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(ABSTRACT) 

The objective of this thesis is to verify the assumption of designing the connection 

as simply supported in a GFRP bonded-bolted framing angle configuration. To achieve 

this, nine framing angle connection tests were performed. The assumption was found to 

be valid for the 2 bolt bonded, the 2 bolt unbonded, and the 3 bolt unbonded framing 

angle connections tested, however, more tests are needed varying different parameters 

before final conclusions can be reached. Suggestions are made for different areas of 

possible research into GFRP.
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Chapter | 

INTRODUCTION 

1.1 INTRODUCTION 

One of the more interesting structural concepts that is currently under 

development is the use of structural plastics instead of steel or concrete as building 

materials in construction. Since around the 1960's, there has been a great interest in 

plastic and its potential use in civil engineering. This interest has motivated many 

research projects focusing on the use of this material in various civil engineering 

applications. 

For example, one application is the rehabilitation of buildings or bridges after an 

earthquake. Due to the lightweight nature of structural plastics, the use of a large 

capacity crane would not be needed. Instead, the structural elements could be carried into 

the building or attached to the bridge by a low capacity lifting device. This simplification 

of the construction process makes the installation and erection process much easier to 

accomplish. However, in the final cost analysis the fact that structural plastics cost more



than steel must be taken into account, thus the savings derived from their use may not be 

very great. 

There are several types of plastics available to the engineer with inherently 

different properties, both material and physical. Due to this nature, the scope of this 

report will be limited to the GFRP with the tradename of EXTERN produced by 

Morrison Molded Fiberglass Company (MMFG) in Bristol, VA. This type of plastic 

consists of glass fibers in a resin matrix and is produced using a process called pultrusion. 

In this report, this material is called GFRP which stands for Glass Fiber Reinforced 

Plastic. 

1.2 BACKGROUND 

In the structural GFRP industry, it is a common practice to recommend the use of 

an adhesive with a bolted connection to provide the joint with the benefits of both 

connections. The bolted connection provides the clamping force for the curing of the 

adhesive and reduces the effects of peel and tension in eccentric joints. In addition, the 

adhesive connection reduces the stress concentrations in the joint and increases the joint 

stiffness.(Structural Plastics Design Manual, 1984) However, this increase in stiffness 

provided by the adhesive may create a connection that is stiff which must be taken into 

consideration in classifying the type of connection designed.



1.3 CONNECTION DESIGN 

There are several different methods that have been proposed to classify 

connections. The three methods that this section will discuss are the method used in the 

Allowable Stress Design Specification (ASD) (Allowable Stress Design Specification for 

Structural Steel Buildings, 1989) , the method used in the Load Resistance and Factor 

Design Specification (LRFD) ( Load And Resistance Factor Design Specification for 

Structural Steel Buildings, 1986), and the method used in the Eurocode3 (Eurocode3, 

1992), 

In ASD, there are three types of connections, namely rigid (Type I), pinned (Type 

IT), and semi-rigid (Type III). A rigid connection is assumed to have sufficient rigidity to 

have the angles remain unchanged between connecting members. Pinned connections 

assume that as far as gravity load is concerned the ends of the beams or girders are 

connected for shear only and are free to rotate under gravity load. Finally, a semi-rigid 

connection is assumed to posses a moment capacity between that of a rigid connection 

and a simple connection. 

On the other hand, LRFD has only two types of connections, namely fully 

restrained(FR) and partially restrained(PR). The pinned connection is not considered to 

be a classification type in the LRFD specification. A type FR connection is assumed to 

have sufficient rigidity to maintain the angles between the intersecting angles of the



connecting members. A type PR connection is assumed to have insufficient rigidity to 

maintain the angles between intersecting members. 

In both the ASD and the LRFD methods, the type of connection depends on the 

rotation of the connection given some applied loading and the span of the section. One 

method of determining the type of connection is to form beam lines for the loading and 

span being considered comparing the moment applied vs. the rotation at the beam 

end(Murray, 1993 and Salmon and Johnson, 1990). For example, a W16x26 A36 beam 

with a distributed loading of 1kip/ft and a length of 12 ft. would have the beam line as 

shown in Fig. 1.1. In Fig 1.1, the beam line goes from the fixed end moment (12 kip-ft) 

to the simple rotation (0.0008 radians). Horizontal lines to determine the breaks for the 

different type of connections are then placed at 0.1 M; and 0.9 My. Using the beam line, 

the type of connection designed can be determined by examining where the moment vs. 

rotation curve of the connection lies in relation to the beam line. However, it must be 

noted that it can not be said that a certain type of connection will only exhibit one 

classification because the beam line is a function of loading and span.
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The Eurocode3 approaches the classification of connections using a different 

method of analysis. It starts out relatively the same as the other methods classifying the 

connections into three different types, specifically, rigid, semi-rigid, and flexible. 

However, it diverges from there and takes a slightly different approach to the 

classification of connections. First, the connection can be classified as a simple or 

nominally pinned connection if its rotational stiffness based on its actual anticipated 

behavior satisfies the condition in Eqn.1.1.



where 

S <05EI, /L, (1.1) 

S; = secant rotational stiffness of the connection 

I, = the second moment of area of the connected beam 

L, = length of the connected beam 

In a rigid and semi-rigid connections, it must first be decided if the type of 

connection that is being designed is in an unbraced frame or a braced frame. if Eqn.1.2 is 

satisfied for every story in the frame, the connection is in an unbraced frame, otherwise it 

is in a braced frame. 

where 

K,/K, 201 (1.2) 

K, = mean value of I,/L, for all beams at the top of the story 

K, = mean value of I,/L, for all columns in the story 

I, = second moment of inertia of a beam 

I, = second moment of inertia of a column 

L, = span of a beam (center-to-center of columns) 

L, = story height for a column 

Depending on the type of frame, the moment rotation characteristic curve is then 

compared to either the braced or unbraced line shown in Fig. 1.2.



1.00 _ _ 
/ > 

0.90 - A UO 
qv . 

0.80 + “/  —~Unbraced Frane 

0.70 | / a 
| ! 

o 0.60 j | / 

| 2 0.50 a, 

$0.0 | ) S~Braced Frane 

030; / 
Ly 
iif 0.20.) | 

0.10 |," 
 y/ 

0.00 / + 

0.00 0.10 0.20 0.30 0.40 0.50 

© - THETA! THETAp 

  

    

Figure 1.2 

Recommended Classification Boundaries For Eurocode 3 

Taken from Eurocode3 (Eurocode 3, 1992) 

1.4 SCOPE OF RESEARCH 

This research involved the use of nine full-scale beam tests to analyze the 

differences and the behavior of a bolted connection and an adhesive-bolted connection. 

The type of connection analyzed was a double-angle framing connection with a varying 

number of stainless steel bolts. The adhesive was an epoxy resin with an aliphatic amine



curing agent that has a tradename of Magnobond 24. The capacity, stiffness, and general 

behavior of each connection tested will be analyzed. 

1.5 Overview of Research 

In Chapter 2, a literature review is reported on connections in GFRP. The 

sections cover the two kinds of connections tested, namely bolted connections and 

adhesive-bolted connections, along with a review of the literature on adhesive 

connections. Also a review is presented of literature covering the basics of connection 

design in GFRP. 

In Chapter 3, the background on the chemistry and physical characteristics of 

GFRP is reviewed. Also the material properties of GFRP that must be considered in 

designing a GFRP connection are reviewed. 

In Chapter 4, details of the experimental program are given. The different setups 

are defined along with the instrumentation and equipment used in each test. 

In Chapter 5, the results of the nine tests are given. The failure mode and failure 

load are analyzed for each test. Also the results are given for the tensile coupon test 

performed on the material. The effects of the adhesive and the number of bolts are 

analyzed. 

In Chapter 7, a summary of the research conducted as well as recommendations 

for further research that could be conducted are given.



Chapter II 

LITERATURE REVIEW 

2.1 Introduction 

There are several different types of connections available in GFRP including 

mechanical connections, adhesive connections, welded connections, and combination 

connections. Each type of connection has advantages and disadvantages of which an 

engineer should be aware of in design. This review will only deal with literature about 

three of these types of connections: mechanical, adhesive, and adhesive-mechanical. The 

review will begin with some resources that cover the basics of connection design in 

GFRP and then get more specific literature about the three types of connection 

mentioned. 

2.2 Structural Plastic Connection Basics 

A major reference for the general topic of connections in GFRP structural 

members is "A Report on Current Practice in Structural Plastic Connection: Phase One- 

Literature Search"(1992) by Robert Austin. This report was prepared for review by the 

ASCE Materials Committee Structural Plastics Subcommittee and is an excellent



beginning resource for an engineer interested in designing GFRP connections. It 

provides an overview of research done on plastic connections and the recommendations 

reached by the researchers. However, there are no specific methods given for the 

determination of the design strength of GFRP connections. 

The next significant reference is Joining Fibre-Reinforced Plastics (1987) which 

was edited by F. Matthews. This reference goes into more detail on the design of the two 

major types of connections used in GFRP, namely, mechanical and adhesive connections. 

The text provides some methods for determining the design strength of the two types of 

connections. However, it must be acknowledged that each manufacturer has their own 

lay-up for the glass fibers in GFRP, so no design formulae are presented. Therefore, each 

final design is specific for the manufacturer, however the procedures presented are good 

for preliminary design. The text also provides some procedures for looking at the stresses 

exhibited in the two different types of connections in GFRP. 

Another general reference is the Structural Plastic Design Manual (1984) edited 

by F. Herger. This manual explains the basics for the three most common types of 

connections employed in structural plastic design, specifically, mechanical connections, 

adhesive bonding, and plastic welding. However, it does not provide any formulae for 

determining the design strength of a connection, but instead states that a designer must 

rely on "joining criteria developed from test and rule of thumb derived from experience." 

10



Next, the manual entitled the Plastics Engineer Handbook (1976) provides some 

of the basics on connection design in GFRP. This reference primarily elaborates in more 

detail on the basics of the formation of the three major types of connections in GFRP. 

Again, it does not provide any means of determining the design strength of GFRP 

connections. 

Finally, there is the Handbook of Fiberglass and Advanced Plastics Composites 

(1969). Again, this book provides the basic concepts behind the design of GFRP 

connections, but does not provide any means of determining the design strength of GFRP 

connections. 

2.3 Mechanical Connections 

The first reference on mechanical connections is the journal article "Performance 

of Pultruded PFRP Connections Under Static and Dynamic Load Conditions"(1993) by 

Mosallam, Abdelhamid, and Conway. This paper reviews a series of static and dynamic 

tests made in the development of a universal connector for GFRP. The universal 

connector consists of a framing angle connection in which both ends of the angles have 

been stiffened using triangular shaped stiffeners. The researchers tested the universal 

connector in both the bonded and unbonded configurations. The researchers comes to the 

conclusion that the universal connector was a success in increasing the strength and 

stiffness of GFRP connections. 

11



A paper entitled "Design of Glass-Fibre-Reinforced Plastic Bolted 

Connections"(1993) by Erki, Rosner, and Dutta reviews the material properties of plastics 
\ 

and their influence on the behavior of GFRP connections. The paper presents the results 

of a computer model to predict the short-term load-displacements of a bolted GFRP 

connection. However, this model does not account for fatigue, creep, and other time 

dependent effects that may affect both the strength and stiffness of the connection. 

Therefore, further investigation of these factors would be required before a final analysis 

could be reached for GFRP connections. 

"Stress and Strength Analysis of Composite Joints Using Direct Boundary 

Element Method"(1993) by Lin and Lin presents an analysis of the stress distribution and 

strength of an orthotropic composite plate with a circular hole under uniform loading. 

The researchers found that stress concentrations increase when the ratio of edge distance 

to hole diameter increases, and the maximum strength decreases when the ratio of edge 

distance to hole diameter decreases. The researchers reached the conclusion that for a 

safe design the ratio of the edge distance to the diameter of the hole should be greater 

than two in GFRP connections. 

"Design and Performance of Connections for Pultruded Frame Structures"(1992) 

by Bank, Mosallam, and McCoy reviews the experimental and analytical investigation of 

several beam-to-column connections. The researchers recommend the use of semi-rigid 

frame analysis in the designing of GFRP connections when the designer has data on the 

12



connection rotational stiffness. In the absence of this data, pultruded frames should be 

designed as hinged frames and not rigid frames. 

A paper "Strain-Relief Inserts for Composite Fasteners-An Experimental Study" 

(1992) by Herrera-Franco and Cloud studies the possibility of relieving the stress at holes 

in composites through the use of isotropic material inserts. Several tests were performed 

and reductions in stress were observed for both an epoxy insert and an aluminum insert. 

A paper "Simplified Procedures for Designing Composite Bolted Joints"(1990) by 

Chamis presents procedures for examining several of the limit states involved in GFRP 

connections. However, these procedures are preliminary and must be accompanied by 

finite element analysis and testing in order to reach the final design of the connection. 

A paper "Beam-To-Column Connections for Pultruded FRP Structures"(1990) by 

Bank, Mosallam, and Gonsior examines several beam-to column connection tests and 

investigates the stiffness and strength of each GFRP connection. The moment-rotation 

curves are given and elastic stiffness coefficients are tabulated for each test. However, no 

method for determining the design strength of GFRP connections is given. 

"Composite Bolted Joint Analysis Programs"(1990) by Snyder, Burns, and 

Venkayya examines the following composite bolted joint analysis programs available to 

the designer: A4EJ, BISFM, SASCJ, SAMCJ, SCAN, and JOINT. This paper primarily 

was examining these programs from the point of view of aircraft design and not for use in 

civil engineering structures. It was found that for all the programs studied the user must 

13



check the input data against the problem statement and the output data to see if it holds 

any meaning for the design of the connection. Also in most cases the analysis codes 

tended to be conservative and in some cases gave over conservative results for the design 

of connections. 

