G�M�)�]� �=� �(�2�.�4�)� 

�W�h�e�r�e� �S�G�S�,� �S�G�M� �=� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �(�b�a�s�e�d� �o�n� �v�o�l�u�m�e� �a�t� �1�2� �p�e�r� �c�e�n�t� 

�m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�)� �o�f� �t�h�e� �s�i�d�e� �a�n�d� �m�a�i�n� �m�e�m�b�e�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� �e�q�u�a�t�i�o�n� 

�h�a�s� �a� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �(�r�)� �o�f� �a�t� �l�e�a�s�t� �0�.�7�8�.� �F�o�r� �t�h�e� �p�a�r�a�m�e�t�e�r� �B�,� 

�P�e�l�l�i�c�a�n�e� �e�t� �a�l�.� �(�1�9�9�2�)� �s�u�g�g�e�s�t�e�d� �t�h�e� �u�s�e� �o�f� �M�c�L�a�i�n ��s� �e�q�u�a�t�i�o�n� �a�n�d� 

�p�r�e�d�i�c�t�i�o�n� �o�f� �a� �p�o�i�n�t� �i�n� �t�h�e� �l�o�a�d�-�s�l�i�p� �c�u�r�v�e�.� �R�e�a�r�r�a�n�g�i�n�g� �M�c�L�a�i�n ��s� �e�q�u�a�t�i�o�n� �t�o� 

�s�o�l�v�e� �f�o�r� �B� �r�e�s�u�l�t�s� �i�n� �t�h�e� �e�q�u�a�t�i�o�n�:� 

�B� �=� �1�0�°� �-� �1�/�D�e�f�l�e�c�t�i�o�n� �(�2�.�5�)� 

�B�e�c�a�u�s�e� �o�n�e� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �s�t�u�d�y� �i�s� �t�o� �p�r�e�d�i�c�t� �d�e�f�o�r�m�a�t�i�o�n�s� 

�o�v�e�r� �0�.�2�5�0� �i�n�c�h� �(�6�.�3�5� �m�m�)�,� �i�t� �i�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� 

�F�o�s�c�h�i ��s� �m�e�t�h�o�d�,� �a�n�d� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �b�y� �A�u�n�e� �a�n�d



�C�h�a�p�t�e�r� �2�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�4� 

�P�a�t�t�o�n�-�M�a�l�l�o�r�y� �(�1�9�8�6�)� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �e�n�t�i�r�e� �c�u�r�v�e� �o�f� 

�i�n�t�e�r�e�s�t�,� �F�o�s�c�h�i ��s� �m�e�t�h�o�d� �w�o�u�l�d� �b�e� �u�s�e�d� �f�o�r� �p�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �l�o�a�d�-�s�l�i�p� 

�r�e�l�a�t�i�o�n�s�h�i�p� �a�n�d� �t�h�e� �y�i�e�l�d� �t�h�e�o�r�y� �m�e�t�h�o�d� �w�o�u�l�d� �b�e� �u�s�e�d� �f�o�r� �d�e�f�i�n�i�n�g� �t�h�e� 

�m�a�x�i�m�u�m� �s�t�r�e�n�g�t�h� �a�t� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �n�a�i�l�e�d� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�.� 

�2�.�3� �T�e�s�t�i�n�g� �M�e�t�h�o�d�s� 

�S�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h�.� �F�o�r� �t�h�e� 

�Y�i�e�l�d� �M�o�d�e� �T�h�e�o�r�y� �t�w�o� �m�e�t�h�o�d�s� �w�e�r�e� �u�s�e�d�:� �D�o�w�e�l� �B�e�a�r�i�n�g� �S�t�r�e�n�g�t�h� �a�n�d� 

�N�a�i�l� �y�i�e�l�d� �M�o�m�e�n�t�.� �T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �o�f�f�e�r�e�d� �t�o� �l�a�t�e�r�a�l� 

