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(ABSTRACT) 

Experimental and analytic investigations were performed to examine 

the influences of wall height, backfill behavior, and compaction on the 

magnitudes of backfill loads on rigid retaining walls. 

Measurements of lateral and vertical backfill loads were made 

during tests using the Virginia Tech instrumented retaining wall 

facility. The tests were performed with two soils, moist Yatesville 

silty sand and dry Light Castle sand. Two hand-operated compactors, a 

vibrating plate compactor and a rammer compactor, were used to compact 

the backfill. The backfill height was 6.5 feet in all of the tests. 

Analyses of backfill loads were made using a compaction- induced 

lateral earth pressure theory and a vertical shear force theory. The 

compaction-induced lateral earth pressure theory was revised from a 

previous theory. The revisions improved the accuracy with which the 

theory models the hysteretic stress behavior of the backfill during 

compaction. The theory was also extended to include the pore pressure 

response of moist backfill in a rational manner.



A vertical shear force theory was also developed during this 

research. The theory is based on consideration of backfill 

compressibility and mobilization of interface shear strength at the 

contact between the backfill and the wall. The theory provides a useful 

basis for understanding how wall height, backfill compressibility, wal]l- 

backfill interface behavior, and compaction-induced lateral pressures 

affect the vertical shear forces on rigid walls. 

Studies were also made to investigate the cause of erratic 

pressure cell readings. An important cause of drift in pressure cel] 

readings was found to be moisture changes in the concrete in which the 

pressure cells were mounted. It was found that this problem could be 

mitigated by applying a water-seal treatment to the face of the wall. 

Both the vibrating plate compactor and the rammer compactor were 

instrumented to measure dynamic forces and energy transfer during 

compaction. The force applied by the vibrating plate compactor was 

about one-quarter of the manufacturer’s rated force. The force applied 

by the rammer compactor was about twice the manufacturer’s rated force. 

The transferred energy measurements provided a basis for relating 

laboratory and field compaction procedures.
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CHAPTER 1 - INTRODUCTION 

Predicting the magnitude of loads applied by backfill to retaining 

walls is important for designing walls that are safe against 

instability, structural failure, and excessive deformation. For walls 

that are free to move away from or towards their backfills, earth loads 

have traditionally been calculated using the theories of Coulomb (1776), 

Rankine (1857), or Caquot and Kerisel (1948). For walls restrained from 

movement, earth loads are frequently calculated using an arbitrary value 

of the lateral earth pressure coefficient, or Jaky’s (1948) empirical 

relationship for soil in the at-rest condition. None of these 

approaches represents the influence of soil-structure interaction 

effects on the earth loads, nor do they rationally consider the 

influence of compaction equipment on the loads. 

Neglecting to consider these effects has led to excessively 

conservative design in some cases, and to inadequate performance in 

others. Ebeling et al. (1988) describe several earth retaining 

structures that do not satisfy conventional design criteria, but 

nevertheless perform satisfactorily. This suggests that the 

conventional criteria may be too conservative for certain types of 

structures. On the other hand, Mosher et al. (1991) describe retaining 

walls that cracked because of compaction-induced lateral earth 

pressures. The walls required extensive rehabilitation. 

Recently, both analytic and experimental studies have been 

undertaken to gain a better understanding of soil-structure interaction 
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and the influence of compaction equipment on the earth loads that act on 

retaining walls. Analytic studies performed by Seed and Duncan (1983), 

Ebeling et al. (1988), Ebeling et al. (1989), and Regalado et al. (1992) 

included development of new methods to calculate compaction-induced 

lateral earth pressures and to account for soil-structure interaction 

effects during backfilling. Soil-structure interaction effects include 

the influence of wall movement, wall geometry, and settlement of 

backfill due to self-weight. Backfill compression produces vertical 

shear stresses that are favorable for stability, according to the 

analyses. 

Experimental studies have been performed by Sehn and Duncan 

(1990). The experimental work included construction of a 7-foot high by 

10-foot long instrumented retaining wall that can be used to measure 

earth loads from compacted backfill. Using the new facility, Sehn and 

Duncan performed preliminary tests that served to establish procedures 

for tests subsequently performed with the instrumented retaining wall as 

part of the research described herein. 

These recent studies have shown that the magnitudes of earth loads 

on retaining walls depend on the compaction equipment used, the backfill 

behavior, the wall characteristics, and the foundation characteristics. 

The emphasis of the research described herein is on rigid walls with 

vertical back sides. For this class of walls, the most important 

factors that influence earth loads are the compactor, the soil behavior, 

and the wall height. 
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Accordingly, the purpose of this research was to use the 

instrumented retaining wall to measure the influences that compaction, 

soil type, and backfill height have on earth loads on walls, and to 

compare the measured loads with those expected based on the analytic 

studies. As the work progressed, it became clear that an improvement to 

the compaction-induced earth pressure theory was warranted, and that an 

extension of the theory to include partially saturated, fine-grained 

soils was possible. It also became clear that a simple vertical shear 

force theory would be useful to supplement the previous analytic 

studies, which used the finite element method. These theoretical 

developments constitute the analytic portion of this research. 

This dissertation is divided into nine chapters and two 

appendices. A description of previous work on the subject is presented ye 

in Chapter 2, including a description of the Virginia Tech Instrumented “ 

Retaining Wall Facility developed by Sehn and Duncan (1990). 

Chapter 3 presents an overview of the series of tests that were 

performed with the instrumented retaining wall as part of this research. 

The variables of the test program, the backfill soils used, the test 

procedures employed, and modifications made to the equipment are all 

described in Chapter 3. 

During the course of the experimental work, the cause of drift in 

pressure cell readings obtained from the instrumented retaining wall was 

identified. This, and other findings related to instrumentation 

behavior, are presented in Chapter 4. 
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Measurements of dynamic compactor force and transferred energy are 

presented in Chapter 5. A method for calculating contact forces from 

compactor characteristics and soil properties is developed. 

A personal communication received from Peck (1991) pointed out 

that unrealistic results are sometimes obtained from the compaction- 

induced earth pressure theory of Seed and Duncan (1983). Peck’s 

observation led to development of a revised compaction-induced earth 

pressure theory, which is presented in Chapter 6. The revised theory 

was extended to include the effects of pore water pressure in partially 

saturated backfill soil. 

Horizontal force and pressure measurements from the series of 

instrumented retaining wall tests performed as part of this research are 

presented and discussed in Chapter 7. The measured pressures are 

compared with calculations using the theory developed in Chapter 6. A 

case history of damage to two navigation lock walls caused by 

compaction-induced lateral pressures is also discussed and analyzed in 

Chapter 7. 

A theory for calculating vertical shear forces on rigid walls with 

vertical back sides is developed in Chapter 8. The new theory provides 

insight into the influences of backfill compressibility, interface 

behavior, wall height, and compaction-induced lateral stresses on 

development of vertical shear loads. The parameter studies by Ebeling 

et al. (1988), Ebeling et al. (1989), and Regalado et al. (1992) were 

reviewed to assess the influence of other factors on vertical shear 

loads. Measured vertical shear forces from the instrumented retaining 
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wall tests are presented and discussed in light of the findings from the 

theory and the review of the parameter studies. 

A summary, conclusions, and recommendations for further work are 

presented in Chapter 9. 