A paper "The Study of the Behavior of a Composite Multi-Bolt Joint"(1989) by 

Yang and Ye examines a method to compute the bolt forces in a multi-hole composite 

GFRP joint. The results of the theoretical analysis coincide fairly well with the 

experimental program. However, more experimentation is required before this model is 

completely validated. 

A paper "Strength of Composite Laminate with Reinforced Hole"(1989) by Lee 

and Mall examines using reinforcements on circular holes in composites. It was found 

that, in general, the composite with a reinforced hole showed significant improvement 

over the strength of a laminate with an open hole. An aluminum insert performed as the 

best reinforcement. However, this improvement depended on the size of reinforcement 

with the largest size reinforcement showing the most improvement. 

"Observations on Bolted Connections in Composite Structures"(1989) by 

Marshall, Wood,and Mousley examines a three-dimensional finite element analysis of 

pin-loaded and bolted holes in composite laminates. The effects of the clamping ratio, 

stacking sequence, and clamping type were shown to have an influence on the magnitude 

of the interlaminar normal stress local to the bolt hole. It was observed that the 

14



introduction of a clamping load improves the stress state of the joint. However, using an 

increased clamping load causes an increase in the interlaminar shear stresses at the 

washer edge. Also it 1s observed that friction is beneficial in reducing the bearing stresses 

in pinned joints. 

A paper "Modeling Clamp-Up Effects in Composite Bolted Joints"(1987) by 

Smith, Ashby, and Pascoe proposes a simple three-dimensional approach for predicting 

bearing stresses at failure in a composite bolted joint. This approach takes into account 

the load carried as a result of friction between the washers and laminate. The model 

predicts a strength increase due to initial bolt tightening caused by the confining pressure. 

It suggests that the initial failure mechanism is a function of clamp up. Next, a 

parametric study was conducted to evaluate the effects on joint performance of the 

friction between washers and laminates, washer size, and the properties of laps in joints. 

It was found that by increasing the friction or the washer size, at a given clamp-up 

pressure, increases the bearing stress at failure of the composite. 

"Elasto-Plastic Failure Analysis of Composite Bolted Joints"(1986) by Tsujimoto 

and Wilson examines a finite element analysis that was carried out for determining the 

stresses around a hole in a composite laminate. On the basis of the results of this 

analysis, a failure criterion was proposed for each of the basic failure modes: bearing, 

shearout, and net-tension. The results of the failure criteria are then compared to two 

different 2-D elastic criteria. It is found that the Tsai-Hill elastic 2-D analytical models 

15



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

�e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �T�s�a�i�-�W�u� �2�-�D� �m�o�d�e�l� �w�a�s� �f�o�u�n�d� �t�o� �b�e� 

�c�o�n�s�e�r�v�a�t�i�v�e� �f�o�r� �t�h�e� �b�e�a�r�i�n�g� �a�n�d� �s�h�e�a�r�o�u�t� �t�e�s�t� �g�e�o�m�e�t�r�y�'�s�,� �b�u�t� �w�a�s� �a�c�c�u�r�a�t�e� �f�o�r� �t�h�e� �n�e�t� 

�t�e�n�s�i�o�n� �g�e�o�m�e�t�r�y�.� 

�"�P�i�n� �B�e�a�r�i�n�g� �S�t�r�e�n�g�t�h� �o�f� �F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �C�o�m�p�o�s�i�t�e�s� �L�a�m�i�n�a�t�e�s�"� �(�1�9�8�5�)� �b�y� 

�M�a�l�l�i�c�k� �a�n�d� �L�i�t�t�l�e� �e�x�a�m�i�n�e�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �s�e�v�e�r�a�l� �p�i�n� �b�e�a�r�i�n�g� �t�e�s�t�s�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

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

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

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

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

�"�T�h�e� �S�t�r�e�n�g�t�h� �o�f� �B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� �G�l�a�s�s� �F�i�b�r�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�(�1�9�8�5�)� �b�y� �K�r�e�t�s�i�s� 

�a�n�d� �M�a�t�t�h�e�w�s� �e�x�a�m�i�n�e�s� �s�e�v�e�r�a�l� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �o�n� �s�i�n�g�l�e�-�h�o�l�e� �j�o�i�n�t�s� �i�n� �b�o�t�h� �g�l�a�s�s� �a�n�d� 

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

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

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

�t�h�e� �l�a�y�-�u�p� �o�f� �t�h�e� �p�l�a�s�t�i�c�.� 

�A� �p�a�p�e�r� �"�F�a�i�l�u�r�e� �o�f� �C�o�m�p�o�s�i�t�e� �L�a�m�i�n�a�t�e�s� �C�o�n�t�a�i�n�i�n�g� �P�i�n� �L�o�a�d�e�d� �H�o�l�e�s�-�M�e�t�h�o�d� 

�o�f� �S�o�l�u�t�i�o�n�"�(�1�9�8�4�)� �b�y� �C�h�a�n�g� �a�n�d� �S�c�o�t�t� �p�r�e�s�e�n�t�s� �a� �m�e�t�h�o�d� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �f�a�i�l�u�r�e� 

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

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

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

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

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

�s�t�r�e�n�g�t�h� �o�f� �a� �j�o�i�n�t�.� 

�"�C�o�m�p�a�r�i�s�o�n� �o�f� �S�i�n�g�l�e� �a�n�d� �M�u�l�t�i�-�H�o�l�e� �B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� �G�l�a�s�s� �F�i�b�r�e� �R�e�i�n�f�o�r�c�e�d� 

�P�l�a�s�t�i�c�"�(�1�9�8�2�)� �b�y� �P�y�n�e�r� �a�n�d� �M�a�t�t�h�e�w�s� �e�x�a�m�i�n�e�s� �s�e�v�e�r�a�l� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �o�n� �s�i�n�g�l�e� �a�n�d� 

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

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

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

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

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

�"�S�t�r�e�n�g�t�h� �o�f� �M�u�l�t�i�-�B�o�l�t� �J�o�i�n�t�s� �i�n� �G�R�P�"�(�1�9�8�2�)� �b�y� �G�o�d�w�i�n�,� �M�a�t�t�h�e�w�s�,� �a�n�d� �K�i�l�t�y� 

�p�r�e�s�e�n�t�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a�n� �e�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�y� �o�f� �m�u�l�t�i�-�h�o�l�e� �j�o�i�n�t�s� �i�n� �G�F�R�P� �u�n�d�e�r� �t�e�n�s�i�l�e� 

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

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

�o�p�t�i�m�u�m� �j�o�i�n�t� �g�e�o�m�e�t�r�y� �i�s� �a� �s�i�n�g�l�e� �r�o�w� �o�f� �b�o�l�t�s� �a�t� �a� �p�i�t�c�h� �o�f� �2�.�5� �d�i�a�m�e�t�e�r�s� �a�n�d� �a�n� �e�n�d� 

�d�i�s�t�a�n�c�e� �o�f� �5� �d�i�a�m�e�t�e�r�s�.� �W�i�t�h� �t�h�i�s� �g�e�o�m�e�t�r�y�,� �j�o�i�n�t� �s�t�r�e�n�g�t�h� �i�s� �r�o�u�g�h�l�y� �o�n�e� �h�a�l�f� �g�r�o�s�s� 

�p�a�n�e�l� �s�t�r�e�n�g�t�h� �a�n�d� �f�a�i�l�u�r�e� �i�s� �i�n� �t�e�n�s�i�o�n�.� �I�n�c�r�e�a�s�e�d� �s�a�f�e�t�y� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �i�n�c�r�e�a�s�i�n�g� 
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�t�h�e� �p�i�t�c�h� �f�r�o�m� �5� �t�o� �6� �d�i�a�m�e�t�e�r�s�.� �A�t� �t�h�i�s� �p�i�t�c�h�,� �t�h�e� �f�a�i�l�u�r�e� �i�s� �i�n� �t�h�e� �b�e�a�r�i�n�g� �m�o�d�e� �a�n�d� �n�e�t� 

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

�"�S�i�n�g�l�e�-� �a�n�d� �M�u�l�t�i�p�l�e�-�B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� �O�r�t�h�o�t�r�o�p�i�c� �M�a�t�e�r�i�a�l�s�"�(�1�9�8�2�)� �b�y� 

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

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

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

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

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

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

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

�t�h�e�n� �4�D� �o�r� �b�o�l�t� �s�p�a�c�i�n�g� �g�r�e�a�t�e�r� �t�h�e�n� �4�D�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�s�p�o�n�s�e� �f�o�r� �b�o�l�t� �s�p�a�c�i�n�g� �g�r�e�a�t�e�r� 

�t�h�e�n� �4�D� �s�h�o�u�l�d� �b�e� �t�h�e� �s�u�b�j�e�c�t� �o�f� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �a� �s�u�b�s�t�a�n�t�i�a�l� 

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

�F�o�r� �b�o�l�t� �c�l�e�a�r�a�n�c�e�,� �a� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �c�o�n�t�a�c�t� �r�a�d�i�a�l� �s�t�r�e�s�s�e�s� �i�s� �o�b�s�e�r�v�e�d� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� 

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

�d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �c�o�m�p�o�s�i�t�e�s�.� 

�"�A�n�a�l�y�s�i�s� �o�f� �t�h�e� �N�e�t� �T�e�n�s�i�o�n� �F�a�i�l�u�r�e� �M�o�d�e� �i�n� �C�o�m�p�o�s�i�t�e� �B�o�l�t�e�d� �J�o�i�n�t�s�"�(�1�9�8�2�)� �b�y� 

�Y�o�r�k�,� �W�i�l�s�o�n�,� �a�n�d� �P�i�p�e�s� �p�r�e�s�e�n�t�s� �a� �s�e�m�i�-�e�m�p�i�r�i�c�a�l� �s�t�r�e�n�g�t�h� �a�n�a�l�y�s�i�s� �t�o� �p�r�e�d�i�c�t� �t�h�e� �n�e�t� 

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

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

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

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

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

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

�"�S�t�r�e�s�s� �D�i�s�t�r�i�b�u�t�i�o�n� �A�r�o�u�n�d� �a� �S�i�n�g�l�e� �B�o�l�t� �i�n� �F�i�b�r�e�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�"�(�1�9�8�2�)� �b�y� 

�M�a�t�t�h�e�w�s�,� �W�o�n�g�,� �a�n�d� �C�h�r�y�s�s�a�f�i�t�i�s� �e�x�a�m�i�n�e�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �f�i�n�i�t�e� 

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

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

�d�i�s�t�r�i�b�u�t�i�o�n� �e�x�i�s�t� �a�r�o�u�n�d� �a� �h�o�l�e� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �t�y�p�e� �o�f� �f�a�s�t�e�n�e�r� �u�s�e�d� �i�n� �t�h�e� �j�o�i�n�t�.� 

�A� �p�a�p�e�r� �"�S�t�r�e�n�g�t�h� �o�f� �M�e�c�h�a�n�i�c�a�l�l�y� �F�a�s�t�e�n�e�d� �C�o�m�p�o�s�i�t�e� �J�o�i�n�t�s�"�(�1�9�8�2�)� �b�y� �C�h�a�n�g�,� 

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

�o�f� �m�e�c�h�a�n�i�c�a�l�l�y� �f�a�s�t�e�n�e�d� �f�i�b�e�r� �l�a�m�i�n�a�t�e�s�.� �T�h�i�s� �m�e�t�h�o�d� �u�s�e�s� �Y�a�m�a�d�a�'�s� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�o�n� 

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

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

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

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

�"�P�h�o�t�o�e�l�a�s�t�i�c� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� �C�o�m�p�o�s�i�t�e�s�"�(�1�9�8�2�)� �b�y� �P�r�a�b�h�a�k�a�r�a�n� 

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

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

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

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

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

�"�A� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� �o�f� �S�i�n�g�l�e� �a�n�d� �T�w�o�-�H�o�l�e� �B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� �F�i�b�r�e� 

�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�"�(�1�9�8�1�)� �b�y� �W�o�n�g� �a�n�d� �M�a�t�t�h�e�w�s� �p�r�e�s�e�n�t�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a� �t�w�o�-� 

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

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

�e�x�a�m�i�n�e�d�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �m�e�t�h�o�d� �m�u�s�t� �b�e� �e�x�p�a�n�d�e�d� �t�o� �i�n�c�l�u�d�e� �t�h�r�o�u�g�h�-�t�h�i�c�k�n�e�s�s� �s�t�r�e�s�s�e�s� 

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

�"�F�a�i�l�u�r�e� �o�f� �C�o�m�p�o�s�i�t�e� �J�o�i�n�t�s� �U�n�d�e�r� �C�o�m�b�i�n�e�d� �T�e�n�s�i�o�n� �a�n�d� �B�o�l�t� �L�o�a�d�s�"�(�1�9�8�1�)� �b�y� 

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

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

�f�a�i�l�u�r�e� �f�a�c�t�o�r� �(�E�q�n�.�2�.�1�)� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e�s� �o�f� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�t�e�s� �s�u�b�j�e�c�t�e�d� 

�t�o� �c�o�m�b�i�n�e�d� �t�e�n�s�i�o�n� �a�n�d� �b�o�l�t� �l�o�a�d�.� 

�T�F�F� �=� �0�6�0�9�0� �/� �F�u�u�n�n�o�t�c�h�e�d� �(�2�.�1�)� 

�w�h�e�r�e� 

�T�F�F� �=� �T�e�n�s�i�o�n� �f�a�i�l�u�r�e� �f�a�c�t�o�r� 

�O�g�9�9� �=� �C�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �l�a�m�i�n�a�t�e� �s�t�r�e�s�s� �a�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �h�o�l�e� �9�0�°� �f�r�o�m� �t�h�e� �a�x�i�a�l� �l�o�a�d� 

