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Abstract 

The conventional design methods for sheet—pile cellular cofferdams were developed 

in the 1940’s and 1950’s based on field and limited experimental observations. The 

analytical techniques of the day were unable to account for the complexities in- 

volved. The procedures used only rudimentary concepts of soil-structure interac- 

tion which do not exhibit the true response of the cofferdam for most circumstances. 

During the past decade it has been demonstrated that with proper consideration 

of the soil-structure interaction effects, the two-dimensional finite element models 

can be powerful tools in the investigation of cellular cofferdam behavior. However, 

universal implementation of the findings of these analyses was difficult to justify, 

since uncertainties remain about the assumptions made in arriving at the two- 

dimensional models. The only way to address these uncertainties was to perform a 

three-dimensional analysis. 

This investigation has focused on the study of the three-dimensional behavior 

of Lock and Dam No. 26 (R) sheet—pile cellular cofferdam. The work involved the 

development of a new three-dimensional soil-structure interaction finite element 

code for cellular cofferdam modeling, and the application of the new code to the 

study of the behavior of the first- and second-stage cofferdam at Lock and Dam 

No. 26 (R).



Abstract 

The new code was used to study the cell filling process where the main cell is 

filled first with the subsequent filling of the arc cell. The finite element results show 

that interlock forces in the common wall were 29 to 35 percent higher than those 

in the main cell which are less than those calculated by conventional methods and 

compare well with the observed values. 

After cell filling, the new code was used to model the cofferdam under differential 

loading due to initial dewatering of the interior of the cofferdam and changes in 

river levels. The finite element analysis results show that increasing differential 

water loads cause the confining stresses in the cell fill to increase which results in 

a decrease in the level of mobilized shear strength in the cell fill. This explains 

why the cellular cofferdam can withstand extremely high lateral loads and lateral 

deformations without collapsing.
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Chapter 1 

Introduction 

The designers of navigation and waterfront structures are faced with the problem of 

constructing these facilities at a site entirely or partially covered by water. In many 

cases, the designer must provide a dry construction area. A popular construction 

technology is to use sheet-pile cellular cofferdams to provide a continuous barrier 

around a site to exclude the water. Generally, a cofferdam is considered a success if 

it does not collapse, does not permit water to come in faster than it can be pumped 

out, and is dry enough to permit the construction to proceed as planned. A cellular 

cofferdam is formed by driving interlocking steel sheet piles into a series of intercon- 

necting cells and filling the cells with a free draining soil to provide stability. The 

most common geometry for the cells is a circular configuration, while other shapes, 

such as cloverleaf or diaphragm cells, are used for special situations. Primarily, 

sheet—pile cellular structures have been utilized as temporary cofferdams to provide 

a dry construction area. In recent years, cellular structures are being used as perma- 

nent structures, such as locks, drydocks, piers, jetties, mooring dolphins, floodwalls, 

and bulkheads. They are a viable alternative to more traditional structures.
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The conventional design methods for sheet—pile cellular cofferdams were devel- 

oped in the 1940’s and 1950’s from field and experimental observations. As a result 

of the inability of earlier investigators to accurately determine the stresses in the cell 

fill, no single method of design/analysis was universally accepted by the engineering 

community. For example, the factor of safety for internal stability is checked by 

four different methods, each with its own inherent empiricism associated with its 

development. 

Other problems with the conventional design approaches are: 

e The various design methods give inconsistent answers which lead to a quandary 

over which is correct. 

e Many of the conventional design methods are overly conservative. 

e None of the methods can predict deformations of the cofferdam, the one mea- 

surement of performance which is easiest to monitor. 

e There are no explicit procedures to consider soil-structure effects. 

e There is essentially no consideration of three-dimensional effects. 

One of the best examples of problems with the conventional design methods 

occurred during the design and construction of the Lock and Dam No. 26(R) coffer- 

dam. The plans for the construction of a one billion dollar replacement for the old 

Lock and Dam No. 26 on the Mississippi River called for the use of a three-stage 

cellular cofferdam to allow construction of the new lock and dam in the dry. This 

cofferdam was one of the largest projects of its type in the world. The U.S. Army 

Corps of Engineers instituted a large-scale instrumentation program for the first- 

stage cofferdam, because they were concerned by contradictions between existing 

2
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conventional design techniques for cofferdams. It also was felt that the conventional 

procedures could be overly conservative. 

The objectives of the instrumentation program were to obtain the field measure- 

ments to determine the sheet—pile interlock forces at various levels in the cells, to 

evaluate the benefits of the interior berm, and to evaluate the overall performance 

of the cofferdams. Many of the field measurements could not be assessed by conven- 

tional cofferdam analysis methods. This led to an-effort to develop finite element 

procedures that could be applied to the modeling of the cellular cofferdams to aid in 

interpreting the instrumentation results and to assess conventional design methods. 

The Lock and Dam No. 26(R) studies was one of the most extensive investi- 

gations of a specific project. Three two-dimensional finite element models were 

developed by modifying the program SOILSTRUCT (8, 33, 53]. Many of the 

complexities ignored or crudely approximated by earlier investigators, such as the 

circular geometry, the nonlinear material behavior, the interlock behavior, and the 

interaction between soil and the steel sheet piles were incorporated using the finite 

element method. The two-dimensional finite element models demonstrated their 

value for this type of structure. However, the specialized two-dimensional finite 

element models were not able to represent the full three—-dimensional nature of a 

cellular cofferdam. For example, the two-dimensional models could not consider the 

nonuniform filling sequence, out-of-plane loadings, and torsional effects on struc- 

tural connections. Since the response of a cellular cofferdam is three dimensional 

in nature, full implementation of the findings of the two-dimensional finite element 

studies was difficult to justify. 

The focus of this investigation was to study the three-dimensional behavior of 

Lock and Dam No. 26 (R) sheet-pile cellular cofferdam. The work involves the
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development of a new three-dimensional soil-structure interaction finite element 

code for cellular cofferdam modeling and the application of the new code to the 

study of the behavior of the first- and second-stage cofferdam at Lock and Dam 

No. 26 (R). 

Chapter 2 presents an overview of the basic concepts of cellular cofferdams, a 

review of their history and performance, and an examination of design and analy- 

sis procedures. Limitations of these design/analysis procedures are discussed, and 

recent cofferdam research efforts are reviewed. 

Chapter 3 presents the reasons for developing a new three-dimensional, soil- 

structure interaction finite element code, states the philosophy behind its develop- 

ment, lists the required capabilities for the new code, and describes the basic code 

that was modified to create a new code. 

Chapter 4 describes the development and implementation of a new three-dimen- 

sional interface element, the implementation of the higher order wedge, and the shell 

element in the new code. 

In Chapter 5, the development and implementation of a new three—dimensional 

constitutive model for soil is presented. The new model is a variable moduli type 

which is based on a hyperbolic relationship between shear stress and shear strain. 

In Chapter 6, the behavior of the second-stage Lock and Dam No. 26(R) cellular 

cofferdam is investigated during the filling process. The behavior of the isolated 

main cell is used to verify the three-dimensional finite element code by comparing 

it to the two-dimensional axisymmetric finite element analyses. After verification, 

the new three-dimensional code is applied to a truly three—dimensional section of the 

second-stage cofferdam for Lock and Dam No. 26(R) to examine the fundamental 

behavior of the cofferdam during cell fill placement. The results of the analysis with
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�t�o� �p�e�r�m�i�t� �c�o�n�s�t�r�u�c�t�i�o�n� �i�n� �t�h�e� �d�r�y�.� �A�l�t�e�r�n�a�t�i�v�e�s� �w�e�r�e� �n�e�e�d�e�d� �b�e�c�a�u�s�e� �m�a�n�y� �p�r�o�j�e�c�t�s� 

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

�m�e�n�t�s� �w�e�r�e� �o�f�t�e�n� �b�e�y�o�n�d� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �s�i�n�g�l�e�-�w�a�l�l� �c�o�f�f�e�r�d�a�m�s�.� �I�n� �1�9�0�8� �a� �n�e�w� �o�m� �|� 

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

�N�.�Y�.� �T�h�e� �c�o�f�f�e�r�d�a�m� �c�o�n�s�i�s�t�e�d� �o�f� �s�e�v�e�n�t�y�-�s�e�v�e�n� �s�t�e�e�l� �s�h�e�e�t ��p�i�l�e� �c�e�l�l�s� �(�F�i�g�u�r�e� �2�.�2�)�.� 

�E�a�c�h� �c�e�l�l� �w�a�s� �3�0� �f�t� �s�q�u�a�r�e� �w�i�t�h� �s�t�r�a�i�g�h�t� �w�a�l�l�s� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �p�i�l�i�n�g� �l�e�n�g�t�h� �o�f� �5�0� �f�t� 

�a�n�d� �a�n� �a�v�e�r�a�g�e� �i�n�n�e�r� �f�r�e�e� �h�e�i�g�h�t� �o�f� �3�0� �f�t�.� �W�h�a�l�i�n�g� �w�a�s� �u�s�e�d� �a�r�o�u�n�d� �t�h�e� �t�o�p� �o�f� �t�h�e� 

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

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

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

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

�T�h�e� �c�e�l�l�s� �f�o�r� �t�h�i�s� �s�t�r�u�c�t�u�r�e� �e�x�p�e�r�i�e�n�c�e�d� �b�u�l�g�i�n�g� �t�o� �a� �m�a�x�i�m�u�m� �o�f� �3�.�5� �f�t� �a�t� �t�h�e� 

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

�a�b�o�v�e� �t�h�e� �d�r�e�d�g�e�l�i�n�e� �o�r� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �i�n�n�e�r� �b�e�r�m� �[�3�]�.� �D�u�r�i�n�g� �t�h�i�s� �p�r�o�c�e�s�s�,� �t�h�e� �t�o�p� 

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

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

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

�c�u�r�v�e�d� �w�a�l�l�s�.� 

�I�n� �1�9�1�0�,� �a� �s�e�c�o�n�d� �s�t�e�e�l� �s�h�e�e�t ��p�i�l�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m� �w�a�s� �b�u�i�l�t� �t�o� �a�s�s�i�s�t� �i�n� �-� 

�r�a�i�s�i�n�g� �o�f� �t�h�e� �s�u�n�k�e�n� �b�a�t�t�l�e�s�h�i�p� �M�a�i�n�e� �i�n� �H�a�v�a�n�a� �H�a�r�b�o�r�,� �C�u�b�a� �[�3�]�.� �T�h�e� �c�o�f�f�e�r�d�a�m� �\�|� 

�c�o�n�s�i�s�t�e�d� �o�f� �2�0� �c�i�r�c�u�l�a�r� �c�e�l�l�s�,� �e�a�c�h� �5�0� �f�t� �i�n� �d�i�a�m�e�t�e�r� �w�i�t�h� �c�o�n�n�e�c�t�i�n�g� �a�r�c�s� �b�e�t�w�e�e�n
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�t�h�e� �o�u�t�e�r� �w�a�l�l� �o�f� �t�h�e� �c�e�l�l�s�,� �F�i�g�u�r�e� �2�.�3�.� �T�h�e� �s�h�e�e�t� �p�i�l�e�s� �f�o�r� �t�h�e� �s�t�r�u�c�t�u�r�e� �w�e�r�e� �f�o�r�m�e�d� 

�b�y� �s�p�i�c�i�n�g� �s�h�o�r�t� �s�e�c�t�i�o�n�s� �t�o�g�e�t�h�e�r� �t�o� �m�a�k�e� �a� �7�5�-�f�t�-�l�o�n�g� �s�h�e�e�t� �p�i�l�e�.� 

�I�n�i�t�i�a�l�l�y�,� �i�t� �w�a�s� �p�l�a�n�n�e�d� �t�o� �f�i�l�l� �t�h�e� �c�e�l�l�s� �w�i�t�h� �a� �h�e�a�v�y� �c�l�a�y� �t�h�a�t� �w�a�s� �e�x�p�e�c�t�e�d� �t�o� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�l�a�r�g�e� �c�o�n�s�t�r�u�c�t�i�o�n� �p�r�o�j�e�c�t�s�.� �I�n� �t�h�e� �b�o�o�k� �e�n�t�i�t�l�e�d� �C�o�f�f�e�r�d�a�m�s�,� �W�h�i�t�e� �a�n�d� �P�r�e�n�t�i�s� �[�6�2�]�,� 

�w�r�o�t�e�:� 

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

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

�1�0



�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

�U�.�S�.� �S�.�|� �M�A�I�N�E� 
�M�A�J�O�R� �_�A�X�I�S� �3�9�9�.�2�3 �� 
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� � 

�F�i�g�u�r�e� �2�.�3�:� �B�a�t�t�l�e�s�h�i�p� �M�a�i�n�e� �c�o�f�f�e�r�d�a�m� �[�3�]�.� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

�h�a�v�e� �b�e�e�n� �m�a�n�y� �f�a�i�l�u�r�e�s�.� 

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

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

�I�n� �1�9�4�5�,� �T�e�r�z�a�g�h�i� �[�6�0�]� �a�d�d�r�e�s�s�e�d� �t�h�e� �s�u�b�j�e�c�t� �o�f� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m� �d�e�s�i�g�n� �i�n� �w�h�a�t� 

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

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

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

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

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

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

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

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

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

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

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

�S�i�n�c�e� �T�e�r�z�a�g�h�i ��s� �p�a�p�e�r� �[�6�0�]�,� �t�h�e� �u�s�e� �o�f� �s�t�e�e�l� �s�h�e�e�t ��p�i�l�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�s� �a�n�d� 

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

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

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

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

�2�.�2� �C�e�l�l�u�l�a�r� �C�o�f�f�e�r�d�a�m� �G�e�o�m�e�t�r�y� 

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

�t�h�e�y� �w�e�r�e� �b�u�i�l�t� �w�i�t�h� �s�t�r�a�i�g�h�t� �s�i�d�e�s� �a�s� �w�a�s� �t�h�e� �c�a�s�e� �a�t� �B�l�a�c�k� �R�o�c�k� �H�a�r�b�o�r� �[�3�]�.� �A�s� 

�1�2� 

�i� 

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

�A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �l�a�s�t� �f�o�u�r� �c�e�l�l�s� �a�t� �B�l�a�c�k� �R�o�c�k� �H�a�r�b�o�r� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �w�i�t�h� �c�u�r�v�e�d� 

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

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

�l�a�r� �c�e�l�l�s�,� �a�n�d� �c�l�o�v�e�r�l�e�a�f� �c�e�l�l�s�,� �F�i�g�u�r�e� �2�.�4�.� �T�h�e� �d�i�a�p�h�r�a�g�m� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�a�s� �t�h�e� �f�i�r�s�t� �}� 

�t�y�p�e� �o�f� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m� �u�s�e�d� �(�B�l�a�c�k� �R�o�c�k� �H�a�r�b�o�r�)� �a�n�d�,� �i�n�i�t�i�a�l�l�y�,� �w�a�s� �t�h�e� �m�o�s�t� 

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

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

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

�w�i�t�h� �s�t�r�a�i�g�h�t� �c�r�o�s�s� �w�a�l�l�s�.� �T�h�e� �c�o�n�n�e�c�t�i�o�n�s� �f�o�r� �t�h�e� �c�r�o�s�s� �w�a�l�l�s� �a�r�e� �u�s�u�a�l�l�y� �1�2�0�-�d�e�g� 