�c�y�c�l�i�c� �m�o�v�e�m�e�n�t�,� �a� �M�o�d�i�f�i�e�d� �S�e�q�u�e�n�t�i�a�l� �P�h�a�s�e�d� �D�i�s�p�l�a�c�e�m�e�n�t� �T�e�s�t�i�n�g� 

�P�r�o�c�e�d�u�r�e� �(�S�P�D�)� �w�a�s� �u�s�e�d�.� �S�u�p�p�o�r�t�i�n�g� �t�h�e� �S�P�D� �t�w�o� �a�d�d�i�t�i�o�n�a�l� �m�e�t�h�o�d�s� 

�w�e�r�e� �u�s�e�d�,� �t�h�e� �m�o�n�o�t�o�n�i�c� �l�a�t�e�r�a�l� �t�e�s�t� �a�n�d� �t�h�e� �f�u�l�l�y�-�r�e�v�e�r�s�a�l� �c�y�c�l�i�c� �t�e�s�t�.� 

�T�h�e�s�e� �t�e�s�t�s� �a�r�e� �e�x�p�l�a�i�n� �i�n� �m�o�r�e� �d�e�t�a�i�l� �i�n� �c�h�a�p�t�e�r� �3�.



�C�H�A�P�T�E�R� �3� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�3�.�0� �I�n�t�r�o�d�u�c�t�i�o�n� 

�R�e�s�e�a�r�c�h� �i�n� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� �w�i�t�h� �t�h�r�e�a�d�e�d� �n�a�i�l�s� �w�a�s� �c�o�n�d�u�c�t�e�d� 

�u�s�i�n�g� �a� �d�y�n�a�m�i�c�,� �m�o�d�i�f�i�e�d� �s�e�q�u�e�n�t�i�a�l�-�p�h�a�s�e�d� �d�i�s�p�l�a�c�e�m�e�n�t� �p�r�o�c�e�d�u�r�e�.� �T�h�e� 

�d�e�t�a�i�l�s� �o�f� �t�h�e� �t�e�s�t�i�n�g� �p�r�o�g�r�a�m� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �T�h�e� �f�o�c�u�s� �o�f� 

�t�e�s�t�i�n�g� �w�a�s� �t�o� �a�p�p�r�a�i�s�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �o�f� �t�w�o�-�m�e�m�b�e�r�,� �t�h�r�e�e�-�n�a�i�l� 

�c�o�n�n�e�c�t�i�o�n�s�,� �t�e�s�t�e�d� �i�n� �s�h�e�a�r�.� �T�h�e� �m�a�i�n� �s�p�e�c�i�e�s� �u�s�e�d� �i�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� 

�t�h�e� �j�o�i�n�t� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �r�e�d� �a�l�d�e�r� �(�A�/�n�u�s� �r�u�b�r�a�)�,� �s�o�u�t�h�e�r�n� �y�e�l�l�o�w� �p�i�n�e� �(�P�i�n�u�s� 

�s�p�.�)� �a�n�d� �w�h�i�t�e� �o�a�k� �(�Q�u�e�r�c�u�s� �s�p�.�)�.� 

�T�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �t�h�e� 

�u�s�e� �o�f� �a� �m�o�d�i�f�i�e�d� �h�a�l�f�-�r�e�v�e�r�s�a�l� �c�y�c�l�i�c� �s�h�e�a�r� �t�e�s�t�i�n�g� �o�f� �t�h�e� �j�o�i�n�t� �s�p�e�c�i�m�e�n�s�.� 

�T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �y�i�e�l�d� �m�o�d�e� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �c�a�p�a�c�i�t�y� 

�o�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n�s�.� �I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� 

�f�o�r� �t�h�e� �e�q�u�a�t�i�o�n�,� �t�e�s�t�s� �o�f� �d�o�w�e�l� �b�e�a�r�i�n�g� �s�t�r�e�n�g�t�h� �a�n�d� �n�a�i�l� �y�i�e�l�d� �m�o�m�e�n�t� �w�e�r�e� 