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

�2�0



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

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

�A� �p�a�p�e�r� �"�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �S�a�f�e�t�y� �F�a�c�t�o�r�s� �f�o�r� �u�s�e� �w�h�e�n� �D�e�s�i�g�n�i�n�g� �B�o�l�t�e�d� �J�o�i�n�t�s� �i�n� 

�G�R�P�"�(�1�9�7�9�)� �b�y� �J�o�h�n�s�o�n� �a�n�d� �M�a�t�t�h�e�w�s� �e�x�a�m�i�n�e�s� �s�e�v�e�r�a�l� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �o�n� �s�i�n�g�l�e�-�h�o�l�e� 

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

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

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

�s�u�s�t�a�i�n� �i�s� �2�.�0�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �i�n� �a� �p�r�e�v�i�o�u�s�l�y� �d�i�s�c�u�s�s�e�d� �r�e�f�e�r�e�n�c�e�,� �P�y�n�e�r� �h�a�s� 

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

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

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

�"�M�e�c�h�a�n�i�c�a�l� �C�o�n�n�e�c�t�i�o�n�s� �f�o�r� �S�t�r�u�c�t�u�r�a�l� �P�l�a�s�t�i�c�s�"�(�1�9�7�7�)� �b�y� �M�e�y�e�r�s� �i�s� �a� 

�c�o�m�p�i�l�a�t�i�o�n� �o�f� �r�e�f�e�r�e�n�c�e�s� �a�n�d� �d�a�t�a� �f�r�o�m� �s�e�v�e�r�a�l� �s�o�u�r�c�e�s� �o�n� �G�F�R�P� �c�o�n�n�e�c�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� 

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

�p�l�a�s�t�i�c�s�.� �I�n�s�t�e�a�d�,� �r�e�s�e�a�r�c�h� �i�n�t�o� �G�F�R�P� �c�o�n�n�e�c�t�i�o�n�s� �h�a�d� �b�e�e�n� �f�o�c�u�s�e�d� �i�n� �t�h�e� �m�i�l�i�t�a�r�y� �a�n�d� 

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

�"�T�h�e� �E�f�f�e�c�t� �o�f� �C�l�a�m�p�i�n�g� �P�r�e�s�s�u�r�e� �o�n� �B�o�l�t� �B�e�a�r�i�n�g� �i�n� �G�l�a�s�s� �F�i�b�r�e�-�R�e�i�n�f�o�r�c�e�d� 

�P�l�a�s�t�i�c�s�.�"�(�1�9�7�6�)� �b�y� �S�t�o�c�k�d�a�l�e� �a�n�d� �M�a�t�t�h�e�w�s� �e�x�a�m�i�n�e�s� �s�e�v�e�r�a�l� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �e�x�a�m�i�n�i�n�g� 

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

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

�2�1



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

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

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

�2�.�4� �A�d�h�e�s�i�v�e� �C�o�n�n�e�c�t�i�o�n�s� 

�T�h�e� �f�i�r�s�t� �r�e�f�e�r�e�n�c�e� �o�n� �t�h�i�s� �t�o�p�i�c� �i�s� �a� �b�o�o�k� �A�d�h�e�s�i�v�e�s� �i�n� �C�i�v�i�l� �E�n�g�i�n�e�e�r�i�n�g� �(�1�9�9�2�)� 

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

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

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

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

�f�o�r� �t�h�e� �d�e�s�i�g�n� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a�d�h�e�s�i�v�e� �j�o�i�n�t�s� �i�n� �G�F�R�P�.� 

�"�S�i�m�p�l�i�f�i�e�d� �P�r�o�c�e�d�u�r�e�s� �f�o�r� �D�e�s�i�g�n�i�n�g� �A�d�h�e�s�i�v�e�l�y� �B�o�n�d�e�d� �C�o�m�p�o�s�i�t�e� 

�J�o�i�n�t�s�"�(�1�9�9�1�)� �b�y� �C�h�a�m�i�s� �a�n�d� �M�u�r�t�h�y� �p�r�e�s�e�n�t�s� �s�o�m�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �p�r�o�c�e�d�u�r�e�s� �f�o�r� 

�a�d�h�e�s�i�v�e� �j�o�i�n�t�s� �i�n� �G�F�R�P�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�s�i�g�n� �m�u�s�t� �b�e� �v�e�r�i�f�i�e�d� �t�h�r�o�u�g�h� �f�i�n�i�t�e� �e�l�e�m�e�n�t� 

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

�A� �b�o�o�k� �A�d�h�e�s�i�o�n� �a�n�d� �B�o�n�d�i�n�g� �i�n� �C�o�m�p�o�s�i�t�e�s� �(�1�9�9�0�)� �b�y� �Y�o�s�o�m�i�y�a�,� �M�o�r�i�m�o�t�o�m�,� 

�N�a�k�a�j�i�m�a�,� �I�k�a�d�a�,� �a�n�d� �S�u�z�u�k�i� �p�r�o�v�i�d�e�s� �a� �g�o�o�d� �b�a�s�i�s� �f�o�r� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �b�e�h�a�v�i�o�r� 

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

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

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

�2�2



�A� �p�a�p�e�r� �"�A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g� �o�f� �P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e�s�"�(�1�9�8�9�)� �b�y� �V�i�n�s�o�n� �p�r�e�s�e�n�t�s� �a� 

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

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

�1�.� �M�a�x�i�m�u�m� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�n�d� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �c�a�n� �b�e� �r�e�d�u�c�e�d� �b�y� 

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

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

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

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

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

�b�e�c�o�m�e�s� �m�o�r�e� �l�i�k�e�l�y�.� 

�"�T�h�e� �M�e�c�h�a�n�i�c�a�l� �T�e�s�t�i�n�g� �a�n�d� �C�o�m�p�u�t�e�r� �M�o�d�e�l�i�n�g� �o�f� �C�o�m�p�o�s�i�t�e� �B�o�n�d�e�d� 

�J�o�i�n�t�s�"�(�1�9�8�5�)� �b�y� �C�u�r�t�i�s� �a�n�d� �A�i�n�s�w�o�r�t�h� �e�x�a�m�i�n�e�s� �s�i�n�g�l�e� �a�n�d� �d�o�u�b�l�e� �o�v�e�r�l�a�p� �b�o�n�d�e�d� �j�o�i�n�t�s� 

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

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

�c�o�n�s�i�d�e�r�e�d�.� 

�T�h�e� �b�o�o�k� �S�t�r�u�c�t�u�r�a�l� �A�d�h�e�s�i�v�e� �J�o�i�n�t�s� �i�n� �E�n�g�i�n�e�e�r�i�n�g� �(�1�9�8�4�)� �b�y� �A�d�a�m�s� �a�n�d� �W�a�k�e� 

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

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

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

�2�3



�A� �p�a�p�e�r� �"�A� �R�e�v�i�e�w� �o�f� �t�h�e� �S�t�r�e�n�g�t�h� �o�f� �J�o�i�n�t�s� �i�n� �F�i�b�r�e�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s�:� �P�a�r�t� �2� 

�A�d�h�e�s�i�v�e�l�y� �B�o�n�d�e�d� �J�o�i�n�t�s�"�(�1�9�8�2�)� �b�y� �M�a�t�t�h�e�w�s�,� �K�i�l�t�y�,� �a�n�d� �G�o�d�w�i�n� �r�e�v�i�e�w�s� �t�h�e� �w�o�r�k� 

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

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

�c�o�n�n�e�c�t�i�o�n�s�.� 

�"�T�h�e� �S�c�i�e�n�c�e� �o�f� �A�d�h�e�s�i�o�n�:� �P�a�r�t� �2� �M�e�c�h�a�n�i�c�s� �a�n�d� �M�e�c�h�a�n�i�s�m�s� �o�f� �f�a�i�l�u�r�e�"�(�1�9�8�2�)� 

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

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

�p�o�i�n�t� �o�u�t� �t�h�a�t� �b�e�f�o�r�e� �a�t�t�e�m�p�t�i�n�g� �t�h�e� �d�e�s�i�g�n� �o�f� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�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�e� �a�d�h�e�s�i�v�e� �a�n�d� �t�h�e� �G�F�R�P� �m�u�s�t� �b�e� �c�l�e�a�r�l�y� �k�n�o�w�n�.� 

�A� �p�a�p�e�r� �"�A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g� �o�f� �G�R�P�"�(�1�9�8�2�)� �b�y� �B�o�d�w�i�t�c�h� �a�n�d� �S�t�a�n�n�a�r�d� �e�v�a�l�u�a�t�e�s� 

�s�e�v�e�r�a�l� �a�c�r�y�l�i�c� �a�d�h�e�s�i�v�e�s� �u�s�e�d� �t�o� �b�o�n�d� �G�F�R�P�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �g�l�u�e�-�l�i�n�e� �t�h�i�c�k�n�e�s�s� �a�n�d� 

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

�e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� 

�"�A�d�h�e�s�i�v�e� �J�o�i�n�t�s� �I�n�v�o�l�v�i�n�g� �C�o�m�p�o�s�i�t�e�s� �a�n�d� �L�a�m�i�n�a�t�e�s�.� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �S�t�r�e�s�s�e�s� 

�C�a�u�s�e�d� �b�y� �R�e�s�i�n� �S�w�e�l�l�i�n�g�"�(�1�9�8�1�)� �b�y� �S�a�r�g�e�n�t� �a�n�d� �A�s�h�b�e�e� �e�x�a�m�i�n�e�s� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� 

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

�i�n�t�e�r�f�e�r�e�n�c�e� �m�e�t�h�o�d�.� �B�y� �g�e�n�e�r�a�t�i�n�g� �M�o�i�r�é� �f�r�i�n�g�e�s� �f�r�o�m� �t�h�e� �i�m�a�g�e�s� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� 

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

�2�4



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

�r�e�a�l� �j�o�i�n�t�.� 

�"�S�t�r�e�s�s�e�s� �i�n� �A�d�h�e�s�i�e�v�l�y� �B�o�n�d�e�d� �J�o�i�n�t�s�:� �A� �C�l�o�s�e�d�-�F�o�r�m� �S�o�l�u�t�i�o�n�"�(�1�9�8�1�)� �b�y� 

�D�e�l�a�l�e�,� �E�r�d�o�g�a�n�,� �a�n�d� �A�y�d�i�n�o�g�l�u� �r�e�v�i�e�w�s� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �a� �p�l�a�t�e� �t�h�e�o�r�y� �f�o�r� �l�o�o�k�i�n�g� �a�t� 

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

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

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

�2�.�5� �A�d�h�e�s�i�v�e�-�M�e�c�h�a�n�i�c�a�l� �C�o�n�n�e�c�t�i�o�n�s� 

�T�h�e� �f�i�r�s�t� �r�e�f�e�r�e�n�c�e� �o�n� �a�d�h�e�s�i�v�e�-�m�e�c�h�a�n�i�c�a�l� �c�o�n�n�e�c�t�i�o�n�s� �i�s� �a� �p�a�p�e�r� �"�P�e�r�f�o�r�m�a�n�c�e� 

�o�f� �P�u�l�t�r�u�d�e�d� �P�F�R�P� �C�o�n�n�e�c�t�i�o�n�s� �U�n�d�e�r� �S�t�a�t�i�c� �a�n�d� �D�y�n�a�m�i�c� �L�o�a�d�s�"�(�1�9�9�3�)� �b�y� �M�o�s�a�l�l�a�m�,� 

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

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

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

�b�o�t�h� �e�n�d�s�.� �F�o�r� �t�h�e� �u�n�i�v�e�r�s�a�l� �c�o�n�n�e�c�t�o�r�,� �i�t� �w�a�s� �o�b�s�e�r�v�e�d� �t�h�a�t� �u�n�d�e�r� �s�t�a�t�i�c� �l�o�a�d�s� �t�h�e� 

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

�r�i�g�i�d� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �a�c�h�i�e�v�e�d� �u�p� �t�o� �a� �m�o�m�e�n�t� �o�f� �5� �k�i�p�s�-�i�n�c�h� �,� �2�0�%� �o�f� �t�h�e� �u�l�t�i�m�a�t�e� 

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

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

�c�a�p�a�c�i�t�y� �i�s� �d�e�s�i�r�e�d�(�F�.�S�.�=�1�.�0�)�,� �a� �s�e�m�i�-�r�i�g�i�d� �a�n�a�l�y�s�i�s� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�o� �a�c�h�i�e�v�e� �a� �m�o�r�e� 

�c�o�s�t� �e�f�f�e�c�t�i�v�e� �s�t�r�u�c�t�u�r�e�.� 

�2�5



�"�M�M�F�G� �T�e�s�t� �f�o�r� �E�p�o�x�i�e�d� �v�s�.� �N�o�n�-�E�p�o�x�i�e�d� �S�t�r�u�c�t�u�r�a�l� �C�o�n�n�e�c�t�i�o�n�s�"�(�1�9�9�2�)� 

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

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

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

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

�A� �p�a�p�e�r� �"�B�o�n�d�e�d�-�B�o�l�t�e�d� �C�o�m�p�o�s�i�t�e� �J�o�i�n�t�s�"�(�1�9�8�5�)� �b�y� �H�a�r�t�-�S�m�i�t�h� �w�a�s� �p�r�e�p�a�r�e�d� 

�f�o�r� �u�s�e� �i�n� �t�h�e� �a�i�r�p�l�a�n�e� �i�n�d�u�s�t�r�y� �s�o� �i�t ��s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �c�i�v�i�l� �e�n�g�i�n�e�e�r�i�n�g� �s�t�r�u�c�t�u�r�e�s� �1�s� �l�i�m�i�t�e�d�.� 

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

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

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

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

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

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

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

�M�a�t�e�r�i�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �P�r�o�p�e�r�t�i�e�s� �o�f� �G�F�R�P� �U�s�e�d� �i�n� �T�e�s�t�s� 