The results of laboratory tests performed on specimens of the 

backfill soils used in the instrumented retaining wall tests are 

presented in Appendix A. The user’s guide and program listing for 

EPCOMPAC, which calculates compaction-induced lateral earth pressures 

using the theory described in Chapter 6, are included in Appendix B. 
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CHAPTER 2 - PREVIOUS WORK 

2.1 Introduction 

This research is a continuation of work begun by Seed and Duncan 

(1983), Sehn and Duncan (1990), Ebeling et al. (1988), Ebeling et al. 

(1989), and Regalado et al. (1992) concerning the earth loads that act 

on retaining walls. 

The particular emphasis of the work by Seed and Duncan (1983) was 

compaction-induced lateral earth pressures. Seed and Duncan reviewed 

previous theoretical developments, as well as the large scale model 

tests and field studies documented in the literature. They developed 

analytic methods for calculating compaction-induced lateral earth 

pressures on rigid walls. They also developed techniques to incorporate 

compaction-induced lateral earth pressures in finite element analyses so 

that the stresses in, and deflections of, flexible structures could be 

analyzed. They compared the results of analyses using the newly 

developed techniques with published data from model tests and field 

studies. 

Sehn and Duncan (1990) updated the earlier literature review by 

Seed and Duncan (1983) and performed experimental studies of earth 

pressures due to compaction. They developed a new oedometer capable of 

measuring the horizontal stresses that occur in laterally restrained 

soil subject to vertical loads. They also developed an instrumented 

retaining wall test facility, which includes a 7-foot high by 10-foot 

long model wall that can be used to measure earth loads of backfill on 
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the wall. Sehn and Duncan (1990) performed four tests in the 

instrumented retaining wall facility. 

The literature reviews performed by Seed and Duncan (1983) and 

Sehn and Duncan (1990) constitute a current, complete review of the 

lateral earth pressure literature. Consequently, no separate literature 

review is included here. However, many of these references are relevant 

to the current research. The relevant references are cited and 

discussed where appropriate in the following chapters. 

The focus of the experimental portion of this research is on use 

of the instrumented retaining wall facility to measure vertical and 

lateral forces due to compacted backfill. So that the experimental work 

can be best understood, this chapter presents a description of the 

instrumented retaining wall and its operation. The principal findings 

from the four tests performed by Sehn and Duncan (1990) are also 

described. 

Ebeling et al. (1988), Ebeling et al. (1989), and Regalado et al. 

(1992) performed parameter studies using the finite element method to 

assess the influence that several factors have on retaining wall 

stability. The principal findings of these studies are discussed in 

Chapter 8. 

2.2 The Instrumented Retaining Wall Facility 

The instrumented retaining wall facility was described in detail 

by Sehn and Duncan (1990) from whom the following summary has been 

adapted. 
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2.2.1 Configuration of the Instrumented Retaining Wall 

The instrumented wall consists of four panels located within a 

very stiff reinforced concrete structure, as shown by the oblique view 

in Figure 2.1. Each panel is 2.5 feet long and 7 feet high, so the 

overall size of the wall is 10 feet long and 7 feet high. The backfill 

area is 6 feet wide, 10 feet long, and 7 feet high. Backfill is 

typically placed up to about 6.5 feet high against the wall. Backfill 

is also placed in the access ramp that leads down into the backfill 

area. 

Lateral support for the instrumented wall is provided by the 15- 

inch thick concrete reaction wall shown in Figure 2.1. A cross-section 

through the reaction wall and the lateral support system for the 

instrumented wall is shown in Figure 2.2. The lateral support system 

includes load cells, a steel frame, and screw jacks. The instrumented 

wall is directly supported by load cells, which react against the steel 

frame. The steel frame is, in turn, supported by screw jacks, which 

bear on the 15-inch thick concrete wall. The reaction wall is part of 

the massive U-frame structure that contains the instrumented wall and 

the backfill area, as shown in Figure 2.2. The base of the U-frame 

structure is 21 inches thick. The U-frame structure is essentially non- 

deflecting under the loads applied by the backfill. 

The screw jacks permit the instrumented wall to be moved towards 

or away from the backfill. The upper jacks can be moved independently 

of the lower jacks so that the instrumented wall can be rotated as well 

as translated. However, the panels cannot be moved independently; the 
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Figure 2.2: Cross-Section Through the Instrumented Retaining Wall 
Facility (after Sehn and Duncan, 1990) 
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steel frame moves all four panels the same distance, and in the same 

mode. 

2.2.2 Transducers 

The instrumented retaining wall includes 17 pressure cells, 20 

load cells, 8 linear variable differential transducers (LVDTs), 13 

ultrasonic distance measuring devices (UDMs), and 6 thermocouples. The 

locations of the pressure cells and the load cells with respect to the 

instrumented panels are shown on the instrumented wall elevation in 

Figure 2.3. The view in Figure 2.3 is of the instrumented wall from the 

backfill side. Thus, panel 1 is nearest the end wall of the facility, 

and panel 4 is nearest the access ramp. 

The pressure cells are flush mounted in panels 2 and 3. There are 

11 Gloetzl cells, 4 Carlson cells, and 2 Geonor cells. The Gloetz] 

cells are 14 cm long, 7 cm wide, and 0.45 cm thick. They are hydraulic, 

oil-filled cells. The oi] in each Gloetz] cell is connected to an 

electrical pressure transducer through a thick-walled, small diameter 

steel] tube. The Carlson cells are 7.4 inches in diameter and 1 inch 

thick. They are hydraulic, mercury-filled cells with thick outer faces. 

Pressure changes in the mercury cause deflections in a small diaphragm, 

and the deflections are read by a sensitive extensometer. The Geonor 

cells are 16.5 cm in diameter and 4.6 cm thick. They are diaphragm 

cells. Deformation of the diaphragm is measured by a vibrating wire 

transducer. The Gloetzl cells and the Carlson cells are functioning 

satisfactorily. One of the Geonor cells failed soon after installation 
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in the instrumented wall. The other Geonor cell continues to function 

but gives erratic, unreliable readings. Consequently, only readings 

from the 11 Gloetz!] cells and 4 Carlson cells are discussed in 

subsequent chapters. 

The load cells provide both vertical and lateral support for the 

instrumented panels. There are three horizontal load cells and two 

vertical load cells for each panel, as shown in Figure 2.3. Diagrams of 

the load cells are shown in Figure 2.4. The horizontal load cells are 

compression members instrumented with resistance strain gages. The 

vertical load cells must be able to accommodate movement of the 

instrumented wall without transferring shear forces. As shown in Figure 

2.4, a cantilever beam instrumented with resistance strain gages was 

developed for the vertical load cells. The beam, which is mounted to 

the panel with a steel bracket, supports a hardened steel roller that 

travels on a hardened steel pad. 

Movements of the instrumented wall are measured by 8 LVDTs, one at 

the top and one at the bottom of each wall panel. The LVDTs are located 

on the front of the instrumented wall, on the side opposite from the 

backfill. 

The ultrasonic distance measuring devices (UDMs) are used to 

measure the total thickness of the backfill after each lift is placed. 