�p�e�r�f�o�r�m�e�d�.� �T�h�e�s�e� �t�e�s�t�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�a�g�e�s�.� �T�h�i�s� 

�c�h�a�p�t�e�r� �a�l�s�o� �d�e�s�c�r�i�b�e�s� �t�h�e� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�e�c�h�n�i�q�u�e�s� �u�s�e�d� �t�o� �t�e�s�t� �t�h�e� 

�s�p�e�c�i�m�e�n�s�,� �t�h�e� �s�p�e�c�i�m�e�n� �g�e�o�m�e�t�r�y�,� �a�n�d� �t�h�e� �m�e�t�h�o�d�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �a�n�a�l�y�s�i�s� 

�o�f� �t�h�e� �d�a�t�a�.� 

�2�5



�C�h�a�p�t�e�r� �3�.� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� �2�6� 

�D�e�f�i�n�i�t�i�o�n�s� �o�f� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �t�e�r�m�s� �i�n� �t�h�i�s� �t�h�e�s�i�s� �a�r�e�:� 

�S�t�r�e�n�g�t�h� �o�r� �C�a�p�a�c�i�t�y� �-�M�e�a�s�u�r�e� �o�f� �m�a�x�i�m�u�m� �l�o�a�d� �t�h�a�t� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �c�a�n� 

�c�a�r�r�y� �b�e�f�o�r�e� �f�a�i�l�u�r�e�,� �o�r� �t�h�e� �l�o�a�d� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �0�.�7� �i�n�c�h� �d�i�s�p�l�a�c�e�m�e�n�t�.� 

�T�h�i�s� �d�i�s�p�l�a�c�e�m�e�n�t� �w�a�s� �c�h�o�s�e�n� �a�s� �"�c�a�p�a�c�i�t�y�"� �b�e�c�a�u�s�e� �t�h�e� �m�a�x�i�m�u�m� �g�a�p� 

�f�o�u�n�d� �i�n� �t�h�e� �s�t�a�n�d�a�r�d� �t�e�s�t� �o�f� �b�l�o�c�k� �p�a�l�l�e�t�s� �w�a�s� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�i�s� �d�i�s�t�a�n�c�e�,� 

�a�n�d� �b�e�c�a�u�s�e� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �m�o�s�t� �r�e�d� �a�l�d�e�r� �n�a�i�l�e�d� �w�o�o�d� �c�o�n�n�e�c�t�i�o�n�s� 

�t�e�s�t�e�d� �f�a�i�l�e�d� �a�t� �d�e�f�l�e�c�t�i�o�n� �l�e�s�s� �t�h�a�n� �0�.�7� �i�n�c�h�.� 

�S�t�i�f�f�n�e�s�s� �(�i�n�i�t�i�a�l� �s�t�i�f�f�n�e�s�s�)� �-�M�e�a�s�u�r�e� �o�f� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �l�o�a�d�/�s�l�i�p� �r�a�t�i�o� �g�i�v�e�n� 

�b�y� �t�h�e� �t�a�n�g�e�n�t� �l�i�n�e� �d�r�a�w�n� �o�v�e�r� �t�h�e� �i�n�i�t�i�a�l� �l�i�n�e�a�r� �p�a�r�t� �o�f� �t�h�e� �c�u�r�v�e�.� 

�D�e�c�k�b�o�a�r�d� �o�r� �S�i�d�e� �M�e�m�b�e�r� �-�E�l�e�m�e�n�t� �o�r� �c�o�m�p�o�n�e�n�t� �o�f� �p�a�l�l�e�t� �t�o�p� �a�n�d� �b�o�t�t�o�m� 

�d�e�c�k�,� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �s�t�r�i�n�g�e�r�s� �o�r� �s�t�r�i�n�g�e�r�b�o�a�r�d�s� �(�U�n�i�f�o�r�m� �V�o�l�u�n�t�a�r�y� 