�3�.�1� �P�h�y�s�i�c�a�l� �C�h�e�m�i�s�t�r�y� �o�f� �G�F�R�P� 

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

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

�p�o�l�y�m�e�r�s� �o�r� �m�o�r�e� �c�o�m�m�o�n�l�y� �c�a�l�l�e�d� �"�p�l�a�s�t�i�c�s�"�(�H�o�l�m�e�s� �a�n�d� �J�u�s�t�,� �1�9�8�3�)�.� 

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

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

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

�p�r�o�c�e�s�s� �m�a�k�e�s� �t�h�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �h�a�v�e� �a� �c�h�a�i�n�-�l�i�k�e� �n�a�t�u�r�e� �i�n� �i�t�s� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e�.� 

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

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

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

�a�p�p�l�i�c�a�t�i�o�n�s�(�H�o�l�m�e�s� �a�n�d� �J�u�s�t�,� �1�9�8�3�)� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �h�a�s� �r�e�c�e�n�t�l�y� �b�e�e�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� 

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

�a�t� �1�0�0�°�C�,� �t�h�i�s� �m�a�t�e�r�i�a�l� �h�a�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �m�a�i�n�t�a�i�n� �i�n�t�e�g�r�i�t�y� �u�n�t�i�l� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �h�i�g�h� �a�s� 
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�2�8�0�°�C� �(�H�o�l�l�a�w�a�y�,� �1�9�8�7�)�.� �T�h�e�r�m�o�s�e�t�s�,� �h�o�w�e�v�e�r�,� �u�n�d�e�r�g�o� �a� �f�u�r�t�h�e�r� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �i�n� 

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

�u�n�i�t�s� �t�o� �b�e� �l�i�n�k�e�d� �t�o�g�e�t�h�e�r� �p�r�o�d�u�c�i�n�g� �a� �m�o�r�e� �r�i�g�i�d� �c�o�m�p�o�s�i�t�i�o�n�.� �D�u�e� �t�o� �t�h�i�s� �c�r�o�s�s�-�l�i�n�k�e�d� 

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

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

�a�p�p�l�i�c�a�t�i�o�n�s�(�H�o�l�m�e�s� �a�n�d� �J�u�s�t�,� �1�9�8�3�)�)�.� 

�G�F�R�P� �i�s� �a� �t�h�e�r�m�o�s�e�t� �a�n�d� �c�o�n�s�i�s�t�s� �o�f� �s�e�v�e�r�a�l� �b�a�s�i�c� �c�o�m�p�o�n�e�n�t�s�(�M�M�F�G� �D�e�s�i�g�n� 

�M�a�n�u�a�l�,� �1�9�8�9�)�.� �F�i�r�s�t�,� �t�h�e�r�e� �a�r�e� �t�w�o� �t�y�p�e�s� �o�f� �g�l�a�s�s� �i�n� �G�F�R�P�,� �m�a�t� �a�n�d� �r�o�v�i�n�g�s�.� �T�h�e� 

�r�o�v�i�n�g�s� �c�o�n�t�a�i�n� �8�0�0�-�4�0�0�0� �f�i�b�e�r� �f�i�l�a�m�e�n�t�s� �a�n�d� �p�r�o�v�i�d�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�l�o�n�g� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� 

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

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

�m�a�t� �p�r�o�v�i�d�e�s� �t�h�e� �m�u�l�t�i�-�d�i�r�e�c�t�i�o�n�a�l� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �G�F�R�P� �s�e�c�t�i�o�n�.� �S�e�c�o�n�d�,� 

�t�h�e�r�e� �i�s� �t�h�e� �r�e�s�i�n� �t�h�a�t� �b�i�n�d�s� �t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �g�l�a�s�s� �f�i�b�e�r�s� �t�o�g�e�t�h�e�r�.� �A� �t�y�p�i�c�a�l� �r�e�s�i�n� �f�o�r� �G�F�R�P� 

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

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

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

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

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

�p�r�o�t�e�c�t�s� �a�g�a�i�n�s�t� �"�F�i�b�e�r� �B�l�o�o�m�i�n�g�"� �w�h�i�c�h� �i�s� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �g�l�a�s�s� �f�i�b�e�r�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� 

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

�c�o�m�p�o�s�i�t�e�s�.� �T�h�e�s�e� �i�n�c�l�u�d�e�:� �C�o�l�d�-�P�r�e�s�s� �M�o�l�d�i�n�g� �T�e�c�h�n�i�q�u�e�s�,� �H�o�t�-�P�r�e�s�s� �M�o�l�d�i�n�g� 

�T�e�c�h�n�i�q�u�e�s�,� �P�u�l�t�r�u�s�i�o�n�,� �a�n�d� �R�e�s�i�n� �I�n�j�e�c�t�i�o�n�(�H�o�l�l�a�w�a�y� �1�9�8�7�)�.� �T�h�e� �s�c�o�p�e� �o�f� �t�h�i�s� �r�e�p�o�r�t� 

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

�p�u�l�t�r�u�s�i�o�n�(�F�i�g�u�r�e� �3�.�1�)�.� �T�h�e� �p�u�l�t�r�u�s�i�o�n� �p�r�o�c�e�s�s� �p�r�o�d�u�c�e�s� �c�o�n�t�i�n�u�o�u�s� �l�e�n�g�t�h�s� �o�f� �G�F�R�P� 

�s�e�c�t�i�o�n�s� �f�o�r� �u�s�e� �i�n� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �o�t�h�e�r� �a�p�p�l�i�c�a�t�i�o�n�s�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� 

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

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

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

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

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

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

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

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

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

�2�9



�C�u�t�-�O�f�f� �R�a�v�i�n�g� �R�e�s�i�n�  �� 
�a�w� �a�n�d� �M�a�t� �I�m�p�r�e�g�q�n�a�t�a�o�r� �P�r�e�f�o�r�m�e�r� 

� � � � � � � � � 

� � 

� � � 

� � � � 

�a�)� �M�e�c�o� �c�a�t�a�t�o�t�a�e�s� �L�K� �R�A�I� �A� �A�R�M� �a�D� �M�D� 
�S�E�S�E� �c�a�e� �I�H�R�E� �N�O�C�H� �o�a� �R�O�M�E�R�O� �e�r� � � � � 

� � 

�.� �t�.� 
�G�u�i�d�e� �s�u�r�f�a�c�i�n�g� �F�a�r�t�i�n�g� �a�n�d� 

�M�a�t�e�r�i�a�l� �C�u�r�i�n�g� �D�i�e� 
�A�d�d�e�d� 

�F�i�g�u�r�e� �3�.�1� �T�h�e� �P�u�l�t�r�u�s�i�o�n� �P�r�o�c�e�s�s� 
�T�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,�1�9�8�9�)� 

�3�.�2� �P�h�y�s�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �G�F�R�P� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �m�a�t�e�r�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �G�F�R�P� �t�h�a�t� �a�r�e� �i�m�p�o�r�t�a�n�t� �t�o� �a� 

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

�e� �H�i�g�h� �S�t�r�e�n�g�t�h� 

�e� �L�i�g�h�t�w�e�i�g�h�t� 

�e� �C�o�r�r�o�s�i�o�n� �R�e�s�i�s�t�a�n�t� 

�e� �N�o�n�-�C�o�n�d�u�c�t�i�v�e� 

�e� �E�l�e�c�t�r�o�-�M�a�g�n�e�t�i�c� �T�r�a�n�s�p�a�r�e�n�c�y� 

�e� �D�i�m�e�n�s�i�o�n�a�l� �S�t�a�b�i�l�i�t�y� 

�e� �F�i�r�e� �R�e�s�i�s�t�a�n�c�e� 

�e� �D�a�m�p�i�n�g� �C�a�p�a�b�i�l�i�t�i�e�s� 

�e� �U�l�t�r�a�v�i�o�l�e�t� �R�a�d�i�a�t�i�o�n� �E�f�f�e�c�t�s� 

�3�.�2�.�1� �H�i�g�h� �S�t�r�e�n�g�t�h� 

�G�F�R�P� �e�x�h�i�b�i�t�s� �h�i�g�h�e�r� �s�t�r�e�n�g�t�h� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �s�t�e�e�l� �o�n� �a�n� �a�m�o�u�n�t� �o�f� �s�t�r�e�n�g�t�h� 

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

�3�0



�l�o�w�e�r� �d�e�n�s�i�t�y� �o�f� �p�l�a�s�t�i�c�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� �s�t�e�e�l� �(�s�e�e� �S�e�c�t�.� �3�.�2�.�2�)�.� �T�h�i�s� �s�t�r�e�n�g�t�h� �i�s� �p�r�i�m�a�r�i�l�y� 

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

�o�f� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�s� �i�n� �t�h�e� �s�e�c�t�i�o�n� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� �H�o�w�e�v�e�r� �i�n� �t�e�r�m�s� �o�f� 

�c�o�s�t�,� �G�F�R�P� �c�o�s�t�s� �t�w�o� �t�o� �t�h�r�e�e� �t�i�m�e�s� �m�o�r�e� �p�e�r� �p�o�u�n�d� �t�h�a�n� �s�t�e�e�l�.� �T�h�e�r�e�f�o�r�e�,� �a�t� �p�r�e�s�e�n�t�,� �i�f� 

�t�h�e� �b�u�i�l�d�i�n�g� �c�a�n� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d� �u�s�i�n�g� �s�t�e�e�l�,� �G�F�R�P� �i�s� �n�o�t� �e�c�o�n�o�m�i�c�a�l�.� �T�h�e� �u�s�e� �o�f� �G�F�R�P� 

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

�G�F�R�P� �e�x�h�i�b�i�t�s�.� 

�3�.�2�.�2� �L�i�g�h�t�w�e�i�g�h�t� 

�I�n� �t�e�r�m�s� �o�f� �w�e�i�g�h�t�,� �G�F�R�P� �i�s� �8�0�%� �l�i�g�h�t�e�r� �t�h�a�n� �s�t�e�e�l� �a�n�d� �3�0�%� �l�i�g�h�t�e�r� �t�h�a�n� 

�a�l�u�m�i�n�u�m�(�T�a�b�l�e� �3�.�1�)�.�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� �T�h�i�s� �l�o�w� �w�e�i�g�h�t� �e�l�i�m�i�n�a�t�e�s� �t�h�e� 

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

�n�e�e�d�e�d�,� �t�h�e�y� �c�a�n� �e�v�e�n� �s�o�m�e�t�i�m�e�s� �b�e� �m�o�v�e�d� �e�a�s�i�e�r� �b�y� �h�a�n�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �G�F�R�P� �s�e�c�t�i�o�n�s� 

�a�r�e� �m�o�r�e� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �d�a�m�a�g�e� �d�u�r�i�n�g� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �a�n�d� �h�a�n�d�l�i�n�g� �t�h�e�n� �s�t�e�e�l� �s�e�c�t�i�o�n�s�.� 
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�T�a�b�l�e� �3�.�1� 
�G�F�R�P� �v�s�.� �T�r�a�d�i�t�i�o�n�a�l� �M�a�t�e�r�i�a�l�s� �w�.�r�.�t�.� �D�e�n�s�i�t�y� 

�T�y�p�e� �o�f� �M�a�t�e�r�i�a�l� �D�e�n�s�i�t�y�,�(�I�b�s�/�i�n �� �)� 
�E�x�t�e�r�n� �5�0�0�/�5�2�5�/�6�2�5�(�G�F�R�P�)� �0�.�0�6�2�-�0�.�0�7� 

�S�t�e�e�l� �0�.�2�8�4� 
�A�l�u�m�i�n�u�m� �0�.�0�9�2� 

�P�o�n�d�e�r�o�s�a� �P�i�n�e� �0�.�1�9� � � � � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,�1�9�8�9�)� 

�3�1� 

� 



�3�.�2�.�3� �C�o�r�r�o�s�i�o�n� �R�e�s�i�s�t�a�n�c�e� 

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

�t�o� �G�F�R�P�.� �T�h�i�s� �m�a�t�e�r�i�a�l� �w�i�l�l� �n�o�t� �r�o�t� �a�n�d� �i�s� �i�m�p�e�r�v�i�o�u�s� �t�o� �a� �b�r�o�a�d� �r�a�n�g�e� �o�f� �c�o�r�r�o�s�i�v�e� 

�e�n�v�i�r�o�n�m�e�n�t�s�(�T�a�b�l�e� �3�.�2�)�.�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�.�2�.�4� �N�o�n�-�C�o�n�d�u�c�t�i�v�e� �a�n�d� �E�l�e�c�t�r�o�-�M�a�g�n�e�t�i�c� �T�r�a�n�s�p�a�r�e�n�c�y� 

�G�F�R�P� �w�i�l�l� �n�o�t� �c�o�n�d�u�c�t� �e�l�e�c�t�r�i�c�i�t�y�.� �T�h�i�s� �m�a�k�e�s� �G�F�R�P� �a�n� �e�x�c�e�l�l�e�n�t� �i�n�s�u�l�a�t�o�r� �f�o�r� 

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

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

�e�x�i�s�t�s� �f�o�r� �u�s�i�n�g� �G�F�R�P� �a�s� �a� �c�o�v�e�r� �f�o�r� �t�h�e� �t�h�i�r�d� �r�a�i�l� �i�n� �s�u�b�w�a�y�s�.�(�M�o�s�a�l�l�a�m�,� �1�9�9�3�)� 

�E�l�e�c�t�r�o�-�m�a�g�n�e�t�i�c� �t�r�a�n�s�p�a�r�e�n�c�y� �i�s� �a�n�o�t�h�e�r� �r�e�a�s�o�n� �t�o� �m�o�v�e� �t�o� �G�F�R�P� �f�r�o�m� �s�t�e�e�l�.� 