The UDMs are mounted on a movable frame, as shown in Figures 2.1 and 

2.2. The UDMs emit a burst of high frequency sound that is reflected 

off the surface of the compacted backfill and returned to the UDM. The 
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�T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �p�r�e�l�i�m�i�n�a�r�y� �i�n� �n�a�t�u�r�e�,� �a�n�d� �w�e�r�e� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� 

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

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

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

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

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

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

�4�)� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e� �o�n� �t�h�e� �w�a�l�l� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�w�o� �w�a�y�s�:� �1�)� �b�y� 
�i�n�t�e�g�r�a�t�i�n�g� �t�h�e� �p�r�e�s�s�u�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� �m�e�a�s�u�r�e�d� �w�i�t�h� �t�h�e� 
�p�r�e�s�s�u�r�e� �c�e�l�l�s�,� �a�n�d� �2�)� �b�y� �s�u�m�m�i�n�g� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �l�o�a�d� �c�e�l�l� 
�r�e�a�d�i�n�g�s�.� �D�u�r�i�n�g� �b�a�c�k�f�i�l�l�i�n�g�,� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 
�m�e�t�h�o�d�s� �w�a�s� �g�o�o�d�.� �A�f�t�e�r� �b�a�c�k�f�i�l�l�i�n�g�,� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 
�m�e�t�h�o�d�s� �b�e�c�a�m�e� �w�o�r�s�e� �w�i�t�h� �t�i�m�e�.� 

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

�P�R�E�V�I�O�U�S� �W�O�R�K� �1�6



�C�H�A�P�T�E�R� �3� �-� �T�E�S�T� �P�R�O�G�R�A�M� 

�3�.�1�]� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

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

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

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

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

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

�3�.�2� �I�n�s�t�r�u�m�e�n�t�e�d� �R�e�t�a�i�n�i�n�g� �W�a�l�l� �T�e�s�t� �D�e�t�a�i�l�s� 

�A� �t�o�t�a�l� �o�f� �1�6� �t�e�s�t�s� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� 

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

�a�n�d� �D�u�n�c�a�n� �(�1�9�9�0�)�.� �T�e�s�t�s� �E�P� �5� �t�h�r�o�u�g�h� �E�P� �1�6� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�s� �p�a�r�t� �o�f� 

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

�3�.�1�.� �S�p�e�c�i�a�l� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �u�s�e�d� �d�u�r�i�n�g� �s�o�m�e� �o�f� �t�h�e� 

�t�e�s�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�2�.� 

�3�.�3� �S�o�i�l� �D�e�s�c�r�i�p�t�i�o�n�s� 

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

�w�a�l�l� �t�e�s�t�s�:� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d�,� �a�n�d� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d�.� �T�h�e� �r�e�s�u�l�t�s� 

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

�A�p�p�e�n�d�i�x� �A�.� 

�T�E�S�T� �P�R�O�G�R�A�M� �1�7



�T�A�B�L�E� �3�.�1�:� �I�n�s�t�r�u�m�e�n�t�e�d� �R�e�t�a�i�n�i�n�g� �W�a�l�l� �T�e�s�t� �C�o�n�d�i�t�i�o�n�s� 
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�D�r�y� �T�i�m�e� �|� �D�u�r�a�t�i�o�n� 

�W�a�t�e�r� �U�n�i�t� �L�i�f�t� �t�o� �a�f�t�e�r� 
�T�e�s�t� �S�o�i�l� �C�o�n�t�e�n�t� �|� �W�e�i�g�h�t� �|� �C�o�m�p�a�c�t�o�r� �|� �T�h�i�c�k�n�e�s�s� �|� �L�u�b�r�i�c�a�t�e�d� �|� �B�o�b�c�a�t� �|� �F�i�l�l� �F�i�l�l�i�n�g� 

�N�u�m�b�e�r� �|� �T�y�p�e�(�1�)� �(�%�)� �(�p�e�f�)� �T�y�p�e�(�2�)� �(�i�n�)� �W�a�l�l�s�(�3�)� �|� �U�s�e�(�4�)� �|� �(�d�a�y�s�)� �|� �(�d�a�y�s�)� 

�E�P� �1� �Y�S�S�1� �1�4�.�5� �1�1�5�.�5� �V�i�b� �4� �0� �Y� �1�.�2� �1�.�0� 

�E�P� �2� �Y�S�$�1� �1�4�.�2� �1�1�5�.�4� �V�i�b� �4� �0� �Y� �0�.�6� �4�.�5� 

�E�P� �3� �Y�S�s�i� �1�3�.�7� �1�1�4�.�2� �V�i�b� �6� �0� �Y� �0�.�4� �5�.�6� 

�E�P� �4� �Y�S�S�1� �1�0�.�1� �1�0�2�.�5� �V�i�b� �6� �0� �Y� �0�.�4� �4�.�6� 

�E�P� �5� �Y�S�S�1� �9�.�3� �1�0�2�.�5� �V�i�b� �6� �2� �Y� �0�.�4� �4�.�1� 

�E�P� �6� �Y�S�S�1� �9�.�7� �1�0�1�.�9� �V�i�b� �6� �2� �N� �0�.�4� �4�.�1� 

�E�P� �7� �Y�S�S�1� �1�1�.�1� �1�0�7�.�6� �V�i�b� �6� �0� �N� �0�.�4� �7�.�7� 

�E�P� �8� �Y�S�S�1� �1�2�.�1� �1�0�9�.�9� �V�i�b� �6� �2� �N� �0�.�4� �6�.�9� 

�E�P� �9� �Y�S�S�1� �1�2�.�5� �1�1�2�.�7� �V�i�b� �6� �2� �N� �0�.�4� �6�.�7� 

�E�P� �1�0� �Y�S�S�$�1� �1�1�.�8� �1�0�9�.�8� �V�i�b� �6� �3� �N� �0�.�6� �6�.�5� 

�E�P� �1�1� �Y�S�S�1� �1�3�.�5� �1�1�0�.�3� �V�i�b� �6� �0� �N� �0�.�4� �6�.�6� 

�E�P� �1�2� �Y�S�S�1� �1�2�.�3� �1�1�0�.�3� �V�i�b� �6� �2� �N� �2�.�7� �7�.�3� 

�E�P� �1�3� �Y�S�S�2� �1�2�.�7� �1�1�9�.�5� �V�i�b� �+� �R�a�m� �6� �2� �N� �1�.�3� �5�.�6� 

�E�P� �1�4� �Y�S�S�2� �1�0�.�1� �1�1�8�.�6� �|� �V�i�b� �+� �R�a�m� �6� �2� �N� �1�.�2� �1�3�.�7� 

�E�P� �1�5� �L�C�s� �0�.�0� �1�0�6�.�2� �R�a�m� �6� �2� �N� �1�.�3� �1�.�6� 

�E�P� �1�6� �L�c�s� �0�.�0� �1�0�4�.�7� �V�i�b� �6� �2� �N� �1�.�3� �4�.�6� 

�N�o�t�e�s�:� �1�)� �Y�S�S�1� �i�n�d�i�c�a�t�e�s� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �1�.� �Y�S�S�2� �i�n�d�i�c�a�t�e�s� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� 

�2�.� �L�C�S� �i�n�d�i�c�a�t�e�s� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d�.� 

�2�)� �V�i�b� �i�n�d�i�c�a�t�e�s� �t�h�e� �W�a�c�k�e�r� �B�P�U�2�4�4�0�A� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�.� �R�a�m� �i�n�d�i�c�a�t�e�s� �t�h�e� �W�a�c�k�e�r� 