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

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

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

�j�a�c�e�n�t� �c�e�l�l�s� �a�r�e� �l�i�m�i�t�e�d� �t�o� �l�e�s�s� �t�h�a�n� �5� �f�t� �t�o� �e�l�i�m�i�n�a�t�e� �e�x�c�e�s�s�i�v�e� �d�e�f�o�r�m�a�t�i�o�n�s� �o�f� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�e�q�u�i�r�e�d� �f�o�r� �e�a�c�h� �q�u�a�r�t�e�r� �o�f� �t�h�e� �c�e�l�l�,� �a�n�d� �t�h�e� �l�e�v�e�l� �o�f� �t�h�e� �f�i�l�l� �i�n� �e�a�c�h� �c�o�r�n�e�r� �o�f� �t�h�e� 

�c�e�l�l� �m�u�s�t� �s�t�a�y� �w�i�t�h�i�n� �5� �f�t� �o�f� �e�a�c�h� �o�t�h�e�r�.� �|� 

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

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

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

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

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

�a�n�d� �s�h�a�p�e�d� �a�f�t�e�r� �d�e�w�a�t�e�r�i�n�g�.� 
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� � � � � � � � 

�T�A�N�S�N�N� �O�L�A� �N�N�N�.� 

�S�I�D�E� �V�I�E�W� 

�c�.� �C�L�O�V�E�R�L�E�A�F� �C�E�L�L� 

�F�i�g�u�r�e� �2�.�4�:� �C�o�m�m�o�n�l�y� �u�s�e�d� �s�h�e�e�t�-�p�i�l�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �(�a�)� �d�i�-� 
�a�p�h�r�a�g�m�,� �(�b�)� �c�i�r�c�u�l�a�r�,� �a�n�d� �(�c�)� �c�l�o�v�e�r�l�e�a�f�.� 
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�2�.�3� �C�e�l�l�u�l�a�r� �C�o�f�f�e�r�d�a�m� �F�a�i�l�u�r�e�s� 

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

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

�c�o�f�f�e�r�d�a�m�s� �w�e�r�e� �l�e�s�s� �r�e�l�i�a�b�l�e� �t�h�a�n� �o�t�h�e�r� �t�y�p�e�s� �o�f� �c�o�f�f�e�r�d�a�m�s� �[�6�2�]�.� �T�e�r�z�a�g�h�i� �[�6�0�]� 

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

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

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

�s�h�e�e�t ��p�i�l�e� �i�n�t�e�r�l�o�c�k�s� �[�1�1�,� �3�5�,� �6�0�,� �6�2�]�.� �T�h�e� �C�o�r�p�s� �[�1�1�]� �r�e�p�o�r�t�e�d� �3�5� �i�n�c�i�d�e�n�t�s� �o�f� �f�a�i�l�u�r�e� 

�a�t� �2�1� �c�o�n�s�t�r�u�c�t�i�o�n� �s�i�t�e�s� �b�e�t�w�e�e�n� �1�9�5�6� �t�o� �1�9�7�1�.� �O�f� �t�h�e� �3�5� �i�n�c�i�d�e�n�t�s� �o�f� �f�a�i�l�u�r�e�,� �t�h�e� 

�p�r�e�d�o�m�i�n�a�n�t� �c�a�u�s�e� �o�f� �f�a�i�l�u�r�e� �w�a�s� �t�h�e� �r�u�p�t�u�r�e� �o�f� �t�h�e� �c�e�l�l�s�.� �T�w�e�n�t�y�-�f�o�u�r� �o�f� �t�h�e� �3�5� 

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

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

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

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

�o�v�e�r�t�o�p�p�i�n�g� �b�y� �a� �t�s�u�n�a�m�i�.� 

�A� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �f�a�i�l�u�r�e�s� �o�f� �w�e�l�d�e�d� �t�e�e�s� �a�n�d� �w�y�e�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �[�1�1�]�.� �T�h�e� 

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

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

�a�p�p�a�r�e�n�t� �w�e�a�k�n�e�s�s� �o�f� �w�e�l�d�e�d� �c�o�n�n�e�c�t�i�o�n�s� �i�n� �1�9�6�5� �a�n�d� �d�i�r�e�c�t�e�d� �i�t�s� �o�f�f�i�c�e�s� �t�o� �u�t�i�l�i�z�e� 

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

�h�a�s� �m�o�v�e�d� �a�w�a�y� �f�r�o�m� �u�s�i�n�g� �t�e�e�s� �a�l�t�o�g�e�t�h�e�r� �a�n�d� �n�o�w� �u�s�e�s� �3�0�-�d�e�g� �r�i�v�e�t�e�d� �w�y�e�s� �f�o�r� 

�c�i�r�c�u�l�a�r� �c�e�l�l�s�.� 

�I�n� �t�h�e� �C�o�r�p�s� �[�1�1�]� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�h�e� �m�a�i�n� �c�a�u�s�e� �o�f� �i�n�t�e�r�l�o�c�k� �f�a�i�l�u�r�e� �w�a�s� �d�r�i�v�i�n�g� 

�t�h�e� �s�h�e�e�t� �p�i�l�e�s� �o�u�t� �o�f� �t�h�e�i�r� �i�n�t�e�r�l�o�c�k�s� �d�u�r�i�n�g� �c�o�n�s�t�r�u�c�t�i�o�n�.� �O�n�l�y� �2� �o�f� �t�h�e� �1�2� �i�n�t�e�r�l�o�c�k� 
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�f�a�i�l�u�r�e�s� �w�e�r�e� �c�a�u�s�e�d� �b�y� �a�c�c�i�d�e�n�t�s� �s�u�c�h� �a�s� �b�a�r�g�e� �i�m�p�a�c�t�.� �O�f� �t�h�e� �t�w�e�l�v�e�,� �o�n�l�y� �t�h�r�e�e� 

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

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

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

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

�p�r�i�m�a�r�y� �c�a�u�s�e� �o�f� �t�h�e� �c�o�l�l�a�p�s�e� �o�f� �a� �c�e�l�l�.� �I�n� �t�h�e� �C�o�r�p�s� �[�1�1�]� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �f�o�u�r� �f�a�i�l�u�r�e� 

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

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

�p�i�p�i�n�g� �o�f� �t�h�e� �c�e�l�l� �f�i�l�l�.� 

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

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

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

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

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

�f�a�i�l�u�r�e� �w�a�s� �a�t� �U�n�i�o�n�t�o�w�n� �L�o�c�k�s� �a�n�d� �D�a�m� �o�n� �F�e�b�r�u�a�r�y� �2�6�,� �1�9�7�1�,� �o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� 

�a� �r�i�s�i�n�g� �r�i�v�e�r� �w�i�t�h� �t�h�e� �c�o�f�f�e�r�d�a�m� �d�e�w�a�t�e�r�e�d�.� �T�h�e� �r�i�v�e�r� �l�e�v�e�l� �w�a�s� �6�0� �f�t� �a�b�o�v�e� �r�o�c�k� 

�s�u�r�f�a�c�e� �a�n�d� �6� �f�t� �b�e�l�o�w� �t�h�e� �t�o�p� �o�f� �t�h�e� �c�o�f�f�e�r�d�a�m�.� �T�h�e� �c�o�f�f�e�r�d�a�m� �h�a�d� �b�e�e�n� �d�e�w�a�t�e�r�e�d� 

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

�c�o�f�f�e�r�d�a�m� �s�l�i�d� �b�e�t�w�e�e�n� �3�7� �t�o� �7�2� �f�t� �i�n�t�o� �t�h�e� �w�o�r�k� �a�r�e�a�.� �C�e�l�l�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e�s�e� �f�o�u�r� 

�c�e�l�l�s� �w�e�r�e� �r�u�p�t�u�r�e�d�,� �a�n�d� �t�h�e� �w�o�r�k� �a�r�e�a� �w�a�s� �f�l�o�o�d�e�d� �w�i�t�h�i�n� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �s�l�i�d�e� 

�o�c�c�u�r�r�e�d� �a�l�o�n�g� �a� �h�o�r�i�z�o�n�t�a�l� �c�o�a�l� �a�n�d� �c�l�a�y� �s�e�a�m� �a�b�o�u�t� �1�6� �f�t� �b�e�l�o�w� �t�h�e� �r�o�c�k� �s�u�r�f�a�c�e�.� 

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

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

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

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

�t�h�e� �m�a�i�n� �c�e�l�l�.� �A�s� �e�a�r�l�y� �a�s� �T�e�r�z�a�g�h�i ��s� �p�a�p�e�r� �(�6�0�]�,� �p�r�o�b�l�e�m�s� �w�i�t�h� �s�h�e�e�t ��p�i�l�e� �i�n�t�e�r�l�o�c�k�s� 

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

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

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

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

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

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

�o�r� �p�o�o�r� �s�e�e�p�a�g�e� �c�o�n�t�r�o�l� �a�t� �t�h�e� �c�o�n�n�e�c�t�i�o�n�s� �t�o� �e�x�i�s�t�i�n�g� �s�t�r�u�c�t�u�r�e�s�.� �A�l�t�h�o�u�g�h� �r�a�r�e�,� 

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

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

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

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

�2�.�4� �E�a�r�l�y� �C�e�l�l�u�l�a�r� �C�o�f�f�e�r�d�a�m� �D�e�s�i�g�n� 

�P�r�i�o�r� �t�o� �T�e�r�z�a�g�h�i ��s� �1�9�4�5� �c�l�a�s�s�i�c�a�l� �p�a�p�e�r� �[�6�0�]� �o�n� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�s�,� �t�h�e� �c�u�s�t�o�m�a�r�y� 

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

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

�s�h�e�a�r� �o�f� �t�h�e� �c�e�l�l� �f�i�l�l�,� �a�n�d� �b�u�r�s�t�i�n�g� �o�f� �t�h�e� �c�e�l�l�s� �[�4�6�]�.� �I�t� �w�a�s� �s�t�a�t�e�d� �t�h�a�t� �t�o� �p�r�e�v�e�n�t� 

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

�s�l�o�p�e� �(�a�n�g�l�e� �o�f� �r�e�p�o�s�e�)� �g�r�e�a�t�e�r� �t�h�a�n� �3� �t�o� �1�.� �I�f� �t�h�e� �c�e�l�l� �f�i�l�l� �m�a�t�e�r�i�a�l� �m�e�t� �t�h�i�s� �r�e�q�u�i�r�e�-� 

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

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

�t�h�e� �b�a�s�e�.� 
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�2�.�5� �D�e�s�i�g�n� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

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

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

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

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

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

�(�s�o�i�l� �o�r� �r�o�c�k�)�,� �c�e�l�l� �f�i�l�l�,� �o�r� �s�t�e�e�l� �s�h�e�e�t� �p�i�l�e�s� �t�o� �r�e�a�c�h� �a� �s�t�a�t�e� �t�h�a�t� �w�o�u�l�d� �a�l�l�o�w� �r�a�d�i�c�a�l� 

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

�i�n� �F�i�g�u�r�e� �2�.�5�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�t�l�e�m�e�n�t�,� �o�r� �s�l�i�d�i�n�g�)� �m�a�y� �p�l�a�y� �a� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �e�x�t�e�r�n�a�l� 

�s�t�a�b�i�l�i�t�y�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �t�h�e� �e�x�t�e�r�n�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �c�e�l�l�s� �f�o�u�n�d�e�d� �o�n� �r�o�c�k� �i�s� �c�o�n�t�r�o�l�l�e�d� 

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

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

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

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

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

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

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

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

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

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

�m�o�d�e�s� �o�f� �f�a�i�l�u�r�e�.� 

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

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

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

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

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

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

�a�n�d� �s�h�e�a�r�i�n�g� �s�t�r�e�s�s�e�s� �t�o� �t�r�a�n�s�m�i�t� �t�h�e� �l�a�t�e�r�a�l� �l�o�a�d�s� �t�o� �t�h�e� �f�o�u�n�d�a�t�i�o�n�.� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

�2�.�6� �C�u�r�r�e�n�t� �D�e�s�i�g�n� �P�r�o�c�e�d�u�r�e�s� �f�o�r� �I�n�t�e�r�l�o�c�k� �S�t�a�-� 

�b�i�l�i�t�y� 

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

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

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

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

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

�t�h�e� �h�o�o�p�-�s�t�r�e�s�s� �e�q�u�a�t�i�o�n� 

�(�2�.�1�)� �t�m�a�z� �=� �P�m�a�r�T� 

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

�c�e�l�l� �f�i�l� �a�n�d� �w�a�t�e�r� �a�n�d� �r� �i�s� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� �c�e�l�l�,� �F�i�g�u�r�e� �2�.�6�.� 

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

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

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

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

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

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

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

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

�u�s�i�n�g� �E�q�.� �2�.�1�,� �i�t� �h�a�s� �s�e�r�v�e�d� �a�s� �t�h�e� �p�r�i�n�c�i�p�a�l� �m�e�a�n�s� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �f�o�r� 

�c�o�f�f�e�r�d�a�m� �d�e�s�i�g�n�.� 
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� � 

�F�i�g�u�r�e� �2�.�6�:� �I�n�t�e�r�l�o�c�k� �f�o�r�c�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �b�y� �h�o�o�p�-�s�t�r�e�s�s� �e�q�u�a�t�i�o�n�.� 
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�2�.�6�.�1� �M�a�i�n� �C�e�l�l� 

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

�i�m�u�m� �l�a�t�e�r�a�l� �p�r�e�s�s�u�r�e� �a�c�t�i�n�g� �a�g�a�i�n�s�t� �t�h�e� �c�e�l�l� �w�a�l�l�s�.� �T�h�e� �m�a�x�i�m�u�m� �p�r�e�s�s�u�r�e�,� �p�m�a�z�,� 

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

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

�w�a�t�e�r� �p�r�e�s�s�u�r�e� �b�e�t�w�e�e�n� �t�h�e� �i�n�s�i�d�e� �a�n�d� �o�u�t�s�i�d�e� �t�h�e� �c�e�l�l�.� �F�i�g�u�r�e� �2�.�7� �s�u�m�m�a�r�i�z�e�s� �t�h�e� 

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

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

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

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

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

�T�h�e� �T�e�r�z�a�g�h�i� �[�6�0�]�,� �F�i�g�u�r�e� �2�.�7�(�a�)�,� �a�n�d� �t�h�e� �o�l�d� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s� �[�1�3�]�,� �F�i�g�-� 

�u�r�e� �2�.�7�(�c�)�,� �m�e�t�h�o�d�s� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �i�n�c�r�e�a�s�e�s� �l�i�n�e�a�r�l�y� �w�i�t�h� 

�d�e�p�t�h� �t�o� �t�h�e� �d�r�e�d�g�e�l�i�n�e� �w�i�t�h� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �0�.�4� �a�n�d� �0�.�5�,� �r�e�-� 

�s�p�e�c�t�i�v�e�l�y�.� �R�e�c�e�n�t� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e�s�e� �a�p�p�r�o�a�c�h�e�s� �a�r�e� �e�x�c�e�s�s�i�v�e�l�y� �c�o�n�s�e�r�-� 