�E�s�s�e�n�t�i�a�l�l�y�,� �t�h�e� �m�a�t�e�r�i�a�l� �a�l�l�o�w�s� �r�a�d�i�o� �w�a�v�e�s�,� �m�i�c�r�o�w�a�v�e�s�,� �a�n�d� �o�t�h�e�r� �e�l�e�c�t�r�o�-�m�a�g�n�e�t�i�c� 

�f�r�e�q�u�e�n�c�i�e�s� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �i�t� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� �T�h�i�s� �m�a�k�e�s� �t�h�e� �m�a�t�e�r�i�a�l� �a�n� 

�e�x�c�e�l�l�e�n�t� �c�o�v�e�r� �f�o�r� �p�r�o�t�e�c�t�i�n�g� �s�e�n�s�i�t�i�v�e� �r�e�c�e�i�v�i�n�g�/�t�r�a�n�s�m�i�t�t�i�n�g� �e�q�u�i�p�m�e�n�t� �f�r�o�m� �h�a�r�m�f�u�l� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t�s�.� �O�n�e� �o�f� �f�i�r�s�t� �u�s�e�s� �t�h�a�t� �G�F�R�P� �s�a�w� �i�n� �i�t�s� �l�i�f�e�t�i�m�e� �w�a�s� �u�s�e� �a�s� 

�r�a�d�o�m�e�s� �f�o�r� �c�o�v�e�r�s� �f�o�r� �r�a�d�a�r� �e�q�u�i�p�m�e�n�t� �o�n� �s�h�i�p�s� �d�u�r�i�n�g� �W�o�r�l�d� �W�a�r� �I�I�(�H�o�l�l�a�w�a�y�,� �1�9�9�0�)�.� 

�3�2



�T�a�b�l�e� �3�.�2� 
�C�o�r�r�o�s�i�o�n� �R�e�s�i�s�t�a�n�c�e� �o�f� �E�X�T�E�R�N�(�G�F�R�P�)� �t�o� �S�e�l�e�c�t�e�d� �C�h�e�m�i�c�a�l�s� �a�n�d� �P�r�o�d�u�c�t�s� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � 

�S�e�r�i�e�s� �5�0�0�-�5�2�5� �S�e�r�i�e�s� �6�2�5� 

�C�h�e�m�i�c�a�l� �R�.�T�.� �1�6�0�°�F� �R�.�T�.� �1�6�0�°�F� 
�A�c�e�t�o�n�e� �N�R� �N�R� �N�R� �N�R� 

�D�i�e�s�e�l� �F�u�e�l� �R� �N�R� �R� �R� 
�F�u�e�l� �O�i�l� �R� �N�R� �R� �R� 

�G�a�s�,� �N�a�t�u�r�a�l� �R� �N�R� �R� �R� 

�G�a�s�o�l�i�n�e�,� �A�u�t�o� �R� �N�R� �R� �R� 

�G�a�s�o�l�i�n�e�,� �R� �N�R� �R� �R� 

�A�v�i�a�t�i�o�n� 
�K�e�r�o�s�e�n�e� �R� �N�R� �R� �R� 

�N�i�t�r�i�c� �A�c�i�d� �N�R� �N�R� �R� �1�2�0�°� 
�2�0�%� 

�S�u�l�f�u�r�i�c� �A�c�i�d� �R� �R� �R� �R� 
�0�-�3�0�%� 

�S�u�l�f�u�r�i�c� �A�c�i�d� �N�R� �N�R� �R� �R� 
�3�0�-�5�0�%� 

�S�u�l�f�u�r�i�c� �A�c�i�d� �N�R� �N�R� �R� �1�2�0�°� 
�5�0�-�7�0�%� � � � � � � � � � � 

�R�.�T�.�=� �R�o�o�m� �T�e�m�p�e�r�a�t�u�r�e� 
�R�=� �R�e�s�i�s�t�a�n�t� 
�N�R�=� �N�o�t� �R�e�s�i�s�t�a�n�t� 
�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�.�2�.�5� �T�h�e�r�m�a�l� �E�x�p�a�n�s�i�o�n� 

�T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �o�f� �G�F�R�P� �i�s� �s�l�i�g�h�t�l�y� �l�e�s�s� �t�h�a�n� �s�t�e�e�l� �a�n�d� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� �a�l�u�m�i�n�u�m�(�T�a�b�l�e� �3�.�3�)�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� �T�h�i�s� �m�e�a�n�s� 

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

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

�G�F�R�P�(�S�e�e� �3�.�4� �T�e�m�p�e�r�a�t�u�r�e� �E�f�f�e�c�t�s�)�.� 

�3�3� 

� 



�T�a�b�l�e� �3�.�3� 
�C�o�m�p�a�r�i�s�o�n� �o�f� �C�o�e�f�f�i�c�i�e�n�t� �o�f� �L�i�n�e�a�r� �E�x�p�a�n�s�i�o�n� �f�o�r� �C�o�m�m�o�n� �B�u�i�l�d�i�n�g� �M�a�t�e�r�i�a�l�s� 

� � 

� � 

� � 

� � 

� � � � 

�M�a�t�e�r�i�a�l� �C�o�e�f�f�i�c�i�e�n�t� �o�f� �L�i�n�e�a�r� �E�x�p�a�n�s�i�o�n� 
�(�1�0�°�i�n�/�i�n�/�°�F�)� 

�E�x�t�e�r�n� �5�0�0�/�5�2�5�/�6�2�5� �(�G�F�R�P�)� �5�.�2� 
�S�t�e�e�l� �6�-�8� 

�A�l�u�m�i�n�u�m� �1�3�.�5� 
�P�o�n�d�e�r�o�s�a� �P�i�n�e� �1�.�7� � � � � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�.�2�.�6� �F�i�r�e� �P�r�o�t�e�c�t�i�o�n� 

�D�u�e� �t�o� �a� �f�l�a�m�e� �r�e�t�a�r�d�e�n�t� �a�d�d�i�t�i�v�e�,� �s�o�m�e� �t�y�p�e�s� �o�f� �G�F�R�P� �a�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �f�i�r�e�.� �T�a�b�l�e� �3�.�4� 

�s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �s�e�v�e�r�a�l� �f�l�a�m�m�a�b�i�l�i�t�y� �t�e�s�t�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �r�u�n� �b�y� �M�M�F�G� �o�n� �E�x�t�e�r�n� 

�s�e�r�i�e�s� �5�2�5� �a�n�d� �6�2�5� �s�e�c�t�i�o�n�s�.�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� �H�o�w�e�v�e�r�,� �i�f� �n�o� �f�l�a�m�e� 

�r�e�t�a�r�d�e�n�t� �i�s� �p�r�e�s�e�n�t�,� �S�e�r�i�e�s� �5�0�0�,� �t�h�i�s� �m�a�t�e�r�i�a�l� �w�i�l�l� �e�a�s�i�l�y� �b�u�r�n� �a�n�d� �p�r�o�d�u�c�e� �n�o�x�i�o�u�s� �f�u�m�e�s�.� 

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

�u�s�e�d� �o�n� �a� �p�r�o�j�e�c�t�.� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � 

�T�a�b�l�e� �3�.�4� 
�R�e�s�u�l�t�s� �o�f� �F�l�a�m�m�a�b�i�l�i�t�y� �T�e�s�t�s� �C�o�n�d�u�c�t�e�d� �o�n� �S�e�r�i�e�s� �5�2�5� �a�n�d� �6�2�5� 

�T�e�s�t� �V�a�l�u�e� 

�F�l�a�m�m�a�b�i�l�i�t�y� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �U�L�9�4� �V�O� 
�(�1�/�1�6 ��)� 

�T�u�n�n�e�l� �T�e�s�t� �A�S�T�M� �E�8�4� �2�5� �M�a�x� 
�N�B�S� �S�m�o�k�e� �C�h�a�m�b�e�r� �A�S�T�M� �E�6�6�2� �6�5�0�-�7�0�0�(�T�y�p�i�c�a�l�)� 

�F�l�a�m�e� �R�e�s�i�s�t�a�n�c�e� �F�T�M�S� �4�0�6�-�2�0�2�3� �5�5�/�3�0� 
�(�[�g�n�i�t�i�o�n�/�B�u�r�n� �S�e�c�o�n�d�s�)� 

�F�l�a�m�m�a�b�i�l�i�t�y� �A�S�T�M� �D�6�3�5� �S�e�l�f� �E�x�t�i�n�g�u�i�s�h�i�n�g� 
�U�L� �T�h�e�r�m�a�l� �I�n�d�e�x� �(�G�e�n�e�r�i�c�)� �1�3�0�°�C� � � � � 
� � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �M�a�n�u�a�l� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�4� 

� � 

� 



�3�.�2�.�7� �D�a�m�p�i�n�g� �C�a�p�a�b�i�l�i�t�i�e�s� 

�G�F�R�P� �h�a�s� �a�n� �i�n�h�e�r�e�n�t�l�y� �h�i�g�h� �l�o�s�s� �f�a�c�t�o�r� �f�o�r� �v�i�b�r�a�t�i�o�n�s� �u�n�l�i�k�e� �s�t�e�e�l� �w�h�i�c�h� �h�a�s� �a� 

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

�c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s�.� 

�T�h�e� �p�a�p�e�r� �"�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �V�i�b�r�a�t�i�o�n� �D�a�m�p�i�n�g� �L�o�s�s� �F�a�c�t�o�r� �o�f� �G�l�a�s�s� �a�n�d� 

�G�r�a�p�h�i�t�e� �F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s�"�(�1�9�9�1�)� �b�y� �C�r�a�n�e�,� �R�.� �a�n�d� �G�i�l�l�e�s�p�i�e�,� �J�.� �d�i�s�c�u�s�s�e�s� �t�h�e� 

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

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

�e�f�f�e�c�t�e�d� �b�y� �t�h�e� �f�i�b�e�r� �t�y�p�e�,� �m�a�t�r�i�x� �m�i�x�,� �a�n�d� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� 

�A�n�o�t�h�e�r� �p�a�p�e�r� �"�D�a�m�p�i�n�g� �P�r�o�p�e�r�t�i�e�s� �o�f� �F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �C�o�m�p�o�s�i�t�e�s�"�(�1�9�8�6�)� �b�y� �J�.� 

�C�h�o�t�t�i�n�e�r�,� �S�a�n�j�a�n�a�,� �a�n�d� �K�o�l�e�k� �d�i�s�c�u�s�s�e�s� �s�e�v�e�r�a�l� �o�t�h�e�r� �a�s�p�e�c�t�s� �r�e�l�e�v�a�n�t� �t�o� �d�a�m�p�i�n�g� �i�n� 

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

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

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

�3�.�2�.�8� �U�l�t�r�a�v�i�o�l�e�t� �R�a�d�i�a�t�i�o�n� �E�f�f�e�c�t�s� 

�U�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t� �i�s� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �a�t�t�a�c�k� �o�n� �G�F�R�P� �t�h�a�t� �i�s� �p�r�o�d�u�c�e�d� �b�y� �s�u�n�l�i�g�h�t�.� 

�T�h�e� �s�u�r�f�a�c�i�n�g� �v�e�i�l� �i�s� �u�s�e�d� �t�o� �g�i�v�e� �t�h�e� �G�F�R�P� �s�o�m�e� �p�r�o�t�e�c�t�i�o�n� �f�r�o�m� �t�h�e� �e�f�f�e�c�t�s� �o�f� �U�V�,� 

�n�a�m�e�l�y� �"�f�i�b�e�r� �b�l�o�o�m�i�n�g�"�.� �A�l�s�o� �E�x�t�e�r�n� �S�e�r�i�e�s� �5�2�5� �a�n�d� �6�2�5� �c�o�n�t�a�i�n� �a� �U�V� �i�n�h�i�b�i�t�o�r� �t�o� 

�e�n�h�a�n�c�e� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �a�g�a�i�n�s�t� �U�V� �l�i�g�h�t�.� �T�h�e� �c�o�l�o�r� �o�f� �G�F�R�P� �s�e�l�e�c�t�e�d� �a�l�s�o� �e�f�f�e�c�t�s� �t�h�e� 

�3�5



�d�e�g�r�e�e� �o�f� �f�a�d�i�n�g� �f�r�o�m� �U�V� �l�i�g�h�t�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� �G�F�R�P� �i�s� �n�o�t� 

�e�f�f�e�c�t�e�d� �b�y� �f�a�d�i�n�g� �o�f� �t�h�e� �c�o�l�o�r�.� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�.�3� �M�a�t�e�r�i�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �G�F�R�P� 

�G�F�R�P� �e�x�h�i�b�i�t�s� �s�e�v�e�r�a�l� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �t�h�a�t� �m�u�s�t� �b�e� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� 

�w�h�e�n� �d�e�s�i�g�n�i�n�g� �G�F�R�P� �c�o�n�n�e�c�t�i�o�n�s�.� �T�h�e�y� �a�r�e�:� 

�M�o�d�u�l�u�s� �o�f� �E�l�a�s�t�i�c�i�t�y� 

�S�h�e�a�r� �M�o�d�u�l�u�s� 

�A�n�i�s�o�t�r�o�i�c� �E�f�f�e�c�t�s� 

�T�e�m�p�e�r�a�t�u�r�e� �E�f�f�e�c�t�s� 

�C�r�e�e�p� �E�f�f�e�c�t�s� 

�B�r�i�t�t�l�e� �F�a�i�l�u�r�e� 

�M�a�n�u�f�a�c�t�u�r�i�n�g� �E�f�f�e�c�t�s� 

�3�.�3�.�1� �M�o�d�u�l�u�s� �o�f� �E�l�a�s�t�i�c�i�t�y� 

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

�3�.�5�)�.� �B�e�c�a�u�s�e� �o�f� �t�h�i�s� �l�o�w� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y�,� �t�h�e� �d�e�s�i�g�n� �o�f� �G�F�R�P� �s�e�c�t�i�o�n�s� �w�i�l�l� 