�B�S�6�O�Y� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r�.� 

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

�l�u�b�r�i�c�a�t�e�d�.� �3� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �w�a�l�l�,� �t�h�e� �e�n�d� �w�a�l�l�,� �a�n�d� �t�h�e� �w�a�l�l� 

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

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

�T�E�S�T� �P�R�O�G�R�A�M� 

�i�n�d�i�c�a�t�e�d�.� 

�1�8



�T�A�B�L�E� �3�.�2�:� �S�p�e�c�i�a�l� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�n�d� �T�e�s�t� �P�r�o�c�e�d�u�r�e�s� 
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�B�u�r� �i�e�d� �S�u�r�f�a�c�e� �C�o�m�p�a�c�t�o�r� �W�a�l�l� 

�T�e�s�t� �P�r�e�s�s�u�r�e� �S�e�t�t� �l�e�m�e�n�t� �I�n�t�e�r�f�a�c�e� �F�o�r�c�e� �P�l�a�t�e� �L�o�a�d� �M�o�v�e�m�e�n�t� 

�N�u�m�b�e�r� �C�e�l�l�s� �G�a�g�e�s� �T�e�l�l�t�a�l�e�s� �M�e�a�s�u�r�e�m�e�n�t�s� �T�e�s�t� �T�e�s�t� 

�E�P� �1� �N� �N� �N� �N� �N� �N� 

�E�P� �2� �N� �N� �N� �N� �N� �N� 

�E�P� �3� �N� �N� �N� �N� �N� �N� 

�E�P� �4� �N� �N� �N� �N� �N� �N� 

�E�P� �5� �N� �Y� �N� �N� �N� �N� 

�E�P� �6� �N� �Y� �N� �N� �N� �N� 

�E�P� �7� �N� �Y� �N� �N� �N� �N� 

�E�P� �8� �N� �Y� �N� �N� �N� �N� 

�E�P� �9� �N� �Y� �N� �N� �N� �N� 

�E�P� �1�0� �N� �Y� �N� �N� �N� �N� 

�E�P� �1�1� �N� �Y� �N� �N� �N� �N� 

�E�P� �1�2� �Y� �Y� �Y� �Y� �N� �Y� 

�E�P� �1�3� �Y� �Y� �Y� �Y� �N� �Y� 

�E�P� �1�4� �Y� �Y� �Y� �Y� �Y� �Y� 

�E�P� �1�5� �Y� �Y� �Y� �Y� �Y� �Y� 

�E�P� �1�6� �Y� �Y� �Y� �Y� �Y� �Y� 
� � 

�T�E�S�T� �P�R�O�G�R�A�M� �1�9� 

� 



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

�Y�a�t�e�s�v�i�l�l�e� �L�a�k�e� �D�a�m� �o�n� �B�l�a�i�n�e� �C�r�e�e�k� �i�n� �L�a�w�r�e�n�c�e� �C�o�u�n�t�y�,� �K�e�n�t�u�c�k�y�.� �A�b�o�u�t� 

�4�7� �p�e�r�c�e�n�t� �o�f� �t�h�e� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �p�a�s�s�e�s� �t�h�e� �N�o�.� �2�0�0� �s�i�e�v�e�.� �I�t� �i�s� 

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

�o�f� �s�o�l�i�d�s� �i�s� �a�b�o�u�t� �2�.�6�7�.� �T�w�o� �b�a�t�c�h�e�s� �o�f� �t�h�e� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �w�e�r�e� 

�u�s�e�d� �i�n� �t�h�e� �t�e�s�t�i�n�g�.� �T�h�e�y� �a�r�e� �d�e�s�i�g�n�a�t�e�d� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �1� 

�(�Y�S�S�1�)�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �t�e�s�t�s� �E�P� �1� �t�h�r�o�u�g�h� �E�P� �1�2�,� �a�n�d� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� 

�s�a�n�d� �N�o�.� �2� �(�Y�S�S�2�)�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �t�e�s�t�s� �E�P� �1�3� �a�n�d� �E�P� �1�4�.� �A�s� 

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

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

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

�t�h�e� �t�w�o� �b�a�t�c�h�e�s�.� �F�o�r� �t�h�e� �Y�S�S�I�1�,� �t�h�e� �s�t�a�n�d�a�r�d� �P�r�o�c�t�o�r� �m�a�x�i�m�u�m� �d�r�y� �u�n�i�t� 

�w�e�i�g�h�t� �i�s� �1�2�0� �l�b�s�.� �p�e�r� �c�u�.� �f�t�.� �w�i�t�h� �a�n� �o�p�t�i�m�u�m� �w�a�t�e�r� �c�o�n�t�e�n�t� �o�f� �1�2�.�5� 

�p�e�r�c�e�n�t�,� �a�n�d� �t�h�e� �m�o�d�i�f�i�e�d� �P�r�o�c�t�o�r� �m�a�x�i�m�u�m� �d�r�y� �u�n�i�t� �w�e�i�g�h�t� �i�s� �1�2�8� �l�b�s�.� 

�p�e�r� �c�u�.� �f�t�.� �w�i�t�h� �a�n� �o�p�t�i�m�u�m� �w�a�t�e�r� �c�o�n�t�e�n�t� �o�f� �9� �p�e�r�c�e�n�t�.� �F�o�r� �t�h�e� �Y�S�S�2�,� 

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

�w�i�t�h� �a�n� �o�p�t�i�m�u�m� �w�a�t�e�r� �c�o�n�t�e�n�t� �o�f� �1�1� �p�e�r�c�e�n�t�,� �a�n�d� �t�h�e� �m�o�d�i�f�i�e�d� �P�r�o�c�t�o�r� 

�m�a�x�i�m�u�m� �d�r�y� �u�n�i�t� �w�e�i�g�h�t� �i�s� �1�3�2� �l�b�s�.� �p�e�r� �c�u�.� �f�t�.� �w�i�t�h� �a�n� �o�p�t�i�m�u�m� �w�a�t�e�r� 

�c�o�n�t�e�n�t� �o�f� �8�.�5� �p�e�r�c�e�n�t�.� 

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

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

�C�r�a�i�g� �C�o�u�n�t�y�,� �V�i�r�g�i�n�i�a�.� �A�b�o�u�t� �6�8� �p�e�r�c�e�n�t� �o�f� �t�h�e� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d� 

�p�a�s�s�e�s� �t�h�e� �N�o�.� �4�0� �s�i�e�v�e� �a�n�d� �l�e�s�s� �t�h�a�n� �1� �p�e�r�c�e�n�t� �p�a�s�s�e�s� �t�h�e� �N�o�.� �2�0�0� 

�s�i�e�v�e�.� �T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �u�n�i�f�o�r�m�i�t�y� �i�s� �1�.�8�,� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� 

�c�u�r�v�a�t�u�r�e� �i�s� �0�.�9�,� �a�n�d� �t�h�e� �U�n�i�f�i�e�d� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �i�s� �S�P�.� �T�h�e� �s�p�e�c�i�f�i�c� 

�T�E�S�T� �P�R�O�G�R�A�M� �2�0



�g�r�a�v�i�t�y� �o�f� �s�o�l�i�d�s� �i�s� �2�.�6�5�.� �T�h�e� �m�a�x�i�m�u�m� �a�n�d� �m�i�n�i�m�u�m� �d�e�n�s�i�t�i�e�s� �d�e�t�e�r�m�i�n�e�d� 