�S�t�a�n�d�a�r�d� �f�o�r� �W�o�o�d� �P�a�l�l�e�t�s� �[�U�V�S�W�P�]�,� �e�d�i�t�e�d� �b�y� �t�h�e� �N�a�t�i�o�n�a�l� �W�o�o�d�e�n� �P�a�l�l�e�t� 

�a�n�d� �C�o�n�t�a�i�n�e�r� �A�s�s�o�c�i�a�t�i�o�n� �[�N�W�P�C�A�]� �1�9�9�4�)�.� �F�o�r� �t�h�e�s�e� �c�o�n�n�e�c�t�i�o�n� 

�s�p�e�c�i�m�e�n�s�,� �i�t� �w�a�s� �t�h�e� �t�h�i�n�n�e�r� �e�l�e�m�e�n�t� �o�f� �t�h�e� �t�w�o� �w�o�o�d� �m�e�m�b�e�r�s�.� 

�B�l�o�c�k� �o�r� �M�a�i�n� �M�e�m�b�e�r� �-�R�e�c�t�a�n�g�u�l�a�r�,� �s�q�u�a�r�e�,� �m�u�l�t�i�s�i�d�e�d�,� �o�r� �c�y�l�i�n�d�r�i�c�a�l� �d�e�c�k� 

�s�p�a�c�e�r�,� �o�f�t�e�n� �i�d�e�n�t�i�f�i�e�d� �b�y� �i�t�s� �l�o�c�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �p�a�l�l�e�t� �s�u�c�h� �a�s� �a� �c�o�r�n�e�r� 

�b�l�o�c�k�,� �e�n�d� �b�l�o�c�k�,� �e�d�g�e� �b�l�o�c�k�,� �i�n�n�e�r� �b�l�o�c�k�,� �c�e�n�t�e�r�,� �o�r� �m�i�d�d�l�e� �b�l�o�c�k� �(�U�V�S�W�P� 

�[�I�N�W�P�C�A�]� �1�9�9�4�)�.� �F�o�r� �t�h�e�s�e� �c�o�n�n�e�c�t�i�o�n� �s�p�e�c�i�m�e�n�s�,� �i�t� �w�a�s� �t�h�e� �t�h�i�c�k�e�r� 

�e�l�e�m�e�n�t� �o�f� �t�h�e� �t�w�o� �w�o�o�d� �m�e�m�b�e�r�s�.



�C�h�a�p�t�e�r� �3�.� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� �2�7� 

�3�.�1� �M�a�t�e�r�i�a�l�s� 

�A�l�l� �t�h�e� �r�e�d� �a�l�d�e�r� �w�o�o�d� �w�a�s� �o�b�t�a�i�n�e�d� �g�r�e�e�n� �f�r�o�m� �t�h�e� �i�n�v�e�n�t�o�r�i�e�s� �o�f� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �p�a�l�l�e�t� �m�a�n�u�f�a�c�t�u�r�e�s� �i�n� �O�r�e�g�o�n� �a�n�d� �W�a�s�h�i�n�g�t�o�n�,� �w�h�i�l�e� �t�h�e� �s�o�u�t�h�e�r�n� 

�y�e�l�l�o�w� �p�i�n�e� �a�n�d� �w�h�i�t�e� �o�a�k� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �a� �s�a�w�m�i�l�l� �l�o�c�a�t�e�d� �i�n� �t�h�e� 

�w�e�s�t�e�r�n� �V�i�r�g�i�n�i�a� �a�r�e�a�.� �T�h�e� �w�o�o�d� �w�a�s� �r�e�c�e�i�v�e�d� �a�s� �7�/�8� �i�n�c�h� �a�n�d� �1�/�2� �i�n�c�h� 

�t�h�i�c�k� �b�y� �6� �i�n�c�h� �w�i�d�e� �b�y� �4�8� �i�n�c�h� �l�o�n�g� �b�o�a�r�d�s�,� �a�n�d� �4� �i�n�c�h� �t�h�i�c�k� �b�y� �6� �i�n�c�h� �w�i�d�e� 