�n�o�r�m�a�l�l�y� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �d�e�f�l�e�c�t�i�o�n� �i�n�s�t�e�a�d� �o�f� �s�t�r�e�n�g�t�h�O�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� 

�3�.�3�.�2� �S�h�e�a�r� �M�o�d�u�l�u�s� 

�T�h�e� �s�h�e�a�r� �m�o�d�u�l�u�s� �o�f� �G�F�R�P� �i�s� �a�l�s�o� �l�o�w� �c�o�m�p�a�r�e�d� �t�o� �m�e�t�a�l�s�.�(�G�g�p�p�p�=�4�.�2�5�*�1�0�%�5� �p�s�i�)� �D�u�e� 

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

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

�G�F�R�P�.�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 
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�T�a�b�l�e� �3�.�5� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �M�o�d�u�l�u�s� �o�f� �E�l�a�s�t�i�c�i�t�y� �o�f� �G�F�R�P� �v�s�.� �S�t�e�e�l� 

� � 

� � 

� � 

� � 

� � 

� � � � 

�M�a�t�e�r�i�a�l� �M�o�d�u�l�u�s� �o�f� �E�l�a�s�t�i�c�i�t�y� �(�1�0�°�p�s�i�)� 
�S�e�r�i�e�s� �5�0�0�/�5�2�5� �2�.�6� 

�S�e�r�i�e�s� �5�0�0�/�5�2�5� �W� �a�n�d� �I� �s�h�a�p�e�s� �>�4 �� �2�.�5� 
�S�e�r�i�e�s� �6�2�5� �2�.�8� 

�S�e�r�i�e�s� �6�2�5� �W� �a�n�d� �I� �S�h�a�p�e�s� �>�4 �� �2�.�5� 
�S�t�e�e�l� �2�9�.�0� � � � � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l� �a�n�d� �S�t�e�e�l� �S�t�r�u�c�t�u�r�e�s�:� �D�e�s�i�g�n� �a�n�d� �B�e�h�a�v�i�o�r� 
�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9� �a�n�d� �S�a�l�m�o�n� �a�n�d� �J�o�h�n�s�o�n�,� �1�9�9�0�)� 

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

�"�P�r�o�p�e�r�t�i�e�s� �o�f� �P�u�l�t�r�u�d�e�d� �F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c� �S�t�r�u�c�t�u�r�a�l� �M�e�m�b�e�r�s�"�(�1�9�8�9�)�.� �T�h�e� 

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

�f�o�r�m�:� 

�w�(�x�)� �=� �f�i�(�x�)�/� �E�l� �+� �f�r�(�x�)�/� �k�A�G� �(�3�.�1�)� 

�T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �p�r�o�p�o�s�e� �t�o� �m�o�d�i�f�y� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �u�s�e� �w�i�t�h� �p�u�l�t�r�u�d�e�d� �F�R�P� �b�e�a�m�s� �t�o�:� 

�w�(�x�)� �=� �f�,�(�x�)�/� �E�,�1�+� �f�,�(�x�)�/�G�,�A� �(�3�.�2�)� 

�T�h�e� �t�e�r�m� �G�,� �r�e�p�l�a�c�e�s� �t�h�e� �t�e�r�m� �k�G� �i�n� �t�h�e� �g�e�n�e�r�a�l� �e�q�u�a�t�i�o�n� �a�n�d� �1�s� �n�o�t� �e�q�u�a�l� �t�o� �G�,� 

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

�t�h�e�n� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �o�n� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e� 

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

�r�a�t�i�o�(�E�,�/�G�,�)� �i�n�c�r�e�a�s�e�s� �a�n�d� �a�s� �t�h�e� �s�l�e�n�d�e�r�n�e�s�s� �r�a�t�i�o� �(�L�/�r�)� �d�e�c�r�e�a�s�e�s�.� �I�t� �m�o�s�t� �b�e� �n�o�t�e�d� �t�h�a�t� 

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

�L�/�r� �r�a�t�i�o�s� �l�e�s�s� �t�h�a�n� �6�0�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �b�e� �i�n�c�l�u�d�e�d� �i�n� 

�d�e�f�l�e�c�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �L�/�r� �r�a�t�i�o�s� �l�e�s�s� �t�h�a�n� �6�0�.� 

�3�.�3�.�3� �A�n�i�s�t�r�o�p�i�c� �E�f�f�e�c�t�s� 

�U�n�l�i�k�e� �s�t�e�e�l�,� �G�F�R�P� �i�s� �n�o�t� �a� �h�o�m�o�g�e�n�e�o�u�s� �m�a�t�e�r�i�a�l�.� �G�F�R�P� �e�x�h�i�b�i�t�s� �d�i�f�f�e�r�e�n�t� 

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

�d�e�s�i�g�n� �(�T�a�b�l�e� �3�.�6�)�.� �F�o�r� �e�x�a�m�p�l�e� �i�n� �t�e�n�s�i�o�n�,� �t�h�e� �s�t�r�o�n�g� �a�x�i�s� �w�i�l�l� �b�e� �i�n� �t�h�e� �p�u�l�t�r�u�d�e�d� 

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

�3�.�3�.�4� �T�e�m�p�e�r�a�t�u�r�e� �E�f�f�e�c�t�s� 

�I�n� �G�F�R�P�,� �t�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �(�T�a�b�l�e� �3�.�7�)�.� �A�t� �l�o�w� 

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

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

�t�e�m�p�e�r�a�t�u�r�e�s� �(�a�b�o�v�e� �1�5�0�°�F�)�,� �t�h�e� �m�a�t�e�r�i�a�l� �w�i�l�l� �e�x�p�e�r�i�e�n�c�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�y� �d�e�g�r�a�d�a�t�i�o�n� 

�a�n�d� �s�h�o�u�l�d� �a�c�c�o�u�n�t� �f�o�r� �t�h�i�s� �i�n� �d�e�s�i�g�n� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� 
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�T�a�b�l�e� �3�.�6� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �S�e�l�e�c�t�e�d� �M�a�t�e�r�i�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �C�o�m�m�o�n� �B�u�i�l�d�i�n�g� �M�a�t�e�r�i�a�l�s� 

� � 

� � 

� � 

� � 

� � � � 

�L�W� �a�n�d� �C�W� 

�P�r�o�p�e�r�t�y� �E�x�t�e�r�n� �5�0�0�/�5�2�5� �|� �C�a�r�b�o�n� �S�t�e�e�l� �A�l�u�m�i�n�u�m� �P�o�n�d�e�r�o�s�a� �P�i�n�e� 
�T�e�n�s�i�l�e� �3�0� �6�0� �4�5� �0�.�4�2� 
�S�t�r�e�n�g�t�h� 
�L�W�,� �(�k�s�i�)� 
�T�e�n�s�i�l�e� �7� �6�0� �i� 

�S�t�r�e�n�g�t�h� 
�C�W�,�(�k�s�1�)� 
�F�l�e�x�u�r�e� 
�S�t�r�e�n�g�t�h� �3�0� �6�0� �4�5� �1�5�.�4� 
�L�W�,�(�k�s�i�)� 
�F�l�e�x�u�r�e� 
�S�t�r�e�n�g�t�h� �1�0� �6�0� �4�5� �9�.�4� 
�C�W�,� �(�k�s�i�)� � � � � � � � � � � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 
�C�W�2�=� �C�r�o�s�s� �W�i�s�e� �L�W�=� �L�e�n�g�t�h� �W�i�s�e� 
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� � 

� � 

� � 

� � 

� � 

� � 

� � 
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�T�a�b�l�e� �3�.�7� 
�A�p�p�r�o�x�i�m�a�t�e� �R�e�t�e�n�t�i�o�n� �o�f� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �E�X�T�E�R�N� �a�t� �E�l�e�v�a�t�e�d� 

�T�e�m�p�e�r�a�t�u�r�e�s� 

�T�e�m�p�e�r�t�u�r�e� �(�°�F�)� �S�e�r�i�e�s� �5�0�0�/�5�2�5� �S�e�r�i�e�s� �6�2�5� 
�1�0�0� �8�5�%� �9�0�%� 
�1�2�5� �7�0�%� �8�0�%� 

�U�l�t�i�m�a�t�e� �S�t�r�e�s�s� �1�5�0� �5�0�%� �8�0�%� 
�1�7�5� �N�R� �7�5�%� 
�2�0�0� �N�R� �5�0�%� 
�1�0�0� �1�0�0�%� �1�0�0�%� 
�1�2�5� �9�0�%� �9�5�%� 

�M�o�d�u�l�u�s� �o�f� �1�5�0� �8�5�%� �9�0�%� 
�E�l�a�s�t�i�c�i�t�y� �1�7�5� �N�R� �8�8�%� 

�2�0�0� �N�R� �8�5�%� � � � � � � 
� � 

�D�a�t�a� �t�a�k�e�n� �f�r�o�m� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)� 

�3�9� 

� � 

� 



�3�.�3�.�5� �C�r�e�e�p� �E�f�f�e�c�t�s� 

�I�n� �G�F�R�P�,� �t�h�e� �g�l�a�s�s� �r�e�i�n�f�o�r�c�e�m�e�n�t� �i�s� �r�e�s�i�s�t�a�n�t� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �l�o�a�d�i�n�g� �o�v�e�r� �a� 

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

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

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

�i�s� �d�e�c�r�e�a�s�e�d�.�(�H�o�m�e�s� �a�n�d� �J�u�s�t�,� �1�9�8�3�)� 

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

�"�C�r�e�e�p� �a�n�d� �F�a�i�l�u�r�e� �o�f� �a� �F�u�l�l�-�S�i�z�e� �F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c� �P�u�l�t�r�u�d�e�d� �F�r�a�m�e�"�(�1�9�9�0�)�.� �I�t� �i�s� 

�p�r�o�p�o�s�e�d� �t�o� �u�s�e� �F�i�n�d�l�e�y�'�s� �p�o�w�e�r� �l�a�w� �o�f� �c�r�e�e�p� �t�o� �a�c�c�o�u�n�t� �f�o�r� �c�r�e�e�p� �i�n� �G�F�R�P� �s�e�c�t�i�o�n�s� 

�(�E�q�n�.�3�.�3�)�.� 

�e�=�s�,�+�6�,�(� �t�/�t�)�"� �(�3�.�3�)� 

�w�h�e�r�e� 

 ¬� �=�t�i�m�e� �d�e�p�e�n�d�e�n�t� �c�r�e�e�p� �s�t�r�a�i�n� �t�=�t�i�m�e� 

 ¬�,� �a�n�d� �¢�,�,� �=� �f�u�n�c�t�i�o�n�s� �o�f� �s�t�r�e�s�s� �t�,�=�c�o�n�s�t�a�n�t� �t�a�k�e�n� �a�s� �u�n�i�t�y� 

�n�=� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�t�r�e�s�s� 

�t�=� �t�i�m�e� 

�T�h�i�s� �g�e�n�e�r�a�l� �f�o�r�m� �o�f� �F�i�n�l�e�y�'�s� �p�o�w�e�r� �l�a�w� �o�f� �c�r�e�e�p� �c�a�n� �t�h�e�n� �b�e� �u�s�e�d� �t�o� �d�e�r�i�v�e� �a� �v�i�s�c�o�e�l�a�s�t�i�c� 

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

�M�a�n�u�a�l�(�S�t�r�u�c�t�u�r�a�l� �P�l�a�s�t�i�c�s� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�4�)�.� �T�h�e� �s�t�r�e�s�s� �d�e�p�e�n�d�e�n�c�e� �o�f� �g�,� �a�n�d�  ¬�,�,� 

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

�(�E�q�n�.�3�.�4�)�.� 

�4�0



 ¬� �= ¬�,�s�i�n�h�(�o� �/�o�,�)�+�¢�,�(�t�/�t�,�)�s�i�n�h�(�o� �/�o�,�)� �(�3�.�4�)� 

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

�m�o�d�u�l�u�s� �(�E�q�n�.�3�.�5�)�.� 

�E�,� �=� �(�3�.�5�)� 
�B�E�,� �+�E� �,�t�"� 

�w�h�e�r�e� 

�E�=�o�,�/�¢�,�=�o�/�m� 

�E�o�=�0�,�/ ¬�;� 

�T�h�i�s� �m�o�d�e�l� �f�o�r� �c�r�e�e�p� �h�a�s� �b�e�e�n� �v�a�l�i�d�a�t�e�d� �o�v�e�r� �a� �p�e�r�i�o�d� �o�f� �2�6� �y�e�a�r�s� �b�y� �F�i�n�d�l�e�y�,�"�2�6�-� 

�Y�e�a�r� �C�r�e�e�p� �a�n�d� �R�e�c�o�v�e�r�y� �o�f� �P�o�l�y�(�V�i�n�y�l� �C�h�l�o�r�i�d�e�)� �a�n�d� �P�o�l�y�e�t�h�y�l�e�n�e�"� �b�y� �W�i�l�l�i�a�m� �N�i�c�h�o�l�s� 

�F�i�n�d�l�e�y�,� �a�n�d� �i�s� �t�h�e� �m�e�t�h�o�d� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �t�h�e� �A�S�C�E� �S�t�r�u�c�t�u�r�a�l� �P�l�a�s�t�i�c�s� �D�e�s�i�g�n� �M�a�n�u�a�l� 

�t�o� �a�c�c�o�u�n�t� �f�o�r� �c�r�e�e�p� �i�n� �p�l�a�s�t�i�c�s�.� 

�3�.�3�.�6� �B�r�i�t�t�l�e� �F�a�i�l�u�r�e� 

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

�c�o�n�n�e�c�t�i�o�n�,� �G�F�R�P� �i�s� �u�n�a�b�l�e� �t�o� �r�e�d�i�s�t�r�i�b�u�t�e� �l�o�c�a�l�i�z�e�d� �s�t�r�e�s�s�e�s� �w�i�t�h�i�n� �a� �b�o�l�t� �g�r�o�u�p�.� 