�v�a�t�i�v�e� �[�3�8�,� �4�9�,� �5�1�,� �5�5�)�.� 

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

�d�a�m�s� �i�n� �t�h�e� �1�9�3�0 ��s� �a�n�d� �1�9�4�0 ��s�,� �t�h�e� �T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �A�u�t�h�o�r�i�t�y� �(�T�V�A�)� �[�1�]� �d�e�v�e�l�o�p�e�d� 

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

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

�t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �c�e�l�l�,� �F�i�g�u�r�e� �2�.�7�(�b�)�.� �T�h�e� �p�o�i�n�t� �o�f� �m�a�x�i�m�u�m� �p�r�e�s�s�u�r�e� �w�a�s� �a�s�-� 

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

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

�a�t� �o�n�e�-�f�o�u�r�t�h� �o�f� �t�h�e� �f�r�e�e� �h�e�i�g�h�t� �o�f� �c�e�l�l� �a�b�o�v�e� �t�h�e� �d�r�e�d�g�e�l�i�n�e�.� �B�e�c�a�u�s�e� �m�o�s�t� �o�f� �T�V�A ��s� 
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�e�x�p�e�r�i�e�n�c�e� �w�a�s� �w�i�t�h� �r�o�c�k ��f�o�u�n�d�e�d� �c�o�f�f�e�r�d�a�m�,� �t�h�e�y� �s�e�t� �t�h�e� �s�o�i�l� �p�r�e�s�s�u�r�e� �t�o� �z�e�r�o� �a�t� �t�h�e� 

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

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

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

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

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

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

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

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

�t�o� �a�c�t�i�v�e� �t�h�a�n� �a�t�-�r�e�s�t�.� 

�S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �[�5�1�]� �p�r�o�p�o�s�e�d� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �t�o� �t�h�e� �T�V�A� �m�e�t�h�o�d� �b�a�s�e�d� 

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

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

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

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

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

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

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

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

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

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

�M�a�i�t�l�a�n�d� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� �p�l�a�n�e� �o�f� �f�i�x�i�t�y� �i�s� �a�n�a�l�o�g�o�u�s� �t�h�e� �p�o�i�n�t� �o�f� �z�e�r�o� �r�o�t�a�t�i�o�n� �o�f� 

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

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

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

�t�h�e� �c�e�l�l�,� �F�i�g�u�r�e� �2�.�7�(�d�)�.� �T�h�e�y� �a�l�s�o� �r�e�c�o�m�m�e�n�d�e�d� �t�h�e� �u�s�e� �a� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� 

�c�o�e�f�f�i�c�i�e�n�t� �e�q�u�a�l� �t�o� �1�.�2� �t�o� �1�.�6� �t�i�m�e�s� �t�h�e� �a�c�t�i�v�e� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t�.� �S�c�h�r�o�e�d�e�r� �a�n�d� 

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

�D�a�m� �N�o�.� �2�6�(�R�)� �f�i�r�s�t�-�s�t�a�g�e� �c�o�f�f�e�r�d�a�m� �[�5�5�]�.� �T�h�e� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s� �[�4�8�]� �h�a�s� �a�d�o�p�t�e�d� 

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

�2�.�6�.�2� �A�r�c� �C�e�l�l� 

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

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

�t�h�u�s�,� �t�h�e� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �a�r�e� �s�m�a�l�l�e�r� �a�s� �s�h�o�w�n� �b�y� �E�q�.� �2�.�1�.� �A� �s�e�c�o�n�d� �r�e�a�s�o�n� �i�s� �t�h�e� 

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

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

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

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

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

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

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

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

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

�m�a�i�n� �c�e�l�l�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w�e�r� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �i�n� �t�h�e� �a�r�c� �c�e�l�l� �w�a�l�l�s�.� 
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�2�.�6�.�3� �C�o�m�m�o�n� �W�a�l�l� 

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

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

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

�T�V�A� �s�e�c�a�n�t� �f�o�r�m�u�l�a� �[�1�]�,� �a�n�d� �t�h�e� �S�w�a�t�e�k� �f�o�r�m�u�l�a� �[�1�9�]�.� �T�h�e� �T�V�A� �s�e�c�a�n�t� �f�o�r�m�u�l�a� �i�s� 

�d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �f�r�e�e� �b�o�d�y� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�8�.� �U�s�i�n�g� �t�h�i�s� �f�r�e�e� �b�o�d�y�,� �t�h�e� �f�o�r�m�u�l�a� 

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

�t�o�w� �=� �D�m�a�r�L� �s�e�c� �6� �(�2�.�2�)� 

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

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

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

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

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

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

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

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

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

�s�t�a�b�i�l�i�t�y�,� �F�i�g�u�r�e� �2�.�9�.� �I�t� �i�s� �a�s�s�u�m�e�d� �t�o� �p�r�o�v�i�d�e� �a�n� �a�v�e�r�a�g�e� �c�o�m�m�o�n� �w�a�l�l� �i�n�t�e�r�l�o�c�k�.� 

�T�h�e� �S�w�a�t�e�k� �f�o�r�m�u�l�a� �i�s� 

�t�o�w� �=� �P�m�a�r�b� �(�2�.�3�)� 

�T�h�i�s� �f�o�r�m�u�l�a� �r�e�s�u�l�t�s� �i�n� �a� �s�m�a�l�l�e�r� �c�o�m�m�o�n� �w�a�l�l� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e� �t�h�a�n� �t�h�e� �T�V�A� �s�e�c�a�n�t� 

�f�o�r�m�u�l�a�.� 
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�A�R�C� �C�E�L�L� 

�b�.� �F�R�E�E� �B�O�D�Y� �O�F� �U�N�I�T� �D�E�P�T�H� �I�N�T�O� �P�L�A�N�E� �O�F� �F�I�G�U�R�E� 

�F�i�g�u�r�e� �2�.�8�:� �F�r�e�e� �b�o�d�y� �f�o�r� �t�h�e� �T�V�A� �s�e�c�a�n�t� �f�o�r�m�u�l�a� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� 
�i�n� �t�h�e� �c�o�m�m�o�n� �w�a�l�l�.� 
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�I�N�T�O� �P�L�A�N�E� �O�F� �F�I�G�U�R�E� 

�F�i�g�u�r�e� �2�.�9�:� �F�r�e�e� �b�o�d�y� �f�o�r� �t�h�e� �S�w�a�t�e�k� �f�o�r�m�u�l�a� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �i�n� �t�h�e� 
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�2�.�7� �C�u�r�r�e�n�t� �D�e�s�i�g�n� �P�r�o�c�e�d�u�r�e�s� �f�o�r� �I�n�t�e�r�n�a�l� �S�t�a�-� 

�b�i�l�i�t�y� 

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

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

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

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

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

�h�a�v�e� �g�o� �t�o� �z�e�r�o�.� �T�e�r�z�a�g�h�i� �[�6�0�]� �n�o�t�e�d� �t�h�a�t� �t�h�i�s� �c�a�n�n�o�t� �o�c�c�u�r� �i�n� �a� �c�e�l�l� �f�i�l�l�e�d� �w�i�t�h� �s�a�n�d�.� 

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

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

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

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

�i�n� �F�i�g�u�r�e� �2�.�1�0�.� �S�i�n�c�e� �t�h�e� �p�r�e�s�s�u�r�e� �a�t� �t�h�e� �o�u�t�e�r� �e�d�g�e� �c�a�n�n�o�t� �d�e�c�r�e�a�s�e�,� �a�n� �i�n�c�r�e�a�s�e� 

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

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

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

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

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

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

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

�s�t�r�a�i�g�h�t� �l�i�n�e� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�1�.� �T�h�e� �s�h�a�d�e�d� �a�r�e�a� �i�n� �F�i�g�u�r�e� �2�.�6� �i�n�d�i�c�a�t�e�s� �t�h�e� 

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

�M�=� �7�9� �(�2�.�4�)� 

�3�M� 
�C�=� �(�2�.�5�)� 

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

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

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

�s�h�o�u�l�d� �b�e� �e�q�u�a�l� �t�o� �t�h�e� �r�e�s�u�l�t�a�n�t� �f�o�r�c�e� �o�n� �t�h�e� �b�a�s�e�,� �Q�.� 

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

�t�o� �t�h�e� �l�a�t�e�r�a�l� �e�a�r�t�h� �f�o�r�c�e�,� �P�,�,� �t�i�m�e�s� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �i�n�t�e�r�n�a�l� �f�r�i�c�t�i�o�n�,� �t�a�n� �¢�,� �o�f� �t�h�e� 

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

�P�,� �=� �1�K�?� �(�2�.�6�)� 

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

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

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

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

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

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

�1� �2� �T�=� �5� �V�K�H� �r� �(�2�.�7�)� 

�w�h�e�r�e� �K�;� �i�s� �t�h�e� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t� �a�t� �t�h�e� �s�h�e�e�t�-�p�i�l�e� �c�e�l�l� �w�a�l�l�.� �T�o�t�a�l� 

�r�e�s�i�s�t�a�n�c�e� �a�g�a�i�n�s�t� �s�l�i�p�p�a�g�e� �i�n� �a�n� �i�n�t�e�r�l�o�c�k� �i�s� 

�T�f� �=� �S�1�K�H�?�r�f� �(�2�.�8�)� 
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�w�h�e�r�e� �f� �i�s� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �i�n�t�e�r�l�o�c�k� �f�r�i�c�t�i�o�n� �(� �s�t�e�e�l� �o�n� �s�t�e�e�l�)�.� �C�i�r�c�u�l�a�r� �c�e�l�l�s� �c�o�n�t�a�i�n� 

�t�w�o� �c�o�m�m�o�n� �w�a�l�l�s� �p�e�r� �c�e�l�l� �a�n�d� �l�e�n�g�t�h� �o�f� �e�a�c�h� �c�e�l�l� �i�s� �2�L�;� �t�h�o�s�e� �o�f� �t�h�e� �d�i�a�p�h�r�a�g�m� 

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

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

�l�e�n�g�t�h� �i�s� 

�_� �m�f� �1� �o�f� �$�=� �T�y� �=� �7�1�K� �W� �r�s� �(�2�.�9�)� 

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

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

�p�g� �=� �S�e�2�h�)� �+� �2�5�:� �(�2�.�1�0�)� 
�=� �(�2�L�)� 

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

�i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� 

� � 

�_� �y�o�H�?� �(�K�,�t�a�n�¢�+� �K�;�f�)� �s�i� �(�2�.�1�1�)� �F�S� 

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

�t�o� �K�,� �a�n�d� �K�;�,� �w�i�t�h�i�n� �t�h�e� �c�e�l�l� �s�h�o�u�l�d� �r�e�m�a�i�n� �a�t� �a�n� �a�t ��r�e�s�t� �v�a�l�u�e� �b�e�t�w�e�e�n� �0�.�4� �t�o� �0�.�5�.� 

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

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

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

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

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

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

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

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

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

�t�o�- ��m�e�d�i�u�m� �c�l�a�y� �f�o�u�n�d�a�t�i�o�n�s�.� �H�e� �f�e�l�t� �t�h�a�t� �i�f� �t�h�e� �f�o�u�n�d�a�t�i�o�n� �w�a�s� �a�b�l�e� �t�o� �r�e�s�i�s�t� �t�h�e� 
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� � � � � � � � �=� �S�S� �=� �=� �S�e� �S�S� �S�e� �=� �s�s� �B�S� �B�S� �E�E� 
�=�n� �4�.� �\�w�e� �N�T�A�,� �N�T�S� �N�T�S� �4�.�  ��.� �N�T�.� 

�-�Q� 
�f� �P�R�E�S�S�U�R�E� �D�I�A�G�R�A�M� �T�h� 
� � � � �2�b�/�3� �_�|� �>� 

�F�i�g�u�r�e� �2�.�1�1�:� �V�e�r�t�i�c�a�l� �s�h�e�a�r� �o�n� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �[�6�0�]�.� 
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�u�n�e�q�u�a�l� �b�a�s�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �c�o�m�b�i�n�e�d� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�-� 

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

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

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

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

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

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

�c�i�z�e�d� �f�o�r� �b�e�i�n�g� �t�o�o� �m�a�t�h�e�m�a�t�i�c�a�l�.� �T�h�e� �m�o�s�t� �o�u�t�s�p�o�k�e�n� �c�r�i�t�i�c� �w�a�s� �P�e�n�n�o�y�e�r� �[�4�5�]� �w�h�o� 

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

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

�p�r�o�c�e�d�u�r�e� �w�a�s� �l�e�s�s� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �0�.�6�.� �H�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�a�n�t� �f�o�r�c�e� �o�f� �t�h�e� 

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

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

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

�s�h�e�a�r�.� �P�e�n�n�o�y�e�r� �m�a�i�n�t�a�i�n�e�d� �t�h�a�t� �a� �v�a�l�u�e� �o�f� �0�.�3� �f�o�r� �a� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �f�r�i�c�t�i�o�n� �f�o�r� �t�h�e� �i�n�-� 

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

�t�h�a�n� �w�o�u�l�d� �a�c�t�u�a�l�l�y� �d�e�v�e�l�o�p�.� 

�K�r�y�n�i�n�e� �[�3�2�]�,� �i�n� �h�i�s� �c�r�i�t�i�c� �o�f� �T�e�r�z�a�g�h�i ��s� �p�a�p�e�r�,� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �i�t� �w�a�s� �i�n�c�o�r�r�e�c�t� 

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

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

�v�e�r�t�i�c�a�l� �p�l�a�n�e�)� �c�a�n�n�o�t� �b�e� �a� �p�r�i�n�c�i�p�a�l� �p�l�a�n�e� �b�e�c�a�u�s�e� �s�h�e�a�r� �s�t�r�e�s�s� �a�c�t�s� �o�n� �i�t�.� �T�e�r�z�a�-� 

�g�h�i� �[�6�0�]� �c�o�n�c�u�r�r�e�d� �w�i�t�h� �K�r�y�n�i�n�e ��s� �p�o�i�n�t� �a�n�d� �a�g�r�e�e�d� �t�h�a�t� �t�h�e� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� 

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

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

�t�o�m� �o�f� �t�h�e� �c�e�l�l� �a�n�d� �i�n�c�l�i�n�e�d� �a�t� �a�n� �a�n�g�l�e� �¢� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�2�.� �T�h�i�s� �m�e�c�h�a�n�i�s�m� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� �.� 

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

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

�D�u�r�i�n�g� �t�h�e� �1�9�5�0 ��s�,� �a�l�t�e�r�n�a�t�i�v�e� �m�e�t�h�o�d�s� �o�f� �a�n�a�l�y�s�i�s� �b�a�s�e�d� �o�n� �d�i�f�f�e�r�e�n�t� �a�s�s�u�m�p�t�i�o�n�s� 

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

�m�i�n�g�s� �[�1�0�]� �a�n�d� �H�a�n�s�e�n� �(�2�3�,� �2�4�]�.� �C�u�m�m�i�n�g�s� �[�1�0�]� �p�r�o�p�o�s�e�d� �a� �m�e�t�h�o�d� �o�f� �a�n�a�l�y�s�i�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �2�.�1�3� �b�a�s�e�d� �o�n� �a� �h�o�r�i�z�o�n�t�a�l� �s�h�e�a�r� �c�o�n�c�e�p�t�.� �A�c�c�o�r�d�i�n�g� �t�o� �C�u�m�m�i�n�g�s� �[�1�0�]�,� 