�b�y� �8� �a�n�d� �1�0� �f�t� �l�o�n�g� �t�i�m�b�e�r�s�.� �T�h�e� �7�/�8� �i�n�c�h� �t�h�i�c�k� �b�o�a�r�d�s� �w�e�r�e� �p�l�a�n�e�d� �t�o� �3�/�4� 

�i�n�c�h� �a�n�d� �5�/�8� �i�n�c�h� �t�h�i�c�k� �s�p�e�c�i�m�e�n�s�,� �a�n�d� �t�h�e� �1�/�2� �i�n�c�h� �t�h�i�c�k� �b�o�a�r�d�s� �w�e�r�e� �u�s�e�d� 

�f�o�r� �t�h�e� �1�/�2� �i�n�c�h� �t�h�i�c�k� �s�i�d�e� �m�e�m�b�e�r�s�.� �T�o� �k�e�e�p� �t�h�e� �w�o�o�d� �w�e�t� �(�a�b�o�v�e� �t�h�e� �f�i�b�e�r� 

�s�a�t�u�r�a�t�i�o�n� �p�o�i�n�t�)�,� �o�n�e� �t�h�i�r�d� �o�f� �t�h�e� �w�o�o�d� �w�a�s� �w�r�a�p�p�e�d� �i�n� �p�o�l�y�e�t�h�y�l�e�n�e� 

�s�h�e�e�t�s�,� �a�n�d� �s�t�o�r�e�d� �i�n� �a� �c�o�l�d� �r�o�o�m� �a�t� �4�0�°�F� �(�4�.�4�°�C�)�,� �a�n�d� �t�h�e� �o�t�h�e�r� �t�w�o� �t�h�i�r�d�s� 

�w�e�r�e� �s�t�o�r�e�d� �s�u�b�m�e�r�g�e�d� �i�n� �f�r�e�s�h� �w�a�t�e�r� �u�n�t�i�l� �s�p�e�c�i�m�e�n� �f�a�b�r�i�c�a�t�i�o�n� �a�n�d� �t�e�s�t�i�n�g�.� 

�T�h�e� �d�e�c�k�b�o�a�r�d� �(�s�i�d�e� �m�e�m�b�e�r�)� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �s�a�w�n� �t�o� �5�.�5� �i�n�c�h�e�s� �(�1�3�9�.�7� 

�m�m�)� �w�i�d�e� �b�y� �1�2� �i�n�c�h�e�s� �(�3�0�4�.�8� �m�m�)� �l�o�n�g�.� �T�h�e� �b�l�o�c�k�s� �(�m�a�i�n� �m�e�m�b�e�r�s�)� �w�e�r�e� 

�s�a�w�n� �a�n�d� �p�l�a�n�e�d� �t�o� �3�.�5� �i�n�c�h�e�s� �(�8�8�.�9� �m�m�)� �i�n� �t�h�i�c�k�n�e�s�s�,� �b�y� �5�.�5� �i�n�c�h�e�s� 

�(�1�3�9�.�7� �m�m�)� �i�n� �w�i�d�t�h� �b�y� �6� �i�n�c�h�e�s� �(�1�5�2�.�4� �m�m�)� �i�n� �l�e�n�g�t�h�.� 

�F�o�u�r� �t�y�p�e�s� �o�f� �h�e�l�i�c�a�l�l�y� �t�h�r�e�a�d�e�d� �n�a�i�l�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� �p�r�e�s�e�n�t� 

�w�o�r�k�.� �T�h�e�y� �r�e�p�r�e�s�e�n�t� �s�o�m�e� �o�f� �t�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �f�a�s�t�e�n�e�r�s� �i�n� �t�h�e� 

�p�a�l�l�e�t� �i�n�d�u�s�t�r�y�.� �T�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �n�a�i�l�s� �(�M�I�B�A�N�T� �a�n�g�l�e�,� �t�h�r�e�a�d� �a�n�g�l�e�,� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �w�i�r�e� �a�n�d� �t�h�r�e�a�d� �d�i�a�m�e�t�e�r�)� �d�e�f�i�n�e� �n�o�t� �o�n�l�y� �t�h�e� �s�t�r�e�n�g�t�h� 

�a�n�d� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �f�a�s�t�e�n�e�r� �b�u�t� �a�l�s�o� �i�t�s� �q�u�a�l�i�t�y�.