�a�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� �D�4�2�5�3�-�8�3� �a�n�d� �A�S�T�M� �D�4�2�5�4�-�8�3� �a�r�e� �1�0�6� �a�n�d� �8�8�.�5� �l�b�s�.� �p�e�r� 

�c�u�.� �f�t�.�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�3�.�4� �B�a�c�k�f�i�l�l� �P�l�a�c�e�m�e�n�t� �a�n�d� �C�o�m�p�a�c�t�i�o�n� �P�r�o�c�e�d�u�r�e�s� 

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

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

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

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

�b�a�c�k�f�i�l�l� �a�r�e�a� �w�i�t�h� �a� �s�m�a�l�l� �f�r�o�n�t�-�e�n�d� �l�o�a�d�e�r�.� �I�n� �t�e�s�t�s� �E�P� �1� �t�h�r�o�u�g�h� �E�P� 

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

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

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

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

�t�e�s�t�s� �w�i�t�h� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �b�a�c�k�f�i�l�l�,� �E�P� �6� �t�h�r�o�u�g�h� �E�P� �1�4�,� �t�h�e� �s�o�i�l� 

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

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

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

�t�h�i�c�k�n�e�s�s�e�s�.� �F�o�r� �t�e�s�t�s� �E�P� �1� �a�n�d� �E�P� �2�,� �t�h�e� �c�o�m�p�a�c�t�e�d� �l�i�f�t� �t�h�i�c�k�n�e�s�s� �w�a�s� 

�4� �i�n�c�h�e�s�.� �F�o�r� �t�e�s�t�s� �E�P� �3� �t�h�r�o�u�g�h� �E�P� �1�4�,� �t�h�e� �c�o�m�p�a�c�t�e�d� �l�i�f�t� �t�h�i�c�k�n�e�s�s� 

�w�a�s� �6� �i�n�c�h�e�s�.� 

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

�p�a�s�s�e�s� �o�f� �a� �W�a�c�k�e�r� �B�P�U�2�4�4�0�A� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�.� �I�n� �t�e�s�t�s� �E�P� �1�3� 

�a�n�d� �E�P� �1�4�,� �b�o�t�h� �t�h�e� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� �a�n�d� �a� �W�a�c�k�e�r� �B�S�6�0�Y� �r�a�m�m�e�r� 

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

�T�E�S�T� �P�R�O�G�R�A�M� �2�1



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

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

�c�o�m�p�a�c�t�o�r�.� �A�s� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �5�,� �b�o�t�h� �c�o�m�p�a�c�t�o�r�s� �m�a�k�e� �s�i�g�n�i�f�i�c�a�n�t� 

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

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

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

�C�h�a�p�t�e�r�s� �5� �t�h�r�o�u�g�h� �7�.� �T�w�o� �p�a�s�s�e�s� �o�f� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� �w�e�r�e� �a�p�p�l�i�e�d� 

�t�o� �e�a�c�h� �l�i�f�t� �i�n� �t�e�s�t�s� �E�P� �1�3� �a�n�d� �E�P�1�4�.� 

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

�d�i�f�f�e�r�e�n�t� �f�o�r� �t�h�e� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �i�n� �t�e�s�t�s� �E�P� �1�5� �a�n�d� 

�E�P� �1�6�.� �T�h�e� �s�a�n�d� �w�a�s� �k�e�p�t� �d�r�y�;� �h�y�g�r�o�s�c�o�p�i�c� �m�o�i�s�t�u�r�e� �w�a�s� �l�e�s�s� �t�h�a�n� �0�.�1� 

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

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

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

�t�h�i�c�k�n�e�s�s� �t�o� �p�r�o�d�u�c�e� �a� �c�o�m�p�a�c�t�e�d� �l�i�f�t� �t�h�i�c�k�n�e�s�s� �o�f� �6� �i�n�c�h�e�s�.� 

�I�n� �t�e�s�t� �E�P� �1�5�,� �e�a�c�h� �l�i�f�t� �o�f� �b�a�c�k�f�i�l�l� �w�a�s� �c�o�m�p�a�c�t�e�d� �b�y� �2� �p�a�s�s�e�s� �o�f� 

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

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

�p�l�a�t�e� �c�o�m�p�a�c�t�o�r�.� �I�n� �t�e�s�t� �E�P� �1�6�,� �e�a�c�h� �l�i�f�t� �o�f� �b�a�c�k�f�i�l�l� �w�a�s� �c�o�m�p�a�c�t�e�d� �b�y� 

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

�3�.�5� �M�o�d�i�f�i�c�a�t�i�o�n�s� �t�o� �t�h�e� �I�n�s�t�r�u�m�e�n�t�e�d� �R�e�t�a�i�n�i�n�g� �W�a�l�l� 

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

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

�1�)� �T�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�r�e�a� �b�e�t�w�e�e�n� �t�h�e� �f�r�o�n�t� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� 
�w�a�l�l� �(�t�h�e� �s�i�d�e� �o�p�p�o�s�i�t�e� �t�h�e� �b�a�c�k�f�i�l�l�)� �a�n�d� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�l�l� �w�a�s� 
�i�n�s�u�l�a�t�e�d� �w�i�t�h� �4� �i�n�c�h�e�s� �o�f� �f�o�a�m� �i�n�s�u�l�a�t�i�o�n� �b�o�a�r�d�.� �T�h�i�s� �r�e�d�u�c�e�d� 

�T�E�S�T� �P�R�O�G�R�A�M� �2�2



�t�e�m�p�e�r�a�t�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �t�o� �a�b�o�u�t� �+�2�°�F� �d�u�r�i�n�g� �e�a�c�h� �t�e�s�t�.� �T�h�e� 
�i�n�s�u�l�a�t�i�o�n� �w�a�s� �a�d�d�e�d� �b�e�t�w�e�e�n� �t�e�s�t�s� �E�P� �5� �a�n�d� �E�P� �6�.� 

�2�)� �S�i�x� �a�d�d�i�t�i�o�n�a�l� �t�h�e�r�m�o�c�o�u�p�l�e�s� �(�f�o�r� �a� �t�o�t�a�l� �o�f� �1�2� �t�h�e�r�m�o�c�o�u�p�l�e�s�)� 
�w�e�r�e� �a�d�d�e�d� �t�o� �c�h�e�c�k� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �o�n� �t�h�e� 
�p�r�e�s�s�u�r�e� �c�e�l�l� �r�e�a�d�i�n�g�s�.� �T�h�e�s�e� �t�h�e�r�m�o�c�o�u�p�l�e�s� �w�e�r�e� �a�d�d�e�d� �b�e�t�w�e�e�n� 
�t�e�s�t�s� �E�P� �8� �a�n�d� �E�P� �9�.� �T�w�o� �t�h�e�r�m�o�c�o�u�p�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �e�a�c�h� �o�f� 
�t�h�r�e�e� �G�l�o�e�t�z�l� �p�r�e�s�s�u�r�e� �c�e�l�l�s�,� �o�n�e� �o�n� �t�h�e� �s�t�e�e�l� �t�u�b�e� �t�h�a�t� 
�e�x�t�e�n�d�s� �f�r�o�m� �t�h�e� �b�a�c�k� �o�f� �e�a�c�h� �c�e�l�l� �a�n�d� �t�h�e� �o�t�h�e�r� �l�o�c�a�t�e�d� 
�b�e�n�e�a�t�h� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �p�a�n�e�l� �a�t� �t�h�e� �d�e�p�t�h� �o�f� �t�h�e� 
�b�a�c�k� �o�f� �t�h�e� �G�l�o�e�t�z�l� �c�e�l�l�s�.� �R�e�a�d�i�n�g�s� �f�r�o�m� �t�h�e�s�e� �t�h�e�r�m�o�c�o�u�p�l�e�s� 
�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �f�l�u�c�t�u�a�t�i�o�n�s� �w�e�r�e� �s�m�a�l�l� �a�n�d� �n�o�t� 
�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �o�b�s�e�r�v�e�d� �c�h�a�n�g�e�s� �i�n� �p�r�e�s�s�u�r�e� �c�e�l�l� �r�e�a�d�i�n�g�s�.� 
�T�h�u�s�,� �i�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �d�i�d� �n�o�t� �h�a�v�e� �a� 
�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �r�e�a�d�i�n�g�s�,� �f�o�r� �t�h�e� 
�c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e�s�e� �t�e�s�t�s�.� 