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

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

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

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

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

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

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

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

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

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

�d�e�n�c�e� �o�f� �s�u�c�h� �a� �f�a�i�l�u�r�e� �m�o�d�e� �c�o�m�e�s� �f�r�o�m� �C�u�m�m�i�n�g�s �� �o�w�n� �p�a�p�e�r� �[�1�0�]�,� �d�e�s�c�r�i�b�i�n�g� �h�i�s� 

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

�t�o�p� �a�n�d� �b�o�t�t�o�m� �r�e�p�l�a�c�e�d� �b�y� �g�l�a�s�s� �[�1�]�.� �T�h�e� �w�a�l�l�s� �o�f� �b�o�t�h� �o�f� �t�h�e�s�e� �m�o�d�e�l�s� �w�e�r�e� �r�e�l�a�-� 

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

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

�d�e�e�d�,� �i�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �E�r�z�e�n ��s� �c�o�m�m�e�n�t�s� �[�2�0�]� �i�n� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �o�f� �C�u�m�m�i�n�g�s �� 

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

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

�d�o�u�b�t�e�d� �w�h�e�t�h�e�r� �C�u�m�m�i�n�g�s� �h�a�d� �r�e�a�l�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �d�i�s�t�i�n�c�t� �z�o�n�e�s� �o�f� �a�c�t�i�v�e� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

�a�n�d� �p�a�s�s�i�v�e� �p�r�e�s�s�u�r�e� �e�x�i�s�t� �i�n� �t�h�e� �f�i�l�l�.� 

�H�a�n�s�e�n� �[�2�3�,� �2�4�]� �t�o�o�k� �a� �d�i�f�f�e�r�e�n�t� �a�p�p�r�o�a�c�h� �t�o� �i�n�t�e�r�n�a�l� �s�h�e�a�r� �b�a�s�e�d� �o�n� �a� �m�o�r�e� 

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

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

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

�w�a�l�l�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�4�.� �T�h�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�e�l�l� �a�b�o�v�e� �t�h�e� �f�a�i�l�u�r�e� �s�u�r�f�a�c�e� �r�o�t�a�t�e�s� 

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

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

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

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

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

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

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

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

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

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

�b�y� �p�r�a�c�t�i�c�i�n�g� �e�n�g�i�n�e�e�r�s�.� 

�U�n�t�i�l� �r�e�c�e�n�t�l�y� �(�2�9� �A�p�r�i�l� �1�9�8�8�)�,� �t�h�e� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s �� �c�r�i�t�e�r�i�a� �[�1�2�]� �f�o�r� �t�h�e� �d�e�s�i�g�n� 

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

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

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

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

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

�m�o�d�e�l� �s�t�u�d�i�e�s� �[�1�,� �1�0�,� �3�7�,� �4�4�]� �h�a�v�e� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �p�r�o�p�o�s�e�d� 

�f�a�i�l�u�r�e� �m�o�d�e�s� �b�e�s�t� �r�e�p�r�e�s�e�n�t� �t�h�e� �f�a�i�l�u�r�e� �o�f� �a� �c�e�l�l� �a�n�d� �w�h�i�c�h� �o�n�e�s� �a�r�e� �i�n�a�p�p�r�o�p�r�i�a�t�e�.� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

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

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

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

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

�h�i�g�h�l�y� �u�n�l�i�k�e�l�y� �i�n� �a� �f�u�l�l�-�s�i�z�e� �c�e�l�l�.� 

�T�h�e� �o�n�e� �e�x�c�e�p�t�i�o�n� �i�s� �S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �(�3�7�,� �5�1�]�.� �T�h�e�y� �p�e�r�f�o�r�m�e�d� �a� �s�e�r�i�e�s� 

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

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

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

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

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

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

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

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

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

�s�h�e�a�r� �f�a�i�l�u�r�e� �m�e�c�h�a�n�i�s�m�.� 

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

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

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

�A�s� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d�,� �K�r�y�n�i�n�e� �[�3�2�]� �h�a�d� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �l�a�t�e�r�a�l� �e�a�r�t�h� �p�r�e�s�s�u�r�e� 

�c�o�e�f�f�i�c�i�e�n�t� �s�h�o�u�l�d� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �0�.�5� �a�n�d� �c�o�u�l�d� �b�e� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �a�t�-�r�e�s�t� 

�v�a�l�u�e�s�.� �B�y� �b�a�c�k� �c�a�l�c�u�l�a�t�i�n�g�,� �S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �f�o�u�n�d� �t�h�a�t� �t�h�e� �l�a�t�e�r�a�l� �e�a�r�t�h� 

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

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

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s�.� 
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�2�.�8� �I�n�s�t�r�u�m�e�n�t�e�d� �C�a�s�e� �H�i�s�t�o�r�i�e�s� �o�f� �C�e�l�l�u�l�a�r� �C�o�f�-� 

�f�e�r�d�a�m�s� 

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

�d�e�r�s�t�a�n�d�i�n�g� �c�o�f�f�e�r�d�a�m� �b�e�h�a�v�i�o�r� �[�{�1�,� �3�0�,� �3�4�,� �3�8�,� �3�9�,� �5�0�,� �5�5�,� �5�7�,� �5�8�,� �5�9�,� �6�1�]�.� �F�i�e�l�d� 

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

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

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

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

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

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

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

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

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

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

�t�o� �a�n� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�.� 

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

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

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

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

�a�n�d� �C�l�o�u�g�h� �[�3�8�]� �r�e�c�e�n�t�l�y� �c�o�m�p�l�e�t�e�d� �a� �s�t�u�d�y� �f�o�c�u�s�i�n�g� �o�n� �m�e�a�s�u�r�e�d� �f�i�e�l�d� �r�e�s�p�o�n�s�e� �f�o�r� 

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

�f�i�v�e� �l�a�r�g�e� �c�o�f�f�e�r�d�a�m�s� �t�h�a�t� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �p�a�s�t� �1�5� �y�e�a�r�s�.� �I�n� �T�a�b�l�e� �2�.�1�,� 

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

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

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

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

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

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

�f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s�.� 

�2�.�8�.�1� �C�e�l�l� �F�i�l�l�i�n�g� 

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

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

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

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

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

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

�o�f� �t�h�e� �c�o�f�f�e�r�d�a�m�s� �i�n� �t�h�e� �s�t�u�d�y�;� �L�o�c�k� �a�n�d� �D�a�m� �2�6�(�R�)� �S�t�a�g�e� �1� �c�o�f�f�e�r�d�a�m� �a�n�d� �T�r�i�d�e�n�t� 

�D�r�y�d�o�c�k� �c�o�f�f�e�r�d�a�m�.� �O�n�l�y� �i�n� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �S�t�a�g�e� �1� �c�o�f�f�e�r�d�a�m� �w�e�r�e� 

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

�I�n�t�e�r�l�o�c�k� �F�o�r�c�e�s� �f�o�r� �M�a�i�n� �C�e�l�l� 

�I�n� �F�i�g�u�r�e� �2�.�1�5� �t�h�e� �r�a�n�g�e�s� �o�f� �m�e�a�s�u�r�e�d� �m�a�i�n� �c�e�l�l� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �f�o�r� �t�h�e� �t�w�o� �c�a�s�e�s� 

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

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

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

�b�y� �a� �v�i�b�r�a�t�i�n�g� �p�r�o�b�e�.� �W�i�t�h� �c�o�m�p�a�c�t�i�o�n� �o�f� �t�h�e� �f�i�l�l�,� �t�h�e� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �i�n�c�r�e�a�s�e�d� �i�n� 
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�T�a�b�l�e� �2�.�1�:� �K�e�y� �A�s�p�e�c�t�s� �o�f� �C�o�f�f�e�r�d�a�m� 

�C�a�m�p�a�n�s�o�n� �o�f� �C�o�f�l�e�r�d�a�m�s�:� �D�e�s�i�g�n� 
� � 

�C�a�s�e� �H�i�s�t�o�r�y� �(�3�8�]�.� 
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� � 

�H�t� �D�e�.� 

�C�o�l�t�e�r�d�a�m� �r�a�)� �®�)� �B�H� �E�m�b�e�d�.� �S�h�e�e�t� �P�l�i�e�s� �C�a�i�t� �F�i�t� �F�o�u�n�d�a�t�i�o�n� �B�e�r�m�s� 

�L�o�c�k� �a�n�d� �D�a�m� �&� �6� �1�.�0�6� �x�s� �P�S�-�2�2�,� �S�a�n�d�,� �5�6�%�,� �S�a�n�d�,� �m�e�d� �S�a�n�d�,� �2�5� 

�2� �P�S�X�-�2�2�,� �O�r�,� �p�l�a�c�e�d� �t�o� �d�e�n�e�e� �h�g�h� �I�n� 
�S�a�g�e� �1� �0� �w�e� �b�y� �d�a�m�a�h�e�l�t� �G�o�o�d�.� �p�l�a�c�e� �f�o�r� 

�G�o�o�d�.� �G�e�w�a�t�e�r�i�n�g� 

�L�o�c�k� �a�n�d� �D�e�m� �6�0�-�7� �&� �2�0�"� �1�§�-�3�8� �P�S�-�2�2�.� �S�a�n�d�,� �5�5�%�,� �S�a�n�d�,� �m�e�d� �S�a�n�d�,� �2�5�'�t�o� 
�2� �P�S�X�-�3�2�,� �O�y�,� �p�l�a�c�e�d� �t�o� �d�e�n�s�e�.� �3�6� �h�i�g�h� 

�S�t�a�g�e� �2� �4�0� �w�e� �b�y� �°� �G�o�o�d�.� �i�n� �p�l�a�c�e� 
�G�a�m�a�n�e�t� �f�o�r� 

�G�o�o�d�.� �G�e�w�a�t�e�r�i�n�g� 

�T�r�d�e�n�t� �a�0� �7�;� �B�s�}� �2�4� �P�S�X�-�3�2� �S�a�n�d� �D�e�n�e�s�e� �S�a�n�d� �N�o�n�e� �u�s�e�d� 

�D�r�y�d�o�c�k� �«�0� �w�e� �d�e�n�e�t�e�d� �t�o� �w�d� �G�a�v�e�l� 
�7�5�%� �O�r�,� �T�i�.� 

�b�y� �w�o�r�e�-� �E�x�c�e�l�l�e�n�t�.� 

�t�o�r�y� �p�r�o�b�e� 
�E�x�c�e�l�e�n�t� 

�W�i�l�l�o�w� �s�s� �S�s� �1�.�1�8� �5�1�S� �M�P� �1�0�2� �S�a�n�d� �a�n�d� �S�a�n�d�a�t�o�n�e�,� �S�a�n�d�,� �3�0� 

�t�e�t�a�n�d� �G�r�a�v�e�l�.� �H�a�r�d� �C�l�a�y�.� �P�l�a�c�e�d� �a�f�t�e�r� 

�G�o�o�d�.� �E�x�c�e�l�l�e�n�t� �d�e�w�e�t�e�r�i�n�g�,� 

�S�s� �&� �1�7�2� �2�-�3�0� �P�S�-�2�8� �S�i�t�y� �S�e�n�d�,� �S�e�n�d� �a�n�d� �S�i�l�t�y� �S�a�n�d�.� 
�T�e�m�n�a� �P�S�-�3�2� �P�l�a�c�e�d� �o�n� �S�o�f�t� �t�o� �P�l�a�c�e�d� �a�f�t�e�r� 

�3�0� �w�e� �t�o�p� �o�f� �1�0� �S�o�t�f� �C�a�y� �n�t�i�a� 
�t�d�y� �F�a�r�.� �l�o�a�d�i�n�g� �1�0� �t�o� �2�5� 

�l�a�y�e�r� �t�u�g�h�.� 
�P�o�o�r� 

�W�i�t�h�a�m�s�o�n� �C�B�D� �s�s� �3� �1�5�1� �w�-� �_� �S�a�n�d� �a�n�d� �S�a�n�d� �a�n�d� �N�o�n�e� �u�s�e�d� 
�P�r�o�t�o�t�y�p�e� �C�a�i�s� �G�r�a�v�e�,� �G�r�a�v�e�l� 

�P�l�a�c�e�d� �o�n� �G�o�o�d�.� 

�t�o�p� �o�f� �m�e�d� 
�G�a�y�.� �P�o�o�.� 

 ��r�a�e� 
�C�o�m�p�a�r�i�s�o�n� �o�f� �C�o�f�f�e�r�d�a�m�e� �P�e�r�f�o�r�m�a�n�c�e� 

�H�t� �o�f� �M�a�a�m�u�m� �A�v�g� �O�o�h� 

�F�m�c�*� �F�o�r� �F�m�e� �O�r�n� �M�a�x� �D�r�f�f�i� 
�C�o�f�f�e�r�d�a�m� �i�n�)� �K�i�n�)� �F�y� �L�o�a�d� �L�o�a�d� �C�o�m�m�e�n�t�s� 

�L�o�c�k� �a�n�d� �D�e�m� �2�6� �4� �5�8� �H�i�4� �o�t� �a�e�m� �G�o�o�d� �p�e�r�t�o�r�m�a�n�c�e�.� 

�S�t�a�g�e� �1� �(�1�.�3� �K�a�)� �w�a�e� �(�%� �H�)� �N�e�g�i�g�h�b�i�e� �c�r�e�e�p�.� 

�h�e�a�d� 

�L�o�c�k� �a�n�d� �D�a�m� �2�6� �N�A� �N�A� �N�A� �a�o�t�.� �a�s�n�e� �G�o�o�d� �p�e�r�f�o�r�m�a�n�c�e�.� 
�S�t�a�g�e� �2� �w�a�e�r� �(�4�%� �H�)� �N�e�g�i�g�h�b�l�e� �c�r�e�e�p�.� 

�h�e�a�d� 

�T�r�a�e�n�t� �D�r�y�d�o�c�k� �8� �e� �H�R� �O�t�.� �a�d�m� �V�e�r�y� �g�o�o�d� �p�e�r�f�o�r�m�-� 

�@�.�1� �K�a�j�}� �w�a�t�e�r� �(�3�%� �H�)� �a�n�c�e�.� �S�o�m�e� �c�r�e�a�p� 

�h�e�e�d� �d�u�r�i�n�g� �d�e�w�a�t�e�r�i�n�g� 

�W�i�t�l�o�w� �i�s�i�a�n�d� �N�A� �N�A� �N�A�  ��o�t� �N�A� �V�e�r�y� �g�o�o�d� �p�e�r�f�o�r�m� 

�w�a�e� �a�n�c�e� �L�i�f�t�e� 
�h�e�a�d� �c�e�a�p� 

�S�e�a�g�r�t� �T�e�r�m�i�n�a�l� �N�A� �N�A� �N�A� �O�r� �S�e�v�e�r�a�l� �C�l�a�y� �i�n� �c�o�l�t� 