�C�h�a�p�t�e�r� �3�.� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� �2�8� 

�3�.�2� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� �(�T�e�s�t� �P�r�o�c�e�d�u�r�e�)� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�s�t�i�n�g� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �b�u�t�t�e�d� �n�a�i�l� 

�c�o�n�n�e�c�t�i�o�n� �i�s� �u�s�e�d� �a�s� �a� �b�a�s�i�s� �t�o� �a�n�a�l�y�z�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �o�f� �a� 

�p�e�r�i�m�e�t�e�r� �b�l�o�c�k� �p�a�l�l�e�t� �s�u�b�j�e�c�t�e�d� �t�o� �d�y�n�a�m�i�c� �l�o�a�d�s� �a�n�d� �d�e�f�o�r�m�a�t�i�o�n�s� �b�e�y�o�n�d� 

�0�.�1� �i�n�c�h� �(�2�.�5�4� �m�m�)�.� �T�h�e� �v�i�s�u�a�l� �a�n�a�l�y�s�i�s� �o�f� �b�l�o�c�k� �p�a�l�l�e�t�s� �d�u�r�i�n�g� �l�o�a�d�i�n�g�,� �h�a�s� 

�s�h�o�w�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �a�c�t�i�o�n�s�:� �1�)� �t�h�e� �n�a�i�l� �e�m�b�e�d�s� �i�n� �b�o�t�h� �t�h�e� �w�o�o�d� �o�f� �t�h�e� 

�d�e�c�k�b�o�a�r�d� �a�n�d� �t�h�e� �w�o�o�d� �o�f� �t�h�e� �b�l�o�c�k�,� �2�)� �t�h�e� �n�a�i�l� �h�e�a�d� �i�n�d�e�n�t�s� �i�n�t�o� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �d�e�c�k�b�o�a�r�d� �(�s�i�d�e� �m�e�m�b�e�r�)�,� �3�)� �t�h�e� �n�a�i�l� �s�h�a�n�k� �w�i�t�h�d�r�a�w�s� �f�r�o�m� 

�t�h�e� �m�a�i�n� �m�e�m�b�e�r� �(�b�l�o�c�k�)�,� �a�n�d� �4�)� �t�h�e� �n�a�i�l� �y�i�e�l�d�s� �i�n� �b�e�n�d�i�n�g� �u�n�d�e�r� �t�h�e� �a�c�t�i�o�n� 

�o�f� �t�h�e� �l�a�t�e�r�a�l� �f�o�r�c�e�.� �I�n� �o�r�d�e�r� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �h�i�g�h� �d�e�f�o�r�m�a�t�i�o�n� �(�g�a�p�)� �c�r�e�a�t�e�d� 

�i�n� �t�h�e� �b�o�t�t�o�m� �b�u�t�t�e�d� �n�a�i�l� �j�o�i�n�t�s� �o�f� �b�l�o�c�k� �p�a�l�l�e�t�s�,� �i�t� �i�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t�:� 

�1�.� �T�h�e� �p�a�l�l�e�t� �i�s� �r�a�c�k�e�d� �a�c�r�o�s�s� �s�t�r�i�n�g�e�r�b�o�a�r�d�s� �(�R�A�S�)�.� 

�2�.� �A�l�t�h�o�u�g�h� �l�a�t�e�r�a�l� �a�n�d� �w�i�t�h�d�r�a�w�a�l� �f�o�r�c�e�s� �c�a�u�s�e� �t�h�e� �h�i�g�h� �d�e�f�o�r�m�a�t�i�o�n� �(�g�a�p�)�,� 