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

�i�n� �t�h�e� �n�e�x�t� �i�t�e�m�.� �L�o�a�d� �c�e�l�l� �m�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �b�e�f�o�r�e� �a�n�d� 
�a�f�t�e�r� �m�o�v�i�n�g� �t�h�e� �w�a�l�l� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �w�a�l�l� �w�a�s� �f�r�e�e� �f�r�o�m� 
�f�r�i�c�t�i�o�n�a�l� �d�r�a�g�.� �T�h�e� �b�a�l�l� �t�r�a�n�s�f�e�r�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d� �b�e�t�w�e�e�n� 
�t�e�s�t�s� �E�P� �1�1� �a�n�d� �E�P� �1�2�.� 

�4�)� �A� �c�h�a�i�n� �d�r�i�v�e� �w�a�s� �a�d�d�e�d� �t�o� �p�e�r�m�i�t� �m�o�v�i�n�g� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �w�a�l�]� 
�t�o�w�a�r�d�s� �o�r� �a�w�a�y� �f�r�o�m� �t�h�e� �f�i�l�l�.� �T�h�e� �s�c�r�e�w� �j�a�c�k�s� �f�o�r� �m�o�v�i�n�g� �t�h�e� 

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

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

�5�)� �A�n� �a�l�i�p�h�a�t�i�c� �p�e�t�r�o�l�e�u�m� �d�i�s�t�i�l�l�a�t�e�,� �T�h�o�m�p�s�o�n ��s� �W�a�t�e�r� �S�e�a�l�,� �w�a�s� 
�a�p�p�l�i�e�d� �t�o� �t�h�e� �c�e�n�t�e�r� �t�w�o� �p�a�n�e�l�s�,� �p�a�n�e�l�s� �2� �a�n�d� �3�,� �t�o� �r�e�d�u�c�e� 

�d�r�i�f�t� �i�n� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�i�s� �t�r�e�a�t�m�e�n�t� �i�s� 
�d�i�s�c�u�s�s�e�d� �i�n� �m�o�r�e� �d�e�t�a�i�l� �i�n� �C�h�a�p�t�e�r� �4�.� �T�h�e� �T�h�o�m�p�s�o�n ��s� �W�a�t�e�r� 
�S�e�a�l� �t�r�e�a�t�m�e�n�t� �w�a�s� �a�p�p�l�i�e�d� �b�e�t�w�e�e�n� �t�e�s�t�s� �E�P� �1�2� �a�n�d� �E�P� �1�3�.� 

�T�E�S�T� �P�R�O�G�R�A�M� �2�3



�6�)� �A� �l�a�m�i�n�a�t�e�d� �p�l�a�s�t�i�c� �c�o�v�e�r�i�n�g� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �e�n�d� �w�a�l�l� �o�f� �t�h�e� 
�f�a�c�i�l�i�t�y� �a�n�d� �t�h�e� �w�a�l�l� �o�p�p�o�s�i�t�e� �f�r�o�m� �t�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �w�a�l�l�.� �T�h�e� 
�p�l�a�s�t�i�c� �c�o�v�e�r�i�n�g� �m�a�d�e� �t�h�e� �p�r�o�c�e�s�s� �o�f� �l�u�b�r�i�c�a�t�i�n�g� �t�h�e�s�e� �w�a�l�l�s� 
�m�u�c�h� �e�a�s�i�e�r�.� �W�a�l�l� �l�u�b�r�i�c�a�t�i�o�n� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �7�.� �T�h�e� 
�l�a�m�i�n�a�t�e�d� �p�l�a�s�t�i�c� �w�a�s� �a�p�p�l�i�e�d� �b�e�t�w�e�e�n� �t�e�s�t�s� �E�P� �1�1� �a�n�d� �E�P� �1�2�.� 
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�C�H�A�P�T�E�R� �4� �-� �I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R� 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �i�n�s�t�r�u�m�e�n�t�e�d� �r�e�t�a�i�n�i�n�g� �w�a�l�l� �i�n�c�l�u�d�e�s� �2�0� �l�o�a�d� �c�e�l�l�s�,� �1�5� �c�o�n�t�a�c�t� 

�p�r�e�s�s�u�r�e� �c�e�l�l�s�,� �9� �L�V�D�T ��s�,� �1�2� �t�h�e�r�m�o�c�o�u�p�l�e�s�,� �a�n�d� �1�3� �u�l�t�r�a�-�s�o�n�i�c� �d�i�s�t�a�n�c�e� 

�m�e�a�s�u�r�i�n�g� �d�e�v�i�c�e�s�.� �S�e�h�n� �a�n�d� �D�u�n�c�a�n� �(�1�9�9�0�)� �h�a�v�e� �d�e�s�c�r�i�b�e�d� �t�h�e� 

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

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

�w�a�l�l� �t�e�s�t�s�.� �S�u�b�s�e�q�u�e�n�t� �t�e�s�t�s� �(�E�P� �5� �t�h�r�o�u�g�h� �E�P� �1�6�)� �d�i�s�c�l�o�s�e�d� �s�o�m�e� �n�e�w� 

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

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

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

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

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

�r�e�a�d�i�n�g�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �S�p�a�n�g�l�e�r� �a�n�d� �M�i�c�k�l�e� �(�1�9�5�6�)�,� �C�o�r�b�e�t�t� 

�e�t� �a�l�.� �(�1�9�7�1�)�,� �J�o�n�e�s� �a�n�d� �S�i�m�s� �(�1�9�7�5�)�,� �C�o�y�l�e� �a�n�d� �B�a�r�t�o�s�k�e�w�i�t�z� �(�1�9�7�6�)�,� 

�R�o�t�h� �e�t� �a�l�.� �(�1�9�7�9�)�,� �S�m�o�l�t�c�z�y�k� �e�t� �a�l�.� �(�1�9�7�9�)�,� �S�c�h�u�l�z�e� �e�t� �a�l�.� �(�1�9�8�1�)�,� �a�n�d� 

�V�o�g�t� �e�t� �a�l�.� �(�1�9�8�6�)�,� �a�m�o�n�g� �o�t�h�e�r�s�.� �D�u�n�n�i�c�l�i�f�f� �(�1�9�8�8�)� �a�t�t�r�i�b�u�t�e�s� �s�c�a�t�t�e�r� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�4�.�2� �S�o�m�e� �P�r�e�v�i�o�u�s� �E�x�a�m�p�l�e�s� �o�f� �C�o�n�t�a�c�t� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�r�i�f�t� 