�T�h�e�r�e�f�o�r�e�,� �G�F�R�P� �t�e�n�d�s� �t�o� �h�a�v�e� �a�l�m�o�s�t� �n�o� �y�i�e�l�d�i�n�g� �p�l�a�t�e�a�u� �a�s� �c�o�m�p�a�r�e�d� �t�o� �s�t�e�e�l� �w�h�i�c�h� �h�a�s� 

�a� �l�a�r�g�e� �y�i�e�l�d�i�n�g� �p�l�a�t�e�a�u� �(�A�u�s�t�i�n�,� �1�9�9�2�)�.� 
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�3�.�3�.�7� �M�a�n�u�f�a�c�t�u�r�i�n�g� �E�f�f�e�c�t�s� 

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

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

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

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

�i�m�p�r�e�g�n�a�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r� �i�n�t�o� �t�h�e� �r�e�s�i�n� �m�a�t�r�i�x� �(�H�o�l�l�a�w�a�y�,� �1�9�9�0�)� 
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�C�h�a�p�t�e�r� �I�V� 

�E�X�P�E�R�I�M�E�N�T�A�L� �P�R�O�G�R�A�M� 

�4�.�1� �E�X�P�E�R�I�M�E�N�T�A�L� �T�E�S�T� �P�R�O�G�R�A�M� 

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

�s�u�p�p�o�r�t�e�d� �d�e�s�i�g�n� �a�s�s�u�m�p�t�i�o�n� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �G�F�R�P� �b�o�n�d�e�d�-�b�o�l�t�e�d� �d�o�u�b�l�e� �f�r�a�m�i�n�g� �a�n�g�l�e� 

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

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

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

�f�r�a�m�i�n�g� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� �t�w�o� �b�o�l�t�s� �i�n� �a� �r�o�w� �a�n�d� �a� �1�0� �f�t�.� �s�p�a�n� �i�n� �b�o�t�h� �t�h�e� �b�o�n�d�e�d� �a�n�d� 

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

�t�h�r�e�e� �b�o�l�t�s� �i�n� �a� �r�o�w� �a�n�d� �a� �1�0� �f�t�.� �s�p�a�n� �i�n� �b�o�t�h� �t�h�e� �b�o�n�d�e�d� �a�n�d� �u�n�b�o�n�d�e�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 

�T�h�e� �t�h�i�r�d� �s�e�r�i�e�s� �u�s�e�d� �a� �d�o�u�b�l�e� �f�r�a�m�i�n�g� �a�n�g�l�e� �c�o�n�n�e�c�t�i�o�n� �w�i�t�h� �t�w�o� �b�o�l�t�s� �i�n� �a� �r�o�w� �a�n�d� �a�n� �8� 

�f�t�.� �s�p�a�n� �i�n� �t�h�e� �u�n�b�o�n�d�e�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 
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�T�a�b�l�e� �4�.�1� �i�s� �t�h�e� �t�e�s�t� �m�a�t�r�i�x�.� �E�a�c�h� �t�e�s�t� �i�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�T�h�e� �f�i�r�s�t� �n�u�m�b�e�r� �d�e�n�o�t�e�s� �t�h�e� �t�e�s�t� �s�e�r�i�e�s�:� �I�,� �I�I�,� �o�r� �I�I� 

�T�h�e� �n�e�x�t� �n�u�m�b�e�r� �d�e�n�o�t�e�s� �t�h�e� �n�u�m�b�e�r� �o�f� �b�o�l�t�s� �i�n� �a� �r�o�w�:� �2� �o�r� �3� 

�T�h�e� �n�e�x�t� �l�e�t�t�e�r� �d�e�n�o�t�e�s� �e�i�t�h�e�r� �o�r� �b�o�n�d�e�d� �o�r� �a�n� �u�n�b�o�n�d�e�d� �c�o�n�n�e�c�t�i�o�n�:� �B� �o�r� �U� 

�T�h�e� �n�e�x�t� �n�u�m�b�e�r� �d�e�n�o�t�e�s� �t�h�e� �t�e�s�t� �n�u�m�b�e�r� �i�n� �t�h�e� �s�e�r�i�e�s�:� �1� �o�r� �2� 

�T�h�e� �n�e�x�t� �l�e�t�t�e�r�,� �s�,� �d�e�n�o�t�e�s� �a� �s�p�a�n� �o�f� �8� �f�t�.� �i�n�s�t�e�a�d� �o�f� �1�0� �f�t�.� 

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

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

�T�a�b�l�e� �4�.�1� 

�T�e�s�t� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �T�a�b�l�e� 
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� � 
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�4�.�2� �C�o�m�p�o�n�e�n�t�s� �o�f� �T�e�s�t� �A�s�s�e�m�b�l�i�e�s� 

�B�e�a�m�s� �a�n�d� �A�n�g�l�e�s�.� �A� �W� �8�x�8�x�3�/�8� �b�e�a�m� �a�n�d� �a� �2�3�x�3�x�3�/�8� �a�n�g�l�e� �w�e�r�e� �u�s�e�d� �f�o�r� �a�l�l� 

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

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

�g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�c�e�s� �A� �t�h�o�u�g�h� �C�.� 

�C�o�l�u�m�n�.� �A� �W� �6�x�6�x�1�/�4� �b�e�a�m� �s�e�c�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �c�o�l�u�m�n� �i�n� �a�l�l� �t�e�s�t�s�.� �C�r�o�s�s� 

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

�B�o�l�t�s� �a�n�d� �W�a�s�h�e�r�s�.� �F�o�r� �e�a�c�h� �t�e�s�t�,� �3�/�8 �� �©� �x� �2 �� �3�0�4�S�S� �b�o�l�t�s� �w�i�t�h� �h�e�x� �n�u�t�s� �a�n�d� �2� 

�w�a�s�h�e�r�s� �w�e�r�e� �u�s�e�d�.� 

�4�.�3� �T�e�s�t� �S�e�t�-�U�p� 

�4�.�3�.�1� �T�e�s�t� �S�e�t�u�p�:� �T�e�s�t� �1� �a�n�d� �T�e�s�t� �2� 

�I�n� �T�e�s�t�s� �1� �a�n�d� �2�,� �t�h�e� �t�e�s�t� �s�e�t�-�u�p� �c�o�n�s�i�s�t�e�d� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g�.� �T�h�e� �t�e�s�t� �b�e�a�m� 

�a�p�p�a�r�a�t�u�s� �w�a�s� �a�s�s�e�m�b�l�e�d� �a�s� �s�e�e�n� �i�n� �F�i�g�.� �4�.�1�.� �I�n� �b�o�n�d�e�d� �c�o�n�n�e�c�t�i�o�n�s�,� �t�h�e� �c�o�n�n�e�c�t�i�o�n� 

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

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

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

�a�n�d� �t�u�r�n�b�u�c�k�l�e�s�.� �T�h�i�s� �s�e�t�u�p� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �i�n� �a� �S�a�t�e�c�h� �3�0�0� �k�i�p�s� �c�a�p�a�c�i�t�y� �U�n�i�v�e�r�s�a�l� 

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

�s�p�r�e�a�d�e�r� �b�e�a�m� �a�n�d� �t�w�o� �r�o�l�l�e�r�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�1�.� �T�h�e� �l�o�a�d�i�n�g� �r�a�t�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� 
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�u�s�i�n�g� �a� �c�o�m�p�u�t�e�r� �c�o�n�t�r�o�l� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �S�a�t�e�c�h� �l�o�a�d�i�n�g� �m�a�c�h�i�n�e�.� �T�h�e� �o�n�l�y� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �T�e�s�t� �1� �a�n�d� �T�e�s�t� �2� �w�a�s� �i�n� �t�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�s� �w�i�l�l� �b�e� �e�x�p�l�a�i�n�e�d� �i�n� �S�e�c�t�i�o�n� �4�.�4�.� 
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�F�i�g�.� �4�.�1� �T�e�s�t� �A�s�s�e�m�b�l�y� 

�4�.�3�.�2� �T�e�s�t� �S�e�t� �u�p�:� �T�e�s�t� �3� �t�h�r�o�u�g�h� �T�e�s�t� �9� 

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

�w�i�t�h� �t�h�e� �t�e�s�t�i�n�g� �a�s�s�e�m�b�l�y�.� �T�h�e� �T�e�s�t� �S�e�t�-�U�p� �B�e�a�m� �w�a�s� �t�w�i�s�t�i�n�g� �a�n�d� �s�l�i�d�i�n�g� �o�u�t� �o�f� �t�h�e� 

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

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

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

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

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

�t�h�e� �U�n�i�v�e�r�s�a�l� �T�e�s�t�i�n�g� �m�a�c�h�i�n�e�.� 

�4�.�4� �T�e�s�t� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�I�n� �T�e�s�t� �1�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �w�a�s� �u�s�e�d�.� �T�h�e� �c�o�m�p�u�t�e�r� �c�o�n�t�r�o�l� �f�o�r� �t�h�e� 

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

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

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

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

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

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

�T�e�s�t� �2� �a�n�d� �a�l�l� �f�u�t�u�r�e� �t�e�s�t�s�(�s�e�e� �F�i�g�.� �4�.�3�)�.� �I�n� �a�l�l� �o�t�h�e�r� �t�e�s�t�s�,� �t�h�e� �o�n�l�y� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� 

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

�4�.�5� �L�o�a�d� �P�r�o�g�r�a�m� 

�I�n� �t�e�s�t�s� �1� �a�n�d� �2�,� �t�h�e� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� �a�t� �a� �l�o�a�d�i�n�g� �r�a�t�e� �o�f� �5�0�0� �l�b�s�/�m�i�n� �b�y� �t�h�e� 

�c�o�m�p�u�t�e�r� �c�o�n�t�r�o�l� �u�n�t�i�l� �f�a�i�l�u�r�e� �o�r� �t�h�e� �t�e�s�t� �w�a�s� �h�a�l�t�e�d�.� �I�n� �t�e�s�t�s� �3� �t�h�r�o�u�g�h� �9�,� �t�h�e� �l�o�a�d� �w�a�s� 

�a�p�p�l�i�e�d� �g�r�a�d�u�a�l�l�y� �i�n� �2� �k�i�p�s� �i�n�c�r�e�m�e�n�t�s� �b�y� �a� �t�h�u�m�b� �t�r�i�g�g�e�r� �u�n�t�i�l� �f�a�i�l�u�r�e� �o�r� �t�h�e� �t�e�s�t� �w�a�s� 

�h�a�l�t�e�d�.� 
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�4�.�6� �T�e�s�t� �F�a�i�l�u�r�e� �D�e�t�e�r�m�i�n�a�t�i�o�n� 

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

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

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

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

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

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

�b�e�n�e�f�i�c�i�a�l� �r�e�s�u�l�t�s�.� 
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�C�h�a�p�t�e�r� �V� 

�E�V�A�L�U�A�T�I�O�N� �O�F� �T�E�S�T� �R�E�S�U�L�T�S� 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�C�o�m�p�l�e�t�e� �r�e�s�u�l�t�s� �f�o�r� �T�e�s�t� �1� �t�h�r�o�u�g�h� �9� �a�r�e� �f�o�u�n�d� �i�n� �A�p�p�e�n�d�i�c�e�s� �A� �t�h�r�o�u�g�h� �C�,� 

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

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

�b�e�a�m�(�s�e�e� �F�i�g�.� �A�2�)�,� �p�l�o�t�s� �o�f� �l�o�a�d� �v�s�.� �s�l�i�p� �a�t� �t�h�e� �c�o�l�u�m�n�(�s�e�e� �F�i�g�.� �A�3�)�,� �p�l�o�t�s� �o�f� �l�o�a�d� �v�s�.� 

�r�e�a�c�t�i�o�n� �a�t� �t�h�e� �f�r�e�e� �e�n�d�(�s�e�e� �F�i�g� �A�4�)�,� �a�n�d� �p�l�o�t�s� �o�f� �a�p�p�l�i�e�d� �l�o�a�d� �v�s�.� �m�o�m�e�n�t� �a�t� �t�h�e� �c�o�l�u�m�n�,� 

�(�s�e�e� �F�i�g� �A�5�)�.� �T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �d�e�f�l�e�c�t�i�o�n�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s�s�u�m�i�n�g� �e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l� 

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

�S�e�c�t�.� �5�.�1�)�,� �a�n�d� �n�e�g�l�e�c�t�i�n�g� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n�.� �T�h�e� �m�o�m�e�n�t� �a�t� �t�h�e� �c�o�l�u�m�n� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 

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

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

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

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

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

�l�o�a�d� �w�a�s� �u�s�e�d�.� 

�5�.�1� �T�e�n�s�i�l�e� �C�o�u�p�o�n� �T�e�s�t� �R�e�s�u�l�t�s� 

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

�t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d�.� �F�o�r� �b�e�a�m� �1�,� �t�h�e� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �b�y� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�t� �M�o�r�r�i�s�o�n� 

�M�o�l�d�e�d� �F�i�b�e�r�g�l�a�s�s� �C�o�m�p�a�n�y�.� �F�o�r� �b�e�a�m�s� �2� �a�n�d� �3�,� �t�h�e� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �V�i�r�g�i�n�i�a� 

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

�s�t�a�n�d�a�r�d� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� �T�a�b�l�e� �5�.�4� �s�h�o�w�s� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y�,� �u�l�t�i�m�a�t�e� 