�t�h�e� �w�i�t�h�d�r�a�w�a�l� �f�o�r�c�e� �i�s� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �l�a�t�e�r�a�l� �f�o�r�c�e�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �b�u�t�t�e�d� �n�a�i�l� �j�o�i�n�t� �i�s� �u�n�d�e�r� �p�u�r�e� �l�a�t�e�r�a�l� �l�o�a�d�.� �T�h�i�s� �i�d�e�a� �h�a�s� 

�b�e�e�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �M�c�L�a�i�n� �a�n�d� �C�a�r�r�o�l�l� �(�1�9�9�0�)�.� 

�3�.� �T�h�e� �l�a�t�e�r�a�l� �l�o�a�d�i�n�g� �b�e�h�a�v�i�o�r� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �f�a�s�t�e�n�e�r� �a�n�d� �w�o�o�d� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�F�o�r� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �s�t�i�f�f�n�e�s�s� �a�n�d� �s�t�r�e�n�g�t�h� �o�f� �t�h�i�s� �p�a�l�l�e�t� 

�c�o�n�n�e�c�t�i�o�n� �a� �m�o�d�i�f�i�e�d� �s�e�q�u�e�n�t�i�a�l� �p�h�a�s�e�d� �d�i�s�p�l�a�c�e�m�e�n�t� �(�S�P�D�)� �p�r�o�c�e�d�u�r�e� �w�a�s� 

�u�s�e�d�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� �u�s�e�d�,� �f�i�r�s�t�,� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �r�e�p�e�a�t�e�d� �l�o�a�d�i�n�g



�C�h�a�p�t�e�r� �3�.� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� �2�9� 

�a�n�d� �u�n�l�o�a�d�i�n�g� �t�h�a�t� �p�a�l�l�e�t�s� �e�n�d�u�r�e� �t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �n�o�r�m�a�l� �l�i�f�e� �(�t�h�i�s� �m�e�t�h�o�d� 

�s�i�m�u�l�a�t�e�s� �t�h�e� �e�f�f�e�c�t�s� �c�a�u�s�e�d� �b�y� �c�y�c�l�i�c� �l�o�a�d�i�n�g�)� �a�n�d� �s�e�c�o�n�d�,� �t�o� �d�e�f�i�n�e� �i�f� �t�h�e�r�e� 

�i�s� �a�n�y� �i�m�p�o�r�t�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�s�u�l�t�s� �t�h�a�t� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �t�h�e� �m�e�t�h�o�d� �o�f� 

�t�e�s�t�i�n�g� �(� �b�e�t�w�e�e�n� �t�h�e� �s�t�a�n�d�a�r�d� �m�o�n�o�t�o�n�i�c� �t�e�s�t� �a�n�d� �t�h�e� �d�y�n�a�m�i�c� �t�e�s�t� 

�p�r�o�c�e�d�u�r�e� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�)�.� �T�h�i�s� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �m�e�t�h�o�d� �h�a�s� �a�l�r�e�a�d�y� 

�b�e�e�n� �u�s�e�d� �b�y� �G�u�t�s�h�a�l�l� �(�1�9�9�4�)�,� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �s�e�i�s�m�i�c� �l�o�a�d� �d�u�r�a�t�i�o�n� 

�f�a�c�t�o�r� �w�a�s� �a�p�p�r�o�p�r�i�a�t�e� �a�n�d� �t�o� �d�e�f�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �p�r�e�v�i�o�u�s� �l�o�a�d� �h�i�s�t�o�r�y� �f�r�o�m� 

�c�y�c�l�i�c� �l�o�a�d�i�n�g� �o�n� �c�o�n�n�e�c�t�i�o�n�s�.� �T�h�e� �l�a�t�t�e�r� �p�o�r�t�i�o�n� �o�f� �G�u�t�s�h�a�l�l ��s� �s�t�u�d�y� �i�s� 

�s�i�m�i�l�a�r� �t�o� �w�h�a�t� �w�a�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