�C�o�y�l�e� �a�n�d� �B�a�r�t�o�s�k�e�w�i�t�z� �(�1�9�7�6�)� �i�n�s�t�r�u�m�e�n�t�e�d� �t�h�e� �b�a�c�k� �s�i�d�e� �o�f� �a� 

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

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

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

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

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

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

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

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

�r�e�v�e�r�s�a�l� �o�f� �t�h�e� �t�r�e�n�d� �a�t� �d�a�y� �4�4�3�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �c�o�n�s�t�a�n�t� �f�o�r�c�e� �f�r�o�m� 

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

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

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

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

�c�e�l�l� �r�e�a�d�i�n�g�s� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�,� �b�u�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�o�r�r�e�c�t�i�o�n� 
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�F�i�g�u�r�e� �4�.�1�:� �C�o�n�t�a�c�t� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�r�i�f�t� �f�o�r� �a�n� �I�n�s�t�r�u�m�e�n�t�e�d� �P�r�e�c�a�s�t� 
�P�a�n�e�l� �R�e�t�a�i�n�i�n�g� �W�a�l�l� �(�C�o�y�l�e� �a�n�d� �B�a�r�t�o�s�k�e�w�i�t�z�,� �1�9�7�6�)� 
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�w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �t�h�e� �c�e�l�l�s� �e�x�p�o�s�e�d� �t�o� �a�i�r� �a�n�d� �p�r�o�b�a�b�l�y� �u�n�d�e�r�s�t�a�t�e�s� 

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

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

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

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

�s�e�a�s�o�n� �o�c�c�u�r�r�e�d� �f�r�o�m� �d�a�y�s� �7�9� �t�o� �1�7�0�,� �a� �p�e�r�i�o�d� �o�f� �n�e�g�a�t�i�v�e� �p�r�e�s�s�u�r�e� �c�e�l�l� 

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

�u�s�u�a�l� �s�o�u�r�c�e�s�.� 

�R�o�t�h� �e�t� �a�l�.� �(�1�9�7�9�)� �i�n�s�t�a�l�l�e�d� �c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �c�e�l�l�s� �o�n� �a� �d�e�e�p� 

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

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

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

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

�S�c�h�u�l�z�e� �e�t� �a�l�.� �(�1�9�8�1�)� �i�n�s�t�a�l�l�e�d� �1�2� �c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �c�e�l�l�s� �o�n� �a� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�4�.�3� �P�r�e�s�s�u�r�e� �C�e�l�l� �C�a�l�i�b�r�a�t�i�o�n�s� 

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

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

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

�(�1�9�8�8�)� �r�e�c�o�m�m�e�n�d�s� �t�h�a�t� �b�o�t�h� �t�y�p�e�s� �o�f� �c�a�l�i�b�r�a�t�i�o�n� �b�e� �p�e�r�f�o�r�m�e�d� �a�n�d� �t�h�a�t� 

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

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

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

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

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

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

�c�a�l�i�b�r�a�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �b�y� �S�e�h�n� �a�n�d� �D�u�n�c�a�n� �(�1�9�9�0�)�.� �T�h�e� �f�l�u�i�d� 

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

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

�m�e�a�s�u�r�e�m�e�n�t�s�.� 

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

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

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

�o�n� �e�a�c�h� �c�e�l�l� �f�o�r� �e�a�c�h� �s�o�i�l� �c�o�n�d�i�t�i�o�n� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �1�5� �c�e�l�l�s� �i�n� �t�h�e� 

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

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

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

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

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

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

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

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

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

�(�1�9�7�7�)� �f�o�r� �t�h�e�i�r� �t�e�s�t� �w�a�l�l�.� �T�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r�s� 

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

�T�a�b�l�e� �4�.�1�.� 

�T�h�e� �a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r�s� �i�n� �T�a�b�l�e� �4�.�1� �a�r�e� �a�l�l� �c�l�o�s�e� �t�o� �u�n�i�t�y�,� 

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

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

�a�p�p�l�i�e�d�.� �A�s� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �2�,� �b�o�t�h� �G�l�o�e�t�z�]� �c�e�l�l�s� �a�n�d� �C�a�r�l�s�o�n� 

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

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

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

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

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

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

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

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

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �i�n�-�s�i�t�u� �c�a�l�i�b�r�a�t�i�o�n� �w�i�t�h� �p�r�e�s�s�u�r�e� �a�p�p�l�i�e�d� �t�h�r�o�u�g�h� �a� �s�o�i�l�.� 
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�T�A�B�L�E� �4�.�1�:� �P�r�e�s�s�u�r�e� �C�e�l�l� �A�d�j�u�s�t�m�e�n�t� �F�a�c�t�o�r�s� �f�r�o�m� �I�n�-�S�i�t�u� �C�a�l�i�b�r�a�t�i�o�n� 

�I�n�s�t�r�u�m�e�n�t�e�d� �B�a�c�k�f�i�l�l� �P�r�e�s�s�u�r�e� 
�R�e�t�a�i�n�i�n�g� �W�a�t�e�r� �C�e�l�l� 
�W�a�l�l� �T�e�s�t� �B�a�c�k�f�i�l� �C�o�n�t�e�n�t� �A�d�j�u�s�t�m�e�n�t� 

�N�u�m�b�e�r� �T�y�p�e�l�)� �(�p�e�r�c�e�n�t�)� �F�a�c�t�o�r�s�(�2�)� 

�E�P� �5� �Y�S�S�1� �9�.�3� �1�.�1�6� 

�E�P� �6� �Y�S�S�1� �9�.�7� �1�.�0�4� 

�E�P� �7� �Y�S�S�1� �1�1�.�1� �1�.�0�5� 

�E�P� �8� �Y�S�S�1� �1�2�.�1� �1�.�0�1� 

�E�P� �9� �Y�S�S�1� �1�2�.�5� �1�.�0�6� 

�E�P� �1�0� �Y�S�S�1� �1�1�.�8� �1�.�1�5� 

�E�P� �1�]� �Y�S�S�1� �1�3�.�5� �0�.�9�3� 

�E�P� �1�2� �Y�S�S�1� �1�2�.�3� �0�.�9�8� 

�E�P� �1�3� �Y�S�S�2� �1�2�.�7� �0�.�9�7� 

�E�P� �1�4� �Y�S�S�2� �1�0�.�1� �0�.�8�8� 

�E�P� �1�5� �L�C�S� �<�0�.�1� �0�.�8�7� 

�E�P� �1�6� �L�C�S� �<�0�.�1� �0�.�9�2� 

�N�o�t�e�s�:� �1�)� �Y�S�S�1� �i�n�d�i�c�a�t�e�s� �Y�a�t�e�s�v�i�l�l�e� �S�i�l�t�y� �S�a�n�d� �N�o�.� �1�,� �Y�S�S�2� �i�n�d�i�c�a�t�e�s� 
�Y�a�t�e�s�v�i�l�l�e� �S�i�l�t�y� �S�a�n�d� �N�o�.� �2�,� �a�n�d� �L�C�S� �i�n�d�i�c�a�t�e�s� �L�i�g�h�t� 

�C�a�s�t�l�e� �S�a�n�d�.� 
�2�)� �T�h�e� �P�r�e�s�s�u�r�e� �C�e�l�l� �A�d�j�u�s�t�m�e�n�t� �F�a�c�t�o�r� �i�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� 