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

�a�n�d� �t�h�e� �t�e�s�t� �s�u�m�m�a�r�i�e�s� �o�f� �e�a�c�h� �c�o�u�p�o�n� �t�e�s�t� �d�o�n�e� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �a�r�e� �g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�x� 

�D�.� 

�T�a�b�l�e� �5�.�1� 

�T�e�n�s�i�l�e� �C�o�u�p�o�n� �T�e�s�t� �R�e�s�u�l�t�s� 

� � 

� � 

� � 

� � � � 

�M�e�a�s�u�r�e�d� �M�o�d�u�l�u�s� �U�l�t�i�m�a�t�e� �U�l�t�i�m�a�t�e� 

�B�e�a�m� �o�f� �E�l�a�s�t�i�c�i�t�y� �L�o�a�d� �S�t�r�e�s�s� 

�(�k�s�i�)� �(�k�i�p�s�)� �(�k�s�i�)� 

�1� �2�.�8�6�6� �1�0�.�5�9� �3�6�.�7�7� 

�2� �3�.�3�2�8� �1�2�.�2�2� �4�2�.�1�4� 

�3� �2�.�8�9�8� �1�2�.�6�1� �4�3�.�4�8� � � � � � � 
� � 

�5�2� 

� 



�5�.�2� �P�r�e�d�i�c�t�e�d� �F�a�i�l�u�r�e� �L�o�a�d�s� 

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

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

�u�s�e�d�:� 

�M�,� �=�f�,� �x� �S�,� �(�5�.�1�)� 

�w�h�e�r�e� 

�M�,�,� �=� �U�l�t�i�m�a�t�e� �m�o�m�e�n�t� 

�f�,�,� �=� �U�l�t�i�m�a�t�e� �f�l�e�x�u�r�a�l� �s�t�r�e�s�s�,� �(�p�s�i�)� 

�S�,� �=� �S�e�c�t�i�o�n� �m�o�d�u�l�u�s� �a�b�o�u�t� �t�h�e� �x�-�x� �a�x�i�s�,� �(�i�n�. ��)� 

�N�o�m�i�n�a�l� �u�l�t�i�m�a�t�e� �f�l�e�x�u�r�a�l� �s�t�r�e�s�s�,� �1�6�,�6�8�5� �p�s�i�,� �a�n�d� �s�e�c�t�i�o�n� �m�o�d�u�l�u�s�,� �2�4�.�8�0� �i�n�.�?� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� �I�t� �s�h�o�u�l�d� �b�e� 

�n�o�t�e�d�,� �T�h�a�t� �n�o�m�i�n�a�l� �u�l�t�i�m�a�t�e� �f�l�e�x�u�r�a�l� �s�t�e�s�s� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �M�M�F�G� �b�y� �p�e�r�f�o�r�m�i�n�g� �f�u�l�l� 

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

�t�e�s�t�s�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �f�o�r� �a� �W�8�x�8�x�3�/�8� �b�e�a�m� �t�h�e� �u�l�t�i�m�a�t�e� �m�o�m�e�n�t� �w�o�u�l�d� �b�e�:� 

�M�y� �=� �1�2�.�6�8�5� �p�s�i� �x� �2�4�.�8�0� �i�n�. �� 

�=� �2�6�.�2� �k�i�p�-�f�t�.� 

�T�h�i�s� �m�e�a�n�s� �t�h�a�t� �a�s�s�u�m�i�n�g� �a� �s�i�m�p�l�y� �s�u�p�p�o�r�t�e�d� �c�o�n�n�e�c�t�i�o�n� �t�h�e� �b�e�a�m� �w�i�t�h� �a�=� �|� �f�t�.� �5� 

�3�/�4� �i�n�.�,� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �c�o�l�u�m�n� �a�n�d� �f�r�e�e� �e�n�d� �t�o� �t�h�e� �p�o�i�n�t� �o�f� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �l�o�a�d�,� 

�w�o�u�l�d� �f�a�i�l� �a�t� �a� �s�h�e�a�r� �l�o�a�d� �a�t� �t�h�e� �c�o�u�m�n� �o�f� �1�7�.�7� �k�i�p�s� �w�h�i�c�h� �i�s� �g�r�e�a�t�e�r� �t�h�e�n� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�f�a�i�l�u�r�e� �l�o�a�d� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �o�f� �1�6�.�8�8� �k�i�p�s� �(�s�e�e� �b�e�l�o�w�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�o�n�n�e�c�t�i�o�n� 

�5�3



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

�s�u�p�p�o�r�t�e�d� �a�n�d� �a�=� �2�.�3�3� �f�t�.� �m�e�a�n�s� �t�h�a�t� �t�h�e� �b�e�a�m� �w�o�u�l�d� �f�a�i�l� �a�t� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �a�t� �a� �l�o�a�d� �o�f� 

�1�1�.�2�4� �k�i�p�s� �w�h�i�c�h� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �p�r�e�d�i�c�t�e�d� �l�o�a�d� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �o�f� �1�6�.�8�8� �k�i�p�s�.� 

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

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

�s�h�o�u�l�d� �s�t�i�l�l� �f�a�i�l� �b�e�f�o�r�e� �t�h�e� �b�e�a�m�.� 

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

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

�e� �B�e�a�m� �G�r�o�s�s� �S�h�e�a�r� 

�e� �B�l�o�c�k� �S�h�e�a�r� �(�B�e�a�m� �S�i�d�e�)� 

�e� �B�e�a�r�i�n�g�/�T�e�a�r�o�u�t� �(�B�e�a�m� �S�i�d�e�)� 

�e� �B�o�l�t� �S�h�e�a�r� �(�B�e�a�m� �S�i�d�e�)� 

�e� �N�e�t� �S�h�e�a�r� �o�f� �t�h�e� �A�n�g�l�e� �(�B�e�a�m� �S�i�d�e�)� 

�e� �B�l�o�c�k� �S�h�e�a�r� �o�f� �t�h�e� �A�n�g�l�e� �(�B�e�a�m� �S�i�d�e�)� 

�e� �B�e�a�r�i�n�g�/�T�e�a�r�o�u�t� �o�f� �t�h�e� �A�n�g�l�e� �(�B�e�a�m� �S�i�d�e�)� 

�e� �G�r�o�s�s� �S�h�e�a�r� �o�f� �t�h�e� �A�n�g�l�e� �a�t� �t�h�e� �H�e�e�l� 

�e� �F�l�e�x�u�r�e� �R�u�p�t�u�r�e� �o�f� �t�h�e� �A�n�g�l�e� 

�e� �N�e�t� �S�h�e�a�r� �o�f� �t�h�e� �A�n�g�l�e� �(�C�o�l�u�m�n� �S�i�d�e�)� 

�e� �B�l�o�c�k� �S�h�e�a�r� �o�f� �t�h�e� �A�n�g�l�e� �(�C�o�l�u�m�n� �S�i�d�e�)� 

�e� �B�e�a�r�i�n�g�/�T�e�a�r�o�u�t� �o�f� �A�n�g�l�e� �(�C�o�l�u�m�n� �S�i�d�e�)� 

�e� �B�o�l�t� �S�h�e�a�r� �(�C�o�l�u�m�n� �S�i�d�e�)� 

�e� �B�e�a�r�i�n�g� �a�t� �t�h�e� �C�o�l�u�m�n� �F�l�a�n�g�e� 

�e� �T�e�a�r� �O�u�t� �o�f� �t�h�e� �C�o�l�u�m�n� �F�l�a�n�g�e� �F�r�o�m� �t�h�e� �C�o�l�u�m�n� �W�e�b� 

�5�4



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

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

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

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

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

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

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

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

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

�c�o�n�n�e�c�t�i�o�n�s� �(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�.� �T�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �a� �f�r�a�m�i�n�g� �a�n�g�l�e� 

�c�o�n�n�e�c�t�i�o�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �i�s� �u�s�e�d�(�M�M�F�G� �D�e�s�i�g�n� �M�a�n�u�a�l�,� �1�9�8�9�)�:� 

�V�,�=� �S�B�S� �x� �(�h�x� �t�,� �x� �2�)� �(�5�.�2�)� 

�w�h�e�r�e� 

�V�,�,� �=� �N�o�m�i�n�a�l� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �a�n�g�l�e� 

�S�B�S� �=� �S�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �v�a�l�u�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �A�S�T�M� �D�2�3�4�4� 

�h� �=� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �a�n�g�l�e� 

�t�,� �=� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �a�n�g�l�e� 

�T�h�e� �v�a�l�u�e� �f�o�r� �t�h�e� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �w�a�s� �t�a�k�e�n� �a�s� �t�h�e� �t�h�e� �n�o�m�i�n�a�l� �v�a�l�u�e� �o�f� �4�5�0�0� �p�s�i� 

�(�M�M�F�G� �M�a�n�u�a�l�,� �1�9�9�0�)� �b�e�c�a�u�s�e� �n�o� �o�t�h�e�r� �d�a�t�a� �w�a�s� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �e�q�u�i�p�m�e�n�t� �n�e�c�e�s�s�a�r�y� �t�o� 

�p�e�r�f�o�r�m� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �t�e�s�t�s� �w�e�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e� �a�s� �p�a�r�t� �o�f� �t�h�i�s� �p�r�o�j�e�c�t�.� 
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�S�e�v�e�r�a�l� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �m�a�d�e� �i�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �E�q�u�a�t�i�o�n� �5�.�2� �t�o� �t�h�e� �d�e�s�i�g�n� �o�f� 

�t�h�i�s� �c�o�n�n�e�c�t�i�o�n�.� �F�i�r�s�t�,� �t�h�e� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �t�e�s�t� �p�r�e�d�i�c�t�s� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �b�y� �l�o�a�d�i�n�g� �t�h�e� 

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

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

�o�n� �a� �1� �3�/�4� �i�n�c�h� �s�q�u�a�r�e� �c�o�u�p�o�n� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e�.� �T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �a� �1�0� �f�t�.� �s�p�a�n� �b�e�a�m� 

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

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

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

�5�.�3� �T�e�s�t� �R�e�s�u�l�t�s� �S�e�r�i�e�s� �|� 

�F�o�u�r� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �i�n� �S�e�r�i�e�s� �I�.� �A� �s�e�r�i�e�s� �5�0�0� �E�x�t�e�r�n� �W�8�x�8�x�3�/�8� �w�i�t�h� �a� 

�d�o�u�b�l�e� �a�n�g�l�e� �f�r�a�m�i�n�g� �c�o�n�n�e�c�t�i�o�n� �u�s�i�n�g� �a� �3�x�3�x�3�/�8� �a�n�g�l�e� �a�n�d� �c�o�n�n�e�c�t�e�d� �t�o� �a� �W�6�x�6�x�1�/�4� 

�c�o�l�u�m�n� �w�e�r�e� �u�s�e�d�.� �T�e�s�t� �1� �a�n�d� �2� �w�e�r�e� �u�n�b�o�n�d�e�d�,� �w�h�i�l�e� �T�e�s�t�s� �3� �a�n�d� �6� �w�e�r�e� �b�o�n�d�e�d�.� �T�h�e� 

�s�p�a�n� �l�e�n�g�t�h� �f�o�r� �a�l�l� �t�e�s�t�s� �w�a�s� �1�0� �f�t�.� 

�T�h�e� �f�a�i�l�u�r�e� �m�o�d�e� �f�o�r� �T�e�s�t�s� �1� �a�n�d� �2� �w�a�s� �f�a�i�r�l�y� �s�i�m�i�l�a�r� �c�o�n�s�i�s�t�i�n�g� �o�f� �n�e�t� �s�h�e�a�r� �a�l�o�n�g� 

�t�h�e� �b�o�l�t� �l�i�n�e� �i�n� �o�n�e� �a�n�g�l�e� �a�n�d� �g�r�o�s�s� �s�h�e�a�r� �i�n� �t�h�e� �c�o�r�n�e�r� �o�f� �t�h�e� �o�t�h�e�r� �a�n�g�l�e�(� �S�e�e� �F�i�g�.� �5�.�1�)�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �a�n�g�l�e� �i�n� �w�h�i�c�h� �n�e�t� �s�h�e�a�r� �o�c�c�u�r�r�e�d� �s�w�i�t�c�h�e�d� �s�i�d�e�s� �b�e�t�w�e�e�n� �T�e�s�t� �1� �a�n�d� �T�e�s�t� 

�2�.� �A�l�s�o� �i�n� �b�o�t�h� �T�e�s�t�s� �1� �a�n�d� �2� �t�h�e�r�e� �w�e�r�e� �b�e�a�r�i�n�g� �f�a�i�l�u�r�e�s� �a�t� �t�h�e� �b�o�l�t� �h�o�l�e�s� �i�n� �b�o�t�h� �t�h�e� 

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

�f�o�r�m�i�n�g� �i�n� �t�h�e� �w�e�b� �o�f� �t�h�e� �t�e�s�t� �b�e�a�m� �s�t�a�r�t�i�n�g� �a�t� �t�h�e� �b�o�t�t�o�m� �b�o�l�t�(�S�e�e� �F�i�g�.� �5�.�2�)�.� �I�n� �T�e�s�t� �4�,� 

�t�h�e� �c�o�n�n�e�c�t�i�o�n� �w�a�s� �n�o�t� �t�a�k�e�n� �t�o� �f�a�i�l�u�r�e� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �b�e�a�m� �c�o�u�l�d� �b�e� �u�s�e�d� �f�o�r� �S�e�r�i�e�s� �I�I� 
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�T�e�s�t� �3�.� �T�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �a�p�p�l�i�e�d� �a�t� �t�h�e� �c�o�n�n�e�c�t�i�o�n� �w�a�s� �6� �k�i�p�s�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �t�e�s�t� 

�r�e�s�u�l�t�s� �f�o�r� �S�e�r�i�e�s� �I� �i�s� �f�o�u�n�d� �i�n� �T�a�b�l�e� �5�.�2�.� 
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