�e�q�u�v�a�t�e�r�t� �t�e�a�t� �c�a�u�s�e�d� �l�a�r�g�e� 

�w�a�t�e�r� �M�o�v�e�m�e�n�t�s�.� �M�u�c�h� 

�h�e�a�d� �c�q�e�a�p� �P�o�o�r� 

�P�e�r�f�o�r�m�a�n�c�e�,� 

�W�i�t�h�a�m�e�o�n� �C�B�D� �a�d� �_� �_� �_� �~� �C�l�a�y� �i�n� �c�o�t� 

�P�r�o�t�a�t�y�p�e� �C�a�l�i�s� �c�a�u�s�e�d� �l�a�r�g�e� �f�i�l� 

�e�e�t�t�i�o�m�e�n�t�s� 

�=� �C�O�T�E�S� �W�a�r�,� 
�r�e�a�p�e�d�i�v�e�l�y�,� �N�A� �=� �N�o�t� �A�v�a�i�l�a�b�i�e� �=� �A�s� �o�f� �D�e�c�e�m�b�e�r� �1�9�6�6� 
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�m�a�g�n�i�t�u�d�e� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5�-�4�0� �p�e�r�c�e�n�t�,� �b�u�t� �m�a�i�n�t�a�i�n�e�d� �t�h�e� �s�a�m�e� �b�a�s�i�c� �c�h�a�r�a�c�-� 

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

�f�i�l�l�i�n�g� �a�r�e� �u�s�e�d� �i�n� �t�h�i�s� �p�a�p�e�r�.� �F�i�g�u�r�e� �2�.�1�5� �a�l�s�o� �s�h�o�w�s� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �f�o�r� �t�h�e� �T�V�A� �a�n�d� �S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �m�e�t�h�o�d�s� �t�o� �t�h�e� �o�b�s�e�r�v�e�d� 

�v�a�l�u�e�s�.� 

�I�n�t�e�r�l�o�c�k� �F�o�r�c�e�s� �i�n� �C�o�m�m�o�n� �W�a�l�l� 

�F�i�g�u�r�e� �2�.�1�6� �s�h�o�w�s� �a� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �t�h�e� �o�b�s�e�r�v�e�d� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �a�n�d� �t�h�e� �p�r�e�-� 

�d�i�c�t�e�d� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �f�o�r� �t�h�e� �T�V�A� �a�n�d� �S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �m�e�t�h�o�d�s� �w�i�t�h� �i�n�t�e�r�-� 

�l�o�c�k� �f�o�r�c�e�s� �i�n� �t�h�e� �c�o�m�m�o�n� �w�a�l�l� �c�a�l�c�u�l�a�t�e�d� �b�y� �t�h�e� �T�V�A� �s�e�c�a�n�t� �a�n�d� �S�w�a�t�e�k� �e�q�u�a�t�i�o�n�s� 

�f�o�r� �b�o�t�h� �m�e�t�h�o�d�s�.� 

�C�o�n�c�l�u�s�i�o�n� �o�n� �I�n�t�e�r�l�o�c�k� �F�o�r�c�e�s� �D�u�r�i�n�g� �F�i�l�l�i�n�g� 

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

�e� �T�h�e� �T�V�A� �a�n�d� �S�c�h�r�o�e�d�e�r� �a�n�d� �M�a�i�t�l�a�n�d� �m�e�t�h�o�d�s� �r�e�s�u�l�t� �i�n� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e� �d�i�s�t�r�i�-� 

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

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

�c�e�l�l� �c�l�o�s�e�r� �t�o� �t�h�e� �a�v�e�r�a�g�e� �o�b�s�e�r�v�e�d� �v�a�l�u�e� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �t�h�a�n� �f�o�r� 

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

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

�h�i�g�h� �s�i�d�e� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6�(�R�)�.� 

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

�d�r�e�d�g�e� �l�i�n�e� �o�f� �0�.�1�2�5�H� �a�n�d� �0�.�2�5�H� �f�o�r� �t�h�e� �T�r�i�d�e�n�t� �a�n�d� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)�,� 
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�T�T� �T� �0� �|� 
�\� �\� 

�Y�Y� �A�N� 
�\�s� �_� �F�y� �\�.� 

�\� �=� �i� �\� 
�|� �4� �=� �_� �|� �2�0� �\� �\�\� �_� 

�j� �\� �;�\� 

�\�  �� �c�s�  ��e�w� 
�A� �>� �=� 

�\� �S� �K�H�,� �+� 
�|� �L�A� �a� �4�0�  ��\�4�\� �_� �a� �L� �_� 

�\� �-� �[�e�o� 
�\� �=� �f�f� �4� �S� �f�f� �\� �7� �a� �O�F� �4� �D�R�E�D�G�E� 

�4� �7� �L�I�N�E� 
 �� �¢� �7� �x� �6�0� �f�t�7�4� �7� 

�7� �-� �¢� �y�m� �a� �>� 

�4� �D�R�E�D�G�E� �a� �1� 
�v�f� �L�I�N�E� 

�0� 

 �� �4� �8�0� �4� 
�J� �[�|� 

�0� �2� �4� �6� �8� �1� �0� �2� �4� �6� �8� 
�I�N�T�E�R�L�O�C�K� �F�O�R�C�E�,� �K�I�P�S�/�I�N�.� �I�N�T�E�R�L�O�C�K� �F�O�R�C�E�,� �K�I�P�S�/�I�N�.� 

�T�R�I�D�E�N�T�/�D�R�Y�D�O�C�K� �L�O�C�K� �&� �D�A�M� �2�6� 

�T�T�T� �o�R� �T�T�T� 
�T�O�P� �C�E�L�L� �I�F� �T�O�P� �C�E�L�L� 

�_ �� 
 �� �=� �7� �~� �2�0�-� �4� 

�O�o� 

�r�e� �=�=� �b�s� �=� 

�L� �=� �o� �4�0� �=� 
�-� 

�=� 
�°� �|� �D�R�E�D�G�E� 

�a� �a� �6�6� �y� �L�I�N�E� 

�D�R�E�D�G�E� �-� 
�L�I�N�E� �u�i� 

�8�0� �[�-� 
�J� �t�o� 

�0� �2� �4� �6� �8� �1�0� �0� �2� �4� �6� �8� 
�I�N�T�E�R�L�O�C�K� �F�O�R�C�E�,� �K�I�P�S�/�I�N�.� �I�N�T�E�R�L�O�C�K� �F�O�R�C�E�,� �K�I�P�S�/�I�N�.� 

�T�R�I�D�E�N�T�/�D�R�Y�D�O�C�K� �L�O�C�K� �&� �D�A�M� �2�6� 
�(�R�)� �-� �S�T�A�G�E� �1� 

�L�E�G�E�N�D� 

�H�+� �O�B�S�E�R�V�E�D� 
 � �� �B�E�S�T� �F�I�T� 
�-�-�-�-� �S� �A�N�D�M� 
 � �� �T�V�A� 

�F�i�g�u�r�e� �2�.�1�5�:� �M�e�a�s�u�r�e�d� �i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �f�o�r� �T�r�i�d�e�n�t� �a�n�d� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� 
�c�o�f�f�t�e�r�d�a�m�s�.� 
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�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �h�i�g�h�e�r� �l�o�c�a�t�i�o�n� �i�n� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �i�s� �a�s�s�o�c�i�a�t�e�d� 

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

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

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

�b�y� �t�h�e� �T�V�A� �s�e�c�a�n�t� �f�o�r�m�u�l�a� �a�n�d� �a�r�e� �m�o�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �S�w�a�t�e�k ��s� �e�q�u�a�t�i�o�n�.� 

�2�.�8�.�2� �D�i�f�f�e�r�e�n�t�i�a�l� �W�a�t�e�r� �L�o�a�d�i�n�g� 

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

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

�a�n�d� �D�a�m� �2�6� �(�R�)� �S�t�a�g�e� �2� �c�o�f�f�e�r�d�a�m� �t�o� �i�n�c�l�i�n�o�m�e�t�e�r� �a�n�d� �s�t�r�a�i�n� �g�a�g�e�s� �m�e�a�s�u�r�e�m�e�n�t�s� 

�a�s� �i�n� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �S�t�a�g�e� �1�.� �T�h�e� �m�o�s�t� �r�e�l�i�a�b�l�e� �d�a�t�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� 

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

�T�h�e� �m�o�v�e�m�e�n�t�s� �f�r�o�m� �i�n�c�l�i�n�o�m�e�t�e�r� �r�e�a�d�i�n�g�s� �f�o�r� �t�h�e� �T�r�i�d�e�n�t� �a�n�d� �L�o�c�k� �a�n�d� �D�a�m� �2�6� 

�(�R�)� �S�t�a�g�e� �1� �s�h�o�w� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �p�a�t�t�e�r�n�s� �o�f� �t�h�e� �c�e�l�l� �w�a�l�l�s�,� �F�i�g�u�r�e�s� �2�.�1�7� �a�n�d� �2�.�1�8�.� 

�T�h�e� �d�e�f�o�r�m�e�d� �p�r�o�f�i�l�e�s� �i�n� �F�i�g�u�r�e� �8� �r�e�p�r�e�s�e�n�t� �o�n�l�y� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �t�h�a�t� �o�c�c�u�r�r�e�d� 

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

�u�n�i�f�o�r�m� �p�a�t�t�e�r�n�,� �w�h�i�l�e� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �S�t�a�g�e� �1� �c�e�l�l� �u�n�d�e�r�w�e�n�t� �m�o�r�e� �o�f� 

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

�d�i�f�f�e�r�e�n�c�e� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o�:� 

�e� �T�h�e� �g�r�e�a�t�e�r� �e�m�b�e�d�m�e�n�t� �o�f� �t�h�e� �s�h�e�e�t� �p�i�l�e�s� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� 

�e� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �b�e�r�m� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� 

�e� �T�h�e� �d�e�n�s�e� �c�o�n�d�i�t�i�o�n� �o�f� �t�h�e� �f�i�l�l� �f�o�r� �t�h�e� �T�r�i�d�e�n�t� �c�o�f�f�e�r�d�a�m�.� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

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

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

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

�c�o�f�f�e�r�d�a�m� �r�e�s�p�o�n�s�e�.� �I�n� �F�i�g�u�r�e� �2�.�1�9�,� �t�h�e� �m�o�v�e�m�e�n�t�s� �o�f� �t�o�p�s� �o�f� �c�e�l�l�s� �f�r�o�m� �t�h�e� �s�u�r�v�e�y� 

�m�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6� �(�R�)� �S�t�a�g�e� �1� �c�o�f�f�e�r�d�a�m� �a�r�e� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� 

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

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

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

�d�e�w�a�t�e�r�i�n�g�.� 

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

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

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

�f�r�e�e� �h�e�i�g�h�t�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�0�.� �T�h�e� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�a�t� �t�h�e� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� 

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

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

�b�y� �n�o�n�d�i�m�e�n�s�i�o�n�a�l� �m�o�v�e�m�e�n�t�s�:� �W�i�l�l�o�w� �I�s�l�a�n�d� �h�a�s� �t�h�e� �l�e�a�s�t� �m�o�v�e�m�e�n�t�,� �w�h�i�l�e� �t�h�e� �T�r�i�-� 

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

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

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

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

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

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

�D�a�m� �2�6� �(�R�)� �c�o�f�f�e�r�d�a�m� �f�a�l�l� �i�n� �b�e�t�w�e�e�n� �t�h�e� �W�i�l�l�o�w� �I�s�l�a�n�d� �a�n�d� �T�r�i�d�e�n�t� �c�o�f�f�e�r�d�a�m�s� �a�s� 

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

�S�w�a�t�e�k� �[�1�8�]� �r�e�p�o�r�t�s� �t�h�a�t� �i�n� �h�i�s� �e�x�p�e�r�i�e�n�c�e� �t�h�e� �t�y�p�i�c�a�l� �t�e�m�p�o�r�a�r�y� �c�o�f�f�e�r�d�a�m� �m�o�v�e�s� 
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�a�t� �t�h�e� �t�o�p� �1� �p�e�r�c�e�n�t� �o�f� �i�t�s� �f�r�e�e� �h�e�i�g�h�t�.� �T�h�i�s� �w�o�u�l�d� �b�e� �h�i�g�h� �f�o�r� �t�h�e� �d�a�t�a� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�2�0�,� �w�h�e�r�e� �a�l�l� �w�e�r�e� �l�e�s�s� �t�h�a�n� �0�.�6� �p�e�r�c�e�n�t�.� �S�w�a�t�e�k ��s� �1� �p�e�r�c�e�n�t� �w�o�u�l�d� �b�e� �i�n� 

�l�i�n�e� �i�f� �t�h�e� �e�x�t�r�e�m�e� �v�a�l�u�e�s� �f�o�r� �a� �f�l�o�o�d� �e�v�e�n�t� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d�.� �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�e�s� �b�y� �S�i�n�g�h� �[�5�6�]� �s�h�o�w� �t�h�a�t� �f�o�r� �d�e�w�a�t�e�r�i�n�g�,� �t�h�e� �t�o�p� �m�o�v�e�m�e�n�t� �o�f� �a� 

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

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

�p�r�u�d�e�n�t� �d�e�s�i�g�n� �o�f� �a� �c�o�f�f�e�r�d�a�m� �o�n� �a� �s�o�u�n�d� �f�o�u�n�d�a�t�i�o�n�,� �a� �v�a�l�u�e� �0�.�5� �t�o� �1�.�0� �p�e�r�c�e�n�t� �o�f� 

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

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

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

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

�w�i�t�h� �c�l�e�a�n� �s�a�n�d� �f�i�l�l�.� �O�t�h�e�r� �t�r�e�n�d�s� �f�o�u�n�d� �b�y� �M�a�r�t�i�n� �a�n�d� �C�l�o�u�g�h� �[�3�8�]� �w�e�r�e� �t�h�a�t� �l�a�r�g�e�r� 

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

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

�O�n�e� �o�f� �t�h�e� �c�a�s�e� �h�i�s�t�o�r�i�e�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �M�a�r�t�i�n� �a�n�d� �C�l�o�u�g�h� �[�3�8�]� �w�a�s� �t�h�e� �c�o�f�f�e�r�-� 

�d�a�m� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�e�p�l�a�c�e�m�e�n�t�)�.� �T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e�i�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� 

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

�2�.�9� �E�a�r�l�y� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� 

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

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

�f�i�n�d�i�n�g�s� �w�e�r�e� �u�n�r�e�a�l�i�s�t�i�c�.� �K�i�t�t�i�s�a�t�r�a� �[�3�1�]� �u�s�e�d� �a�n� �a�x�i�s�y�m�m�e�t�r�i�c� �m�o�d�e�l� �t�o� �r�e�p�r�e�s�e�n�t� 

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

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

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

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

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

�w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �t�h�a�n� �w�h�a�t� �w�o�u�l�d� �n�o�r�m�a�l�l�y� �b�e� �e�x�p�e�c�t�e�d� �o�f� �a� �c�o�f�f�e�r�d�a�m� �[�5�8�]�.� 

�C�l�o�u�g�h� �a�n�d� �H�a�n�s�e�n� �[�7�]� �w�e�r�e� �t�h�e� �f�i�r�s�t� �t�o� �a�p�p�l�y� �a� �m�o�r�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �s�o�i�l�-�s�t�r�u�c�t�u�r�e� 

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

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

�t�h�e� �b�a�s�e� �o�f� �t�h�e� �W�i�l�l�o�w� �I�s�l�a�n�d� �C�o�f�f�e�r�d�a�m� �d�u�e� �t�o� �d�i�f�f�e�r�e�n�t�i�a�l� �w�a�t�e�r� �l�o�a�d�i�n�g� �f�r�o�m� �d�e�-� 