�I�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�i�s� �t�y�p�e� �o�f� �c�o�n�n�e�c�t�i�o�n� 

�c�a�n� �b�e� �p�r�e�d�i�c�t�e�d� �f�r�o�m� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �i�t�s� �p�a�r�t�s�,� �f�a�s�t�e�n�e�r� �a�n�d� 

�w�o�o�d�.� �N�a�i�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�1� �a�n�d� �d�e�s�c�r�i�b�e�d� �i�n� 

�T�a�b�l�e� �3�.�1�.� �T�h�e� �d�e�s�c�r�i�p�t�i�o�n� �i�n�c�l�u�d�e�s�,� �h�a�r�d�n�e�s�s�,� �l�e�n�g�t�h�,� �h�e�a�d� �s�i�z�e�,� �d�i�a�m�e�t�e�r�,� 

�a�n�d� �t�h�r�e�a�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �W�o�o�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n�c�l�u�d�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�,� 

�m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �a�n�d� �d�e�c�k�b�o�a�r�d� �t�h�i�c�k�n�e�s�s�.� �U�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �s�t�a�t�e�d�,� �a�l�l� 

�w�o�o�d� �w�a�s� �a�s�s�e�m�b�l�e�d� �g�r�e�e�n� �a�n�d� �t�e�s�t�e�d� �g�r�e�e�n�.� �T�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�s� �s�t�u�d�y� �i�s� 

�c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�o�i�n�t�s�:� 

�1�)� �A� �m�a�i�n� �s�t�a�t�i�s�t�i�c�a�l� �b�l�o�c�k� �c�o�n�s�i�s�t�e�d� �o�f� �f�o�u�r� �t�y�p�e�s� �o�f� �n�a�i�l�s� �a�n�d� �t�h�r�e�e� 

�d�i�f�f�e�r�e�n�t� �t�h�i�c�k�n�e�s�s�e�s� �o�f� �w�o�o�d�.� �T�h�e�s�e� �w�e�r�e� �t�e�s�t�e�d� �w�i�t�h� �t�h�r�e�e� �n�a�i�l�s� �p�e�r� 

�j�o�i�n�t� �a�n�d� �o�n�e� �p�a�t�t�e�r�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �s�t�r�e�n�g�t�h� �a�n�d� 

�s�t�i�f�f�n�e�s�s� �(�T�a�b�l�e� �3�.�2�)



�C�h�a�p�t�e�r� �3�.� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� �3�0� 

�2�)� �T�w�o� �s�e�t�s� �o�f� �f�i�f�t�e�e�n� �s�p�e�c�i�m�e�n�s� �e�a�c�h� �w�e�r�e� �t�e�s�t�e�d� �w�i�t�h� �r�e�d�u�c�e�d� 

�f�r�i�c�t�i�o�n� �t�o� �d�e�f�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �f�r�i�c�t�i�o�n� �o�n� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� 

�|� �c�o�n�n�e�c�t�i�o�n� �(�T�a�b�l�e� �3�.�3�)�.� �T�o� �r�e�d�u�c�e� �t�h�e� �f�r�i�c�t�i�o�n� �o�n� �t�h�e� �j�o�i�n�t� �s�p�e�c�i�m�e�n�s�,� 

�t�w�o� �s�h�e�e�t�s� �o�f� �p�o�l�y�e�t�h�y�l�e�n�e� �w�i�t�h� �l�i�t�h�i�u�m� �g�r�e�a�s�e� �i�n� �t�h�e� �m�i�d�d�l�e� �w�e�r�e� �p�u�t� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �w�o�o�d� �m�e�m�b�e�r�s� �a�t� �t�h�e� �t�i�m�e� �o�f� �a�s�s�e�m�b�l�i�n�g�.� 

� � 

� � � � � � 
� � �F�i�g�u�r�e� �3�.�1� �T�y�p�e�s� �o�f� �n�a�i�l�s� �u�s�e�d� �i�n� �t�h�e� �s�t�u�d�y�.