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

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

�i�n�g� �t�h�e� �c�o�f�f�e�r�d�a�m� �t�o� �h�a�v�e� �s�t�r�a�i�g�h�t� �w�a�l�l�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�1�.� �T�h�e� �c�e�l�l� �w�a�l�l�s� �w�e�r�e� 

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

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

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

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

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

�w�i�t�h� �n�o�n�l�i�n�e�a�r� �s�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r�.� �S�l�i�p�p�a�g�e� �b�e�t�w�e�e�n� �t�h�e� �s�t�e�e�l� �s�h�e�e�t� �p�i�l�e�s� �a�n�d� 

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

�T�h�e� �d�e�f�o�r�m�a�t�i�o�n� �p�r�e�d�i�c�t�e�d� �b�y� �C�l�o�u�g�h� �a�n�d� �H�a�n�s�e�n� �(�7�]� �w�e�r�e� �r�e�a�s�o�n�a�b�l�e� �u�n�d�e�r� �l�a�t�-� 

�e�r�a�l� �l�o�a�d�i�n�g�,� �b�u�t� �w�e�r�e� �u�n�r�e�a�l�i�s�t�i�c�a�l�l�y� �s�m�a�l�l� �f�o�r� �t�h�e� �c�e�l�l� �f�i�l�l�i�n�g� �c�o�n�d�i�t�i�o�n�.� �S�t�e�v�e�n�s� �[�5�9�]� 

�l�a�t�e�r� �r�e�a�n�a�l�y�z�e�d� �t�h�e� �W�i�l�l�o�w� �I�s�l�a�n�d� �C�o�f�f�e�r�d�a�m� �w�i�t�h� �C�l�o�u�g�h� �a�n�d� �H�a�n�s�e�n ��s� �v�e�r�t�i�c�a�l� 

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

�w�a�l�l�s�.� �H�i�s� �b�a�s�i�s� �f�o�r� �r�e�d�u�c�i�n�g� �t�h�e� �s�p�r�i�n�g� �s�t�i�f�f�n�e�s�s� �w�a�s� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �g�a�p�s� �i�n� �t�h�e� 
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�i�n�t�e�r�l�o�c�k�s� �[�5�9�]�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �y�i�e�l�d�e�d� �r�e�a�s�o�n�a�b�l�e� �p�r�e�d�i�c�t�i�o�n�s� �f�o�r� �b�o�t�h� �t�h�e� �l�a�t�e�r�a�l� 

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

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

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

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

�2�.�1�0� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�e�p�l�a�c�e�m�e�n�t�)� �C�o�f�-� 

�f�e�r�d�a�m�s� �S�t�u�d�i�e�s� 

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

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

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

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

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

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

�o�r� �c�o�n�s�t�r�u�c�t�i�o�n�.� �T�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� �c�o�f�f�e�r�d�a�m� �o�f�f�e�r�e�d� �a�n� �o�p�p�o�r�t�u�n�i�t�y� 

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

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

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

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

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �s�t�u�d�i�e�s� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6�(�R�)� �c�o�f�-� 

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

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

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

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

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

�t�h�e� �s�t�u�d�y�.� 

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

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

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

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

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

�b�e�h�a�v�i�o�r� �[�8�,� �3�3�,� �5�3�]�.� �E�a�c�h� �o�f� �t�h�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l�s� �e�n�d�e�a�v�o�r�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� 

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

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

�t�o� �a�s� �t�h�e� �a�x�i�s�y�m�m�e�t�r�i�c�,� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �s�l�i�c�e�,� �a�n�d� �t�h�e� �v�e�r�t�i�c�a�l� �s�l�i�c�e� �m�o�d�e�l�s�.� �A� �b�r�i�e�f� 

�d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l�s� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �2�.�2�,� �a�l�o�n�g� �w�i�t�h� �t�h�e�i�r� �a�d�v�a�n�t�a�g�e�s� �a�n�d� 

�d�i�s�a�d�v�a�n�t�a�g�e�s�.� �S�c�h�e�m�a�t�i�c�a�l�l�y�,� �t�h�e� �m�o�d�e�l�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�1�,� �F�i�g�u�r�e� �2�.�2�2�,� 

�a�n�d� �F�i�g�u�r�e� �2�.�2�3�.� 

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

�p�r�o�p�o�s�e�d� �b�y� �C�l�o�u�g�h� �a�n�d� �H�a�n�s�e�n� �[�7�]� �a�n�d� �a�l�l�o�w�s� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �e�n�t�i�r�e� �c�o�n�-� 

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

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

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

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

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

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

�f�r�o�m� �t�h�e� �v�e�r�t�i�c�a�l� �g�r�a�v�i�t�y� �l�o�a�d�s� �a�b�o�v�e� �t�h�e� �p�l�a�n�e�.� �T�h�e� �m�o�d�e�l� �w�a�s� �p�r�o�p�o�s�e�d� �t�o� �a�l�l�o�w� 
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�T�a�b�l�e� �2�.�2�:� �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� �M�o�d�e�l�s� �[�8�]� 

� � 
� � 

�M�o�d�e�l� �P�u�r�p�o�s�e� �A�d�v�a�n�t�a�g�e�s� �D�i�s�a�d�v�a�n�t�a�g�e�s� 
� � 

� � � � 

�A�x�i�s�y�m�m�e�t�r�i�c� 

�V�e�r�t�i�c�a�l� �S�l�i�c�e� 

�G�e�n�e�r�a�l�i�z�e�d� 

�P�l�a�i�n� �S�t�r�a�i�n� � � 

�P�r�o�v�i�d�e� �d�a�t�a� 
�o�n� �e�f�f�e�c�t�s� �o�f� 
�f�i�l�l�i�n�g� �i�s�o�l�a�t�e�d� 
�c�e�l�l� 

�P�r�o�v�i�d�e�s� �d�a�t�a� 
�o�n� �_� �l�o�a�d�i�n�g� 
�s�t�a�g�e�s� �o�t�h�e�r� 
�t�h�a�n� �f�i�l�l�i�n�g� 

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

�e� �S�i�m�p�l�e� �t�o� �p�e�r�f�o�r�m� 
�e� �A�c�c�o�u�n�t�s� �f�o�r� �e�f�f�e�c�t�s� 
�o�f� �c�e�l�l� �e�m�b�e�d�m�e�n�t� 
�e� �P�r�o�-� 
�v�i�d�e�s� �d�a�t�a� �o�n� �l�o�c�a�-� 
�t�i�o�n� �o�f� �m�a�x�i�m�u�m� �d�e�-� 
�f�l�e�c�t�i�o�n� �a�n�d� �i�n�t�e�r�l�o�c�k� 
�t�e�n�s�i�o�n� �u�p�o�n� �f�i�l�l�i�n�g� 

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

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

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

�e� �T�i�m�e� �c�o�n�s�u�m�i�n�g� �t�o� 
�p�e�r�f�o�r�m� �i�f� �l�o�a�d�i�n�g� �i�s� 
�c�o�m�p�l�e�x� 
�e� �D�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� 
�3�-�D� �l�o�a�d�i�n�g�s� �e�f�f�e�c�t�s� 

�e� �D�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� 
�i�n�f�l�u�e�n�c�e� �o�f� �d�r�e�d�g�e�-� 
�l�i�n�e� �s�u�p�p�o�r�t� 
�e� �C�o�n�s�i�d�e�r�s� �o�n�l�y� �e�f�-� 
�f�e�c�t�s� �o�f� �u�n�i�f�o�r�m� �c�e�l�l� 
�f�i�l�l�i�n�g� 
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� � � � 
� � � � 

�H�O�R�I�Z�O�N�T�A�L� �S�L�I�C�E� 

�S�E�C�T�I�O�N� �A�-�A� 
�U�N�E�S� �O�F� 
�S�Y�M�M�E�T�R�Y� � � � � 

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

�F�i�g�u�r�e� �2�.�2�2�:� �S�c�h�e�m�a�t�i�c� �o�f� �h�o�r�i�z�o�n�t�a�l� �s�l�i�c�e� �m�o�d�e�l� �[�5�3�]�.� 
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� � 

�L�y� �C�E�L�L� �F�I�L�L� � � � � � � � � � � � � 
 ��-� �S�H�E�E�T� �P�I�L�E� 

� � � � � � � � 

� � 

�F�O�U�N�D�A�T�I�O�N� 
�S�O�I�L�S� 

� � 

�F�O�U�N�D�A�T�I�O�N� 
�S�O�I�L�S� 

�F�i�g�u�r�e� �2�.�2�3�:� �S�c�h�e�m�a�t�i�c� �o�f� �a�x�i�s�y�m�m�e�t�r�i�c� �m�o�d�e�l� �[�5�3�]�.� 
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�a� �m�e�a�n�s� �o�f� �a�n�a�l�y�z�i�n�g� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �m�a�i�n� �a�n�d� �a�r�c� �c�e�l�l�s� �u�n�d�e�r� �u�n�i�f�o�r�m� 

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

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

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

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

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

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

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

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

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

�p�r�o�g�r�a�m� �S�O�I�L�S�T�R�U�C�T�,� �d�e�v�e�l�o�p�e�d� �b�y� �P�r�o�f�e�s�s�o�r� �G�.� �W�.� �C�l�o�u�g�h� �a�n�d� �h�i�s ��c�o�w�o�r�k�e�r�s� �f�o�r� 

�t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �s�o�i�l�-�s�t�r�u�c�t�u�r�e� �i�n�t�e�r�a�c�t�i�o�n� �p�r�o�b�l�e�m�s�.� �S�O�J�L�S�T�R�U�C�T� �a�l�l�o�w�e�d� �t�h�e� 

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

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

�A�s� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d�,� �S�t�e�v�e�n�s� �[�5�9�]� �c�o�r�r�e�c�t�l�y� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �t�h�e� �s�t�e�e�l� �s�h�e�e�t� 

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

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

�s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �s�h�e�e�t ��p�i�l�e� �m�e�m�b�r�a�n�e�.� �F�o�r� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6�(�R�)� �s�t�u�d�y�,� 

�C�l�o�u�g�h� �a�n�d� �h�i�s� �a�s�s�o�c�i�a�t�e�s� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �E�-�r�a�t�i�o� �c�o�n�c�e�p�t�,� �w�h�e�r�e� �t�h�e� �m�o�d�u�l�u�s� �a�n�d�/�o�r� 

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

�T�h�e� �E�-�r�a�t�i�o� �c�o�n�c�e�p�t� �e�v�o�l�v�e�d� �f�r�o�m� �t�h�e� �a�x�i�s�y�m�m�e�t�r�i�c� �m�o�d�e�l� �w�h�e�r�e� �t�h�e� �s�h�e�e�t� �p�i�l�e�s� 

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

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

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

�s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �s�h�e�e�t� �p�i�l�e�s� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �d�i�r�e�c�t�i�o�n�,� �C�l�o�u�g�h� �a�n�d� �h�i�s� �a�s�s�o�c�i�a�t�e�s� 
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�w�e�r�e� �a�b�l�e� �t�o� �a�c�c�u�r�a�t�e�l�y� �s�i�m�u�l�a�t�e� �t�h�e� �i�n�t�e�r�l�o�c�k� �b�e�h�a�v�i�o�r�,� �F�i�g�u�r�e� �2�.�2�4�.� �T�h�i�s� �l�e�d� �t�o� �a� 

�r�e�a�s�o�n�a�b�l�e� �m�o�d�e�l� �o�f� �t�h�e� �c�e�l�l� �d�e�f�o�r�m�a�t�i�o�n�,� �F�i�g�u�r�e� �2�.�2�5�,� �f�o�r� �t�h�e� �f�i�r�s�t�-�s�t�a�g�e� �c�o�f�f�e�r�d�a�m� 

�a�t� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �d�u�r�i�n�g� �f�i�l�l�i�n�g�.� 

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

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

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

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

�s�h�e�e�t ��p�i�l�e� �s�y�s�t�e�m� �i�s� �f�l�e�x�i�b�l�e�,� �t�h�e� �c�e�l�l�s� �b�u�l�g�e� �c�o�n�s�i�d�e�r�a�b�l�y� �d�u�r�i�n�g� �f�i�l�l�i�n�g�,� �F�i�g�u�r�e� �2�.�2�6�,� 

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

�e�a�r�t�h� �p�r�e�s�s�u�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�h�e�e�t ��p�i�l�e� �w�a�l�l�s� �(�F�i�g�u�r�e� �2�.�2�7�)�,� �a�n�d� �t�h�u�s�,� �y�i�e�l�d�i�n�g� �l�o�w�e�r� 

�i�n�t�e�r�l�o�c�k� �f�o�r�c�e�s� �i�n� �t�h�e� �s�h�e�e�t� �p�i�l�e�s� �(�F�i�g�u�r�e� �2�.�2�8�)�.� �S�e�c�o�n�d� �a�n�d� �t�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e� 

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

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

�f�o�r�c�e�s� �i�n� �t�h�e� �c�o�m�m�o�n� �w�a�l�l�,� �F�i�g�u�r�e� �2�.�2�9�.� 

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

�L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6�(�R�)�,� �a�d�d�i�t�i�o�n�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �t�o� �e�v�a�l�u�a�t�e� �p�r�o�-� 

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

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

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

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

�T�o� �f�u�r�t�h�e�r� �c�a�p�i�t�a�l�i�z�e� �o�n� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� �e�f�f�o�r�t�s�,� �t�h�e� �C�o�r�p�s� �o�f� 

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

�r�e�p�o�r�t�s� �b�y� �M�a�r�t�i�n� �a�n�d� �C�l�o�u�g�h� �[�3�8�]� �o�n� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �l�o�a�d�i�n�g�s� �o�n� �c�o�f�f�e�r�-� 

�d�a�m�s�,� �S�i�n�g�h� �[�5�6�]� �o�n� �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� �c�o�f�f�e�r�d�a�m�s�,� �a�n�d� �W�u� 
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�t�o� �m�o�n�i�t�o�r� �t�h�e� �f�i�e�l�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �c�o�f�f�e�r�d�a�m�.� 

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

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

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

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

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

�i�n� �t�h�e� �s�h�e�e�t� �p�i�l�e�-�s�o�i�l� �s�y�s�t�e�m�.� �C�l�o�u�g�h� �a�n�d� �h�i�s� �a�s�s�o�c�i�a�t�e�s� �[�7�,� �8�]� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�o� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6�(�R�)� �c�o�f�f�e�r�d�a�m� �h�a�v�e� �a�c�h�i�e�v�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� �s�u�c�c�e�s�s� �i�n� 

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

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

�a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� �i�n�v�e�s�t�i�g�a�t�i�o�n� �t�h�a�t� �m�o�s�t� �c�o�n�v�e�n�t�i�o�n�a�l� �t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �o�v�e�r�l�y� 

�c�o�n�s�e�r�v�a�t�i�v�e� �a�n�d� �l�e�d� �t�o� �m�o�r�e� �c�o�s�t�l�y� �d�e�s�i�g�n�s�.� �H�o�w�e�v�e�r�,� �u�n�i�v�e�r�s�a�l� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� 
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�C�H�A�P�T�E�R� �2�.� �B�A�C�K�G�R�O�U�N�D� 

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

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

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

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

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

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

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

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

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

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

�a�r�e�:� 

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

�e� �E�f�f�e�c�t�s� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �l�o�a�d�i�n�g�.� 

�e� �R�e�g�i�o�n�s� �o�f� �v�a�l�i�d�i�t�y� �o�f� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l�s�.� 

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

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

�a�n�d� �w�h�e�r�e� �t�h�e�y� �c�a�n�n�o�t�.� 
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�C�h�a�p�t�e�r� �3� 

�B�a�s�i�c� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �C�o�d�e� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

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

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

�I�t� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �C�h�a�p�t�e�r� �2� �t�h�a�t� �o�n�e� �o�f� �t�h�e� �m�a�j�o�r� �d�e�f�i�c�i�e�n�c�i�e�s� �w�i�t�h� �p�r�o�c�e�d�u�r�e�s� 

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

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

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

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

�m�e�t�h�o�d� �a�l�l�o�w�s� �u�s� �t�o� �a�c�c�o�u�n�t� �f�o�r� �m�a�n�y� �o�f� �t�h�e�s�e� �f�a�c�t�o�r�s�.� �T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

�m�e�t�h�o�d� �f�o�r� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� �c�o�f�f�e�r�d�a�m� �h�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�t�s� �v�a�l�u�e� �f�o�r� 

�s�h�e�e�t�-�p�i�l�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�s� �[�8�,� �3�3�,� �5�3�]�.� 

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

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

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

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

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

�s�i�m�p�l�i�f�i�e�d� �f�o�r�m�.� �A�n� �a�x�i�s�y�m�m�e�t�r�i�c� �m�o�d�e�l� �w�a�s� �u�s�e�d� �b�y� �C�l�o�u�g�h� �a�n�d� �K�u�p�p�u�s�a�m�y� �[�8�,� �3�3�]� 

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

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

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

�d�e�s�c�r�i�b�e�d� �b�y� �C�l�o�u�g�h� �a�n�d� �K�u�p�p�u�s�a�m�y� �[�8�,� �3�3�]� �f�o�r� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� �N�o�.� �2�6� �(�R�)� �s�t�u�d�y� 

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

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

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

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

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

�T�h�e� �p�r�e�c�e�d�i�n�g� �d�i�s�c�u�s�s�i�o�n�s�,� �h�e�r�e� �a�n�d� �i�n� �C�h�a�p�t�e�r� �2�,� �s�u�p�p�o�r�t� �t�h�e� �n�e�e�d� �f�o�r� �a� �f�u�l�l� 

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

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

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

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

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

�f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d�.� �T�h�e� �m�a�j�o�r� �r�e�a�s�o�n� �f�o�r� �a�v�o�i�d�i�n�g� �a� �f�u�l�l� �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� �b�y� �p�r�e�v�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�s� �b�e�e�n� �t�h�e� �h�i�g�h� �c�o�s�t� �o�f� �t�h�e� �c�o�m�p�u�t�e�r� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

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

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

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

�s�u�c�h� �a�s� �S�A�P�I�V�,� �N�O�N�S�A�P�,� �A�D�I�N�A�,� �N�A�S�T�R�A�N�,� �o�r� �A�B�A�C�U�S�,� �a�m�o�n�g� �o�t�h�e�r�s�,� �c�o�u�l�d� 

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

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

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

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

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

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

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

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

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

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

�a�l�t�h�o�u�g�h� �t�h�e� �t�e�c�h�n�o�l�o�g�y� �f�o�r� �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� �o�f� �t�h�e� �c�o�f�-� 

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

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

�3�.�2� �P�h�i�l�o�s�o�p�h�y� 

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

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

�d�o�c�u�m�e�n�t�e�d� �r�a�p�i�d�l�y� �s�o� �t�h�a�t� �i�t� �c�o�u�l�d� �u�s�e�d� �t�o� �t�e�s�t� �c�r�i�t�i�c�a�l� �p�h�a�s�e�s� �o�f� �t�h�e� �L�o�c�k� �a�n�d� �D�a�m� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

�N�o�.� �2�6�(�R�)� �c�o�f�f�e�r�d�a�m�.� �A�l�s�o�,� �t�h�e� �m�o�d�e�l�i�n�g� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �t�o� �b�e� �k�e�p�t� �i�n� �l�i�n�e� �w�i�t�h� 

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

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

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

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

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

�3�.�3� �N�e�c�e�s�s�a�r�y� �C�a�p�a�b�i�l�i�t�i�e�s� 

�O�n�c�e� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�o� �d�e�v�e�l�o�p� �a� �c�o�d�e� �a�n�d� �a� �p�h�i�l�o�s�o�p�h�y� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d�,� �t�h�e� �n�e�x�t� 

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

�t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �p�h�i�l�o�s�o�p�h�y�,� �t�h�e� �c�a�p�a�b�i�l�i�t�i�e�s� �o�f� �t�h�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �c�o�d�e�,� �S�O�I�L�-� 

�S�T�R�U�C�T�,� �w�e�r�e� �u�s�e�d� �t�o� �f�o�r�m� �t�h�e� �i�n�i�t�i�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �t�h�r�e�e ��-�d�i�m�e�n�s�i�o�n�a�l� 

�c�o�d�e�.� 

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

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

�a�s� �C�l�o�s�e�l�y� �a�s� �p�o�s�s�i�b�l�e�.� �I�t� �w�a�s� �f�e�l�t� �t�h�e� �c�o�d�e� �s�h�o�u�l�d� �h�a�v�e� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �t�o�:� 

�e� �M�o�d�e�l� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�.� 

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

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

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

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

�e� �S�i�m�u�l�a�t�e� �t�h�e� �p�r�o�c�e�s�s� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�.� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

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

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

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

�c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�,� �F�i�g�u�r�e� �3�.�1�,� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �s�u�b�d�i�v�i�d�i�n�g� �t�h�e� �m�a�i�n� �c�e�l�l� �a�n�d� �a�r�c� �c�e�l�l� 

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

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

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

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

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

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

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

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

�a�n� �i�n�t�e�r�f�a�c�e� �e�l�e�m�e�n�t�.� 

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

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

�b�e� �d�i�f�f�i�c�u�l�t� �u�s�i�n�g� �a�n�y� �t�y�p�e� �o�f� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�o�l�i�d� �e�l�e�m�e�n�t�,� �s�u�c�h� �a�s� �a� �2�0 ��n�o�d�e� 

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

�0�.�5� �i�n�.� �U�s�i�n�g� �a� �s�o�l�i�d� �e�l�e�m�e�n�t� �t�o� �m�o�d�e�l� �t�h�e� �s�h�e�e�t� �p�i�l�e�s� �w�o�u�l�d� �r�e�q�u�i�r�e� �a� �r�e�l�a�t�i�v�e�l�y� 

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

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

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

�m�o�d�e�l� �t�h�e� �s�h�e�e�t� �p�i�l�e�s�.� 

�A�s� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d�,� �S�t�e�v�e�n�s� �[�5�9�]� �c�o�r�r�e�c�t�l�y� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �t�h�e� �s�t�e�e�l� �s�h�e�e�t� 

�p�i�l�e�s� �f�o�r�m�i�n�g� �t�h�e� �c�e�l�l�s� �c�a�n�n�o�t� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �a�n� �i�s�o�t�r�o�p�i�c� �l�i�n�e�a�r� �e�l�a�s�t�i�c� �p�r�e�s�s�u�r�e� 
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�4� �F�A�B�.� �3�0�°� �Y� �P�S�X�3�2� 
�W�I�T�H� �P�S�3�2� �L�E�G� 

�F�i�g�u�r�e� �3�.�1�:� �P�l�a�n� �v�i�e�w� �o�f� �m�a�i�n� �a�n�d� �a�r�c� �c�e�l�l�s�.� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

�t�a�l� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �s�h�e�e�t ��p�i�l�e� �m�e�m�b�r�a�n�e�.� �C�l�o�u�g�h� �a�n�d� �h�i�s� �a�s�s�o�c�i�a�t�e�s� �[�8�,� �3�3�,� �5�3�]� �h�a�v�e� 

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

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

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

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

�S�o�i�l�s� �a�r�e� �k�n�o�w�n� �t�o� �h�a�v�e� �c�o�m�p�l�e�x� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�s�p�o�n�s�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �c�o�n�s�i�d�e�r� 

�t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �c�u�r�v�e�s� �f�o�r� �a� �s�a�n�d� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�2�.� �F�o�r� �p�r�i�m�a�r�y� �a�n�d�/�o�r� �i�n�i�t�i�a�l� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�i�n�s�t�a�n�t� �i�n� �t�h�e� �l�o�a�d� �s�e�q�u�e�n�c�e�.� �A�l�s�o�,� �i�t� �w�a�s� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �c�a�r�e� �h�a�d� �t�o� �b�e� �t�a�k�e�n� �t�o� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

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

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

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

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

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

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

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

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

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

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

�c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�.� 

�3�.�4� �D�e�v�e�l�o�p�m�e�n�t� �S�c�h�e�m�e� 

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

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

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

�a�n�a�l�y�s�i�s�.� �T�h�e� �c�o�d�e� �u�n�d�e�r� �c�o�n�s�i�d�e�r�a�t�i�o�n� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]� 

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

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

�b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]�.� �I�t� �w�a�s� �d�e�c�i�d�e�d� �t�h�a�t� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�i�s� �c�o�d�e� �w�o�u�l�d� �b�e� 

�t�h�e� �m�o�s�t� �e�x�p�e�d�i�t�e� �w�a�y� �t�o� �d�e�v�e�l�o�p� �a� �n�e�w� �c�o�d�e� �f�o�r� �t�h�i�s� �c�o�f�f�e�r�d�a�m� �s�t�u�d�y�.� 
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�3�.�5� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �E�x�i�s�t�i�n�g� �C�o�d�e� 

�T�h�e� �c�o�d�e� �d�e�v�e�l�o�p�e�d� �b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]� �w�a�s� �w�r�i�t�t�e�n� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �s�h�i�e�l�d� 

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

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

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

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

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

�3�.�5�.�1� �E�l�e�m�e�n�t� �T�y�p�e�s� 

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

�p�a�r�a�m�e�t�r�i�c� �s�o�l�i�d� �e�l�e�m�e�n�t� �w�h�i�c�h� �m�a�y� �h�a�v�e� �f�r�o�m� �8� �t�o� �2�1� �n�o�d�e�s�,� �F�i�g�u�r�e� �3�.�3�,� �w�i�t�h� �t�h�r�e�e� 

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

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

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

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

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

�t�h�e� �2�0�-�n�o�d�e� �f�o�r�m� �o�f� �t�h�e� �e�l�e�m�e�n�t� �c�a�n� �b�e� �u�s�e�d� �i�n� �a�r�e�a�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �g�r�a�d�i�e�n�t�s� �o�r� 

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

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

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

�C�l�o�u�g�h ��s� �w�o�r�k� �[�2�9�]� �t�o� �m�o�d�e�l� �t�h�e� �s�o�i�l� �a�s� �a� �s�o�l�i�d�,� �b�r�i�c�k�-�t�y�p�e� �e�l�e�m�e�n�t� �a�n�d� �t�h�e� �t�u�n�n�e�l� 

�l�i�n�e�r� �a�s� �a� �t�h�i�c�k� �s�h�e�l�l� �e�l�e�m�e�n�t�.� 

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

�w�e�r�e� �a�v�a�i�l�a�b�l�e�.� �A�f�t�e�r� �a�t�t�e�m�p�t�i�n�g� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �f�i�r�s�t� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�s�h� �f�o�r� �t�h�e� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

�c�e�l�l�u�l�a�r� �c�o�f�f�e�r�d�a�m�,� �i�t� �w�a�s� �c�l�e�a�r� �t�h�a�t� �s�o�l�i�d� �w�e�d�g�e� �e�l�e�m�e�n�t�s� �w�e�r�e� �n�e�c�e�s�s�a�r�y� �(�F�i�g�u�r�e� �3�.�4�)�.� 

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

�i�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �4�.� 

�3�.�5�.�2� �S�t�r�e�s�s� �a�n�d� �S�t�r�a�i�n� �R�e�s�p�o�n�s�e� 

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

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

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

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

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

�{�o�}� �=� �[�D�]� �{�6�}� �(�3�.�1�)� 

�w�h�e�r�e� �{�c�o�}� �i�s� �t�h�e� �s�t�r�e�s�s� �v�e�c�t�o�r�,� �[�D�]� �i�s� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �m�a�t�r�i�x� �a�n�d� �{�e�}� �i�s� �t�h�e� �s�t�r�a�i�n� 

�v�e�c�t�o�r�.� �T�h�i�s� �c�a�n� �b�e� �w�r�i�t�t�e�n� �i�n� �m�a�t�r�i�x� �f�o�r�m� �a�s�:� 

� � � � � � � � � � � � 

�C�,� �'� �D�,� �y� �p�v�p� �Q�Q� �0� �9�0� �E�x� 

�C�y� �y� �D�;� �v� �0� �9�0� �O�9�0� �E�y� 

�C�O�;� �S�o� �a� �o�n� �=� �y� �p�v� �D�D�,� �0� �0� �0� �é�,� �|� �(�3�.�2�)� 

�T�r�y� �0� �0� �0� �D�,� �0� �9� �V�e�y� 

�T�y�z� �0� �0� �0� �0� �D�,� �0� �V�y�z� 

�L� �T�e�e� �|� �f� �0� �0� �0� �0� �O� �D�o�}� �t� �r�e�z� �|� 
�w�h�e�r�e� �E�£� �i�s� �t�h�e� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y�,� �v� �i�s� �P�o�i�s�s�o�n ��s� �r�a�t�i�o�,� �D�}� �=� �(�1 ��v�)�,� �a�n�d� �D�2� �=� 

�1�/�2�(�1 ��2�v�)�.� �I�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �a�l�t�e�r� �t�h�i�s� �f�o�r�m� �o�f� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �m�a�t�r�i�x� �f�o�r� 

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

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

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

�a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �e�l�e�m�e�n�t�s�.� �T�h�e� �c�o�d�e� �c�o�m�p�u�t�e�s� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s� �f�r�o�m� �t�h�e� 
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�g�e�n�e�r�a�l� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �b�y� �t�h�e� �g�o�n�i�o�m�e�t�r�i�c� �m�e�t�h�o�d� �[�2�9�]�.� �T�h�e� �c�o�d�e� �a�l�s�o� �d�e�t�e�r�m�i�n�e�s� 

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

�3�.�5�.�3�.� �B�o�u�n�d�a�r�y� �C�o�n�d�i�t�i�o�n�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�3�.�5�.�4� �E�q�u�a�t�i�o�n� �S�o�l�v�e�r� 

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

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

�c�o�d�e� �i�s� �d�e�v�o�t�e�d� �t�o� �t�h�e� �s�t�o�r�a�g�e� �o�f� �t�h�e� �s�t�i�f�f�n�e�s�s� �m�a�t�r�i�x�.� �I�f� �c�o�r�e� �m�e�m�o�r�y� �i�s� �l�i�m�i�t�e�d�,� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

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

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

�p�e�r�f�o�r�m� �t�h�e�s�e� �m�a�t�h�e�m�a�t�i�c�a�l� �o�p�e�r�a�t�i�o�n�s� �i�n�-�c�o�r�e�.� �T�h�e�r�e�f�o�r�e�,� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�t�i�f�f�n�e�s�s� �m�a�t�r�i�x� �s�t�o�r�a�g�e�.� 

�3�.�6� �V�e�r�i�f�i�c�a�t�i�o�n� �o�f� �E�x�i�s�t�i�n�g� �C�o�d�e� 

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

�c�o�d�e� �{�2�9�]� �w�a�s� �w�o�r�k�i�n�g� �c�o�r�r�e�c�t�l�y�.� �T�h�e� �f�i�r�s�t� �t�w�o� �p�r�o�b�l�e�m�s� �u�s�e�d� �a� �s�i�n�g�l�e� �e�l�e�m�e�n�t�.� �T�h�e� 

�f�i�r�s�t� �u�s�e�d� �c�o�n�c�e�n�t�r�a�t�e�d� �n�o�d�a�l� �l�o�a�d�s� �a�n�d� �t�h�e� �s�e�c�o�n�d� �u�s�e�d� �a� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�.� �T�h�e� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

�t�h�i�r�d� �t�e�s�t� �p�r�o�b�l�e�m� �w�a�s� �a� �t�h�i�c�k ��w�a�l�l� �c�y�l�i�n�d�e�r� �p�r�o�b�l�e�m� �w�h�i�c�h� �u�s�e�d� �t�w�e�l�v�e� �2�0 ��n�o�d�e� 

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

�u�s�e�d� �b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �t�o� �c�h�e�c�k�o�u�t� �t�h�e�i�r� �c�o�d�e� �[�2�9�]�.� 

�3�.�6�.�1� �S�i�n�g�l�e� �E�l�e�m�e�n�t� �w�i�t�h� �C�o�n�c�e�n�t�r�a�t�e�d� �N�o�d�a�l� �L�o�a�d�s� 

�A� �s�i�n�g�l�e� �e�l�e�m�e�n�t� �w�i�t�h� �e�i�g�h�t� �n�o�d�e�s� �w�a�s� �l�o�a�d�e�d� �w�i�t�h� �f�o�u�r� �c�o�n�c�e�n�t�r�a�t�e�d� �l�o�a�d�s�,� �2�5� �l�b� 

�e�a�c�h� �a�t� �t�h�e� �t�o�p� �n�o�d�e�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�5�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�u�c�h� 

�t�h�a�t� �o�n�l�y� �v�e�r�t�i�c�a�l� �(�z�-�d�i�r�e�c�t�i�o�n�)� �m�o�v�e�m�e�n�t�s� �c�o�u�l�d� �t�a�k�e� �p�l�a�c�e�.� �T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� 

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

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

�t�h�e�o�r�e�t�i�c�a�l� �c�o�m�p�u�t�a�t�i�o�n�s� �a�n�d� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�.�1�.� �T�h�e�r�e� 

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

�3�.�6�.�2� �S�i�n�g�l�e� �E�l�e�m�e�n�t� �w�i�t�h� �S�u�r�f�a�c�e� �P�r�e�s�s�u�r�e� �L�o�a�d�i�n�g� 

�A� �s�i�n�g�l�e� �e�l�e�m�e�n�t� �w�i�t�h� �2�0� �n�o�d�e�s� �w�a�s� �l�o�a�d�e�d� �w�i�t�h� �a� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e� �l�o�a�d� �o�f� �2�5� �p�s�f� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�6�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�u�c�h� �t�h�a�t� �o�n�l�y� �v�e�r�t�i�c�a�l� �o�r� �z� 

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

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

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

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

�3�.�6�.�3� �T�h�i�c�k ��W�a�l�l� �C�y�l�i�n�d�e�r� �P�r�o�b�l�e�m� 

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

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

�N�o�d�e� �V�e�r�t�i�c�a�l� �o�r� �Z� �D�i�s�p�l�a�c�e�m�e�n�t� �(�F�e�e�t� �x�1�0�-�°� �)� 
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�d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �s�t�r�e�s�s� �c�o�m�p�u�t�a�t�i�o�n�s�.� �T�h�e� �t�h�i�c�k ��w�a�l�l� �c�y�l�i�n�d�e�r� �p�r�o�b�l�e�m� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �3�.�7�.� �T�h�e� �c�y�l�i�n�d�e�r� �m�a�y� �b�e� �s�u�b�j�e�c�t�e�d� �t�o� �u�n�i�f�o�r�m� �i�n�t�e�r�n�a�l� �a�n�d�/�o�r� �e�x�t�e�r�n�a�l� �r�a�d�i�a�l� 

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

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

� � 

� � 

� � � � 

�a�*�p�;�  �� �b�p�,� �,� �a�°�b�*�(�p�o�  �� �p�i�)� 
�o�r� �R�a�?� �r�?�(�b�?�  �� �a�?�)� �(�3�:�3�)� 

�a�*�p�;�  �� �b�p�,� �a�?�b�*�(�p�,�  �� �p�i�)� 
�7�9� �y�e� �g�t� �7�3�(�?�  �� �a�2�)� �3�-�4�)� 

�O�r�g� �=� �0� �(�3�.�5�)� 

�_�l�-�v�,�.�p�a�? ��p�b�,� �1�+�y� �a�*�b�*�(�p�;�  �� �P�o�)� �(�3�.�6�)� 
�w�=� �S�O� �r�e� �+� �a�E� �h�e�e� 

�w�h�e�r�e� 

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

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

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

�p�,� �i�s� �t�h�e� �u�n�i�f�o�r�m� �e�x�t�e�r�n�a�l� �p�r�e�s�s�u�r�e�.� 

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

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

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

�o�,�g� �i�s� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� �r�@� �p�l�a�n�e�.� 

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

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

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

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

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

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� �T�h�e� �m�e�s�h� �c�o�n�s�i�s�t�s� �o�f� �t�w�e�l�v�e� �2�0 ��n�o�d�e� �e�l�e�m�e�n�t�s�.� �T�h�e� �n�o�d�e�s� �a�t� 

�t�h�e� �t�o�p� �a�n�d� �b�o�t�t�o�m� �a�r�e� �r�e�s�t�r�a�i�n�e�d� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �(�z�)� �d�i�r�e�c�t�i�o�n�.� 

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

�a�n� �e�x�t�e�r�n�a�l� �p�r�e�s�s�u�r�e� �a�n�d� �a�n� �i�n�t�e�r�n�a�l� �p�r�e�s�s�u�r�e� �o�f� �z�e�r�o�.� �I�t� �i�s� �u�s�e�f�u�l� �t�o� �a�n�a�l�y�z�e� �t�h�i�s� 

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

�s�h�e�e�t ��p�i�l�e� �c�o�f�f�e�r�d�a�m�.� �F�o�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� �p�;� �i�n� �t�h�e� �E�q�u�a�t�i�o�n�s� �3�.�3�,� �3�.�4� �,� �a�n�d�,� �3�.�6� �i�s� 

�z�e�r�o�,� �t�h�e� �t�h�r�e�e� �e�q�u�a�t�i�o�n�s� �r�e�d�u�c�e� �t�o� 

� � 

� � 

 ��b�*�p�,� �a�*� 
�r�r� �2� �_� �a� �(�1� �a�d� �a� �(�3�.�7�)� 

 ��b�*�p�,� �a�?� 
�a�=� �5� �l�l� �+� �5�]� �(�3�.�8�)� 

 ��p�o�b�?� �_�_�a�*�b�*�p�,� 
�b�2 �� �a�2�?� �r�(�b�?�  �� �a�?�)� 

�1�l�+�u�v� �a� �(�3�.�9�)� � � � � �[�r�(�1�  �� �2�v�)�  ��t�=� 

�T�h�e� �p�r�o�b�l�e�m� �i�s� �m�o�d�e�l�e�d� �b�y� �a�p�p�l�y�i�n�g� �a� �u�n�i�f�o�r�m� �s�u�r�f�a�c�e� �p�r�e�s�s�u�r�e�,� �p�,�,� �o�f� �2�5� �p�s�i� 

�n�o�r�m�a�l� �t�o� �t�h�e� �o�u�t�e�r� �c�i�r�c�u�m�f�e�r�e�n�c�e� �o�f� �t�h�e� �m�e�s�h� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� �T�h�e� �v�a�l�u�e�s� �o�f� 

�t�h�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �t�h�e� �p�r�o�b�l�e�m� �a�r�e�:� 

�y� �=� �0�.�3� 

�E� �=� �3�0�,�0�0�0�,�0�0�0� �p�s�i� 

�a� �=� �5�.�0�.� �i�n�.� 

�6� �=� �2�0�.�0� �i�n�.� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

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

�c�o�m�p�a�r�e�d� �i�n� �F�i�g�u�r�e�s� �3�.�9� �a�n�d� �3�.�1�0�;� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �3�.�3�.� �T�h�e�r�e� 

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

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

�a�r�e� �a�c�c�u�r�a�t�e�.� 

�3�.�7� �L�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �C�o�d�e� 

�E�v�e�n� �t�h�o�u�g�h� �t�h�e� �c�o�d�e� �a�s� �w�r�i�t�t�e�n� �b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]� �h�a�s� �b�e�e�n� �a�c�c�u�r�a�t�e�,� �i�t� 

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

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

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

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

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

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

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

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

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

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

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

�c�o�n�t�e�x�t� �o�f� �a� �n�o�n�l�i�n�e�a�r� �a�n�a�l�y�s�i�s�.� 
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�C�H�A�P�T�E�R� �3�.� �B�A�S�I�C� �F�I�N�I�T�E� �E�L�E�M�E�N�T� �C�O�D�E� 

�3�.�8� �S�u�m�m�a�r�y� 

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

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

�b�y� �e�n�h�a�n�c�i�n�g� �a� �b�a�s�i�c� �l�i�n�e�a�r� �e�l�a�s�t�i�c� �c�o�d�e� �w�r�i�t�t�e�n� �b�y� �K�a�s�a�l�i� �a�n�d� �C�l�o�u�g�h� �[�2�9�]�.� �T�h�e� �c�o�d�e� 

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

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

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

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

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

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

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

�t�o� �t�h�e� �c�o�d�e� �a�r�e� �p�r�e�s�e�n�t�e�d�.� 
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�C�h�a�p�t�e�r� �4� 

�A�d�d�i�t�i�o�n�s� �t�o� �t�h�e� �E�l�e�m�e�n�t� �L�i�b�r�a�r�y� 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

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

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

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

�n�e�w� �c�o�d�e�.� 
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�C�H�A�P�T�E�R� �4�.� �A�D�D�I�T�I�O�N�S� �T�O� �T�H�E� �E�L�E�M�E�N�T� �L�I�B�R�A�R�Y� 

�4�.�2� �I�n�t�e�r�f�a�c�e� �E�l�e�m�e�n�t� 

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

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

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

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

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

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

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

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

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

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

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

�S�p�e�c�i�a�l ��p�u�r�p�o�s�e� �e�l�e�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �s�i�m�u�l�a�t�e� �i�n�t�e�r�f�a�c�e� �r�e�s�p�o�n�s�e� �{�1�4�,� 

�2�1�,� �2�2�,� �6�3�,� �6�5�)�.� 

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

�f�o�l�l�o�w�s� �t�h�a�t� �c�r�e�d�i�t�e�d� �t�o� �G�o�o�d�m�a�n�,� �T�a�y�l�o�r�,� �a�n�d� �B�r�e�k�k�e� �[�2�2�]�.� �T�h�e� �e�l�e�m�e�n�t� �i�s� �f�o�r�m�u�-� �~� 

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

�t�o� �t�h�e� �i�n�t�e�r�f�a�c�e� �e�l�e�m�e�n�t�,� �F�i�g�u�r�e� �4�.�1�a�,� �a�n�d� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �a� �z�e�r�o ��t�h�i�c�k�n�e�s�s� �i�n�t�e�r�-� 

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

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

�F�i�g�u�r�e� �4�.�1�b�.� �T�h�i�s� �t�y�p�e� �o�f� �f�o�r�m�u�l�a�t�i�o�n� �w�a�s� �f�i�r�s�t� �p�r�o�p�o�s�e�d� �b�y� �Z�i�e�n�k�i�e�w�i�c�z� �e�t� �a�l�.� �[�6�5�]� 

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

�m�e�n�t� �h�a�s� �b�e�e�n� �f�u�r�t�h�e�r� �d�e�v�e�l�o�p�e�d� �b�y� �D�e�s�a�i� �a�n�d� �h�i�s� �a�s�s�o�c�i�a�t�e�s� �[�1�4�]�.� 
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�C�H�A�P�T�E�R� �4�.� �A�D�D�I�T�I�O�N�S� �T�O� �T�H�E� �E�L�E�M�E�N�T� �L�I�B�R�A�R�Y� 

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

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

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

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

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

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

�4�.�2�.�1� �Z�e�r�o ��T�h�i�c�k�n�e�s�s� �I�n�t�e�r�f�a�c�e� �E�l�e�m�e�n�t� 

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

�b�a�s�e�d� �o�n� �t�h�a�t� �p�r�o�p�o�s�e�d� �b�y� �G�o�o�d�m�a�n�,� �T�a�y�l�o�r�,� �a�n�d� �B�r�e�k�k�e� �[�2�2�]�.� �T�h�i�s� �e�l�e�m�e�n�t� �t�y�p�e� 

�i�s� �f�o�u�n�d� �i�n� �t�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �S�O�I�L�S�T�R�U�C�T�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �s�t�u�d�i�e�s� �f�o�r� �L�o�c�k� �a�n�d� �D�a�m� �2�6�(�R�)� �(�8�,� �3�3�,� �5�3�]�.� �A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�i�s� �e�l�e�m�e�n�t� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1�;� �h�a�s� �f�o�u�r� �n�o�d�e�s� �a�n�d� �z�e�r�o� �t�h�i�c�k�n�e�s�s�.� �T�h�u�s�,� �t�h�e� �e�l�e�m�e�n�t� �h�a�s� 

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

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

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

�4�.�2�.�2� �E�v�a�l�u�a�t�i�o�n� �o�f� �I�n�t�e�r�f�a�c�e� �E�l�e�m�e�n�t� �F�o�r�m�u�l�a�t�i�o�n� 

�W�h�e�n� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �f�o�r� �t�h�e� �G�o�o�d�m�a�n�,� �e�t� �a�l�.� �[�2�2�]� �i�n�t�e�r�f�a�c�e� �e�l�e�m�e�n�t� �w�a�s� �o�r�i�g�i�n�a�l�l�y� 

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

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

�s�o�l�i�d� �e�l�e�m�e�n�t�s�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �m�a�t�r�i�x�,� �[�K�]�,� �r�e�l�a�t�e�s� �o�f� �t�h�e� �a�b�s�o�l�u�t�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �o�f� �t�h�e� 

�a�d�j�a�c�e�n�t� �s�o�l�i�d� �e�l�e�m�e�n�t�s� �t�o� �t�h�e� �i�n�t�e�r�n�a�l� �f�o�r�c�e�s� �i�n� �t�h�e� �s�y�s�t�e�m�.� �R�e�v�i�e�w�i�n�g� �t�h�e� �t�e�r�m�s� �o�f� 

�t�h�e� �s�t�i�f�f�n�e�s�s� �m�a�t�r�i�x� �(�A�p�p�e�n�d�i�x� �A�)� �s�h�o�w�s� �t�h�a�t� �t�h�e� �o�f�f�-�d�i�a�g�o�n�a�l� �t�e�r�m�s� �o�f� �t�h�e� �s�t�i�f�f�n�e�s�s� 
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