�h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �l�o�a�d� �c�e�l�l�s� �t�o� �t�h�e� 
�h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e� �o�b�t�a�i�n�e�d� �b�y� �i�n�t�e�g�r�a�t�i�n�g� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� 
�r�e�a�d�i�n�g�s�.� �T�h�e� �f�a�c�t�o�r�s� �l�i�s�t�e�d� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �a�t� �t�h�e� �e�n�d� �o�f� 
�b�a�c�k�f�i�l�l� �p�l�a�c�e�m�e�n�t�.� 
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�4�.�4� �I�n�s�t�r�u�m�e�n�t�e�d� �R�e�t�a�i�n�i�n�g� �W�a�l�l� �T�e�s�t� �R�e�s�u�l�t�s� 

�A� �s�e�t� �o�f� �t�y�p�i�c�a�l� �t�e�s�t� �r�e�s�u�l�t�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �4�.�2� �t�h�r�o�u�g�h� �4�.�6�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �f�r�o�m� �t�e�s�t� �E�P� �8�,� �i�n� �w�h�i�c�h� �t�h�e� �W�a�c�k�e�r� �B�P�U�2�4�4�0�A� �v�i�b�r�a�t�i�n�g� 

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

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

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

�4�.�4�.�1� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�a�t�a� �S�c�a�t�t�e�r� 

�F�i�g�u�r�e� �4�.�2� �s�h�o�w�s� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�]� �r�e�a�d�i�n�g�s� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� 

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

�i�n� �t�h�e� �d�a�t�a�,� �b�u�t�,� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� �s�o� �m�a�n�y� �c�e�l�l�s� �(�1�5� �c�e�l�l�s� �i�n� �t�h�e� �6�.�5�-� 

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

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

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

�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �d�a�t�a�,� �h�a�v�e� �b�e�e�n� �n�o�t�e�d� �b�y� �V�o�g�t�,� �e�t�.� �a�l�.� �(�1�9�8�6�)� �a�n�d� 

�D�u�n�n�i�c�l�i�f�f� �(�1�9�8�8�)�.� 

�4�.�4�.�2� �L�o�a�d� �C�e�l�l� �B�e�h�a�v�i�o�r� 

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

�i�n� �t�h�e� �l�o�a�d� �c�e�l�l� �d�a�t�a�.� �F�i�g�u�r�e� �4�.�3� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �h�o�r�i�z�o�n�t�a�l� 

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

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

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

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

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

�a�g�r�e�e�m�e�n�t� �a�m�o�n�g� �t�h�e� �d�a�t�a� �f�o�r� �t�h�e� �f�o�u�r� �p�a�n�e�l�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�3� 

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

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

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

�f�o�r� �t�h�e� �p�a�n�e�l�s�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�6�.�3� �f�t�*� �p�e�r� �p�a�n�e�l�.� 

�T�h�e� �h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�3� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

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

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

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

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

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

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

�4�.�3� �a�l�s�o� �s�h�o�w�s� �t�h�e� �m�e�a�s�u�r�e�d� �h�o�r�i�z�o�n�t�a�l� �l�o�a�d�s� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� 

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

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

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

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

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

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

�F�i�g�u�r�e� �4�.�4� �s�h�o�w�s� �t�h�a�t� �t�h�e� �v�e�r�t�i�c�a�l� �s�h�e�a�r� �l�o�a�d� �i�n�c�r�e�a�s�e�s� �w�i�t�h� 

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

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

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

�s�e�t�t�l�e�m�e�n�t� �o�f� �t�h�e� �b�a�c�k�f�i�l�l� �a�n�d� �m�o�b�i�l�i�z�a�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �s�h�e�a�r� �s�t�r�e�s�s� 
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�a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�i�t�h� �t�h�e� �w�a�l�l�.� �A�f�t�e�r� �e�x�c�a�v�a�t�i�o�n�,� �t�h�e� �v�e�r�t�i�c�a�l� �l�o�a�d�s� 

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

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

�I�n� �t�e�s�t� �E�P� �8�,� �t�h�e� �f�o�r�c�e� �d�a�t�a� �f�o�r� �a�l�l� �f�o�u�r� �p�a�n�e�l�s� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� 

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

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

�p�a�n�e�l�s� �i�n� �t�h�i�s� �c�a�s�e�.� �I�n� �t�e�s�t� �E�P� �8�,� �t�h�e� �e�n�d� �w�a�l�l� �o�f� �t�h�e� �b�a�c�k�f�i�l�l� 

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

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

�p�a�n�e�l� �1�]� �t�h�a�t� �m�a�t�c�h�e�d� �t�h�o�s�e� �f�r�o�m� �t�h�e� �o�t�h�e�r� �p�a�n�e�l�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�n�d� �w�a�l�l� 

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

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

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

�t�h�e� �p�o�t�e�n�t�i�a�l� �i�n�f�l�u�e�n�c�e� �o�f� �e�n�d� �e�f�f�e�c�t�s� �o�n� �p�a�n�e�l�s� �1� �a�n�d� �4�,� �o�n�l�y� �a�v�e�r�a�g�e�s� 

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

�4�.�4�.�3� �C�o�m�p�a�r�i�s�o�n� �o�f� �P�r�e�s�s�u�r�e� �C�e�l�l� �a�n�d� �L�o�a�d� �C�e�l�l� �D�a�t�a� 

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

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

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

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

�t�h�e� �h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e� �f�r�o�m� �t�h�e� �l�o�a�d� �c�e�l�l� �d�a�t�a�.� �F�i�g�u�r�e� �4�.�5� �s�h�o�w�s� �t�h�i�s� 

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

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

�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R� �3�7



�B�y�}� �W
�O

�U
�}� 
�p�u�e� �B

�e
�g

� �|� �1�9�)� �p�e�o�}� �a�y�y� �W
�o�u�J� �p�a�y�n�d�w

�o�y�)� 
�s�a�p�n�z�L�u�b�e�w

� 
�a�d�u�0�4� �L�e�y�U

�O
�Z

�L�U
�O

�H
� 

�J�o� �U
�O

�S
�L�U

�e�d�W
�O

�)� 
�:�G

�°�p� �a�u�n�b�L�4� 

�0�0�S
 �� 

�0�0�S� 

�O
�O

�O
�L� 

�O
�O

�S
� 

�1� 

�(�s�k�o�p�)� �O
�N�I�T�H�4� 

�J�O� �G
�N�A� �A�O

�N�I�S� 
�3�W

�I�L� 

�8� 
�d�j� 

�y�S�e�)�,� �A
�O

�J� �O
�P

�Q
� 

�L�L�9�D
� �B

�U
�N

�S
�S

�d
�u

�d
� 

�Q�s�)� �L�H
�S�I�G

�H
� 

�T
�H

� 

�
 
�
 

�
 
�
 

� � �
 
�
 

� � 
� � 

�
 
�
 

� � 
� � 

�8� 
�L� 

�9� 
�G� 

�¥� 
�¢� 

�C� 
�|� 

�O
�L

� 
�9� 

�G� 
�v� 

�v� 
�C� 

�L� 
�0� 

�|� 
�]� 

�|� 
�|� 

�|� 
�I� 

�I� 
�;� 

�T� 
�'� 

�q�T� 
�1� 

�T� 
�i� 

�q� 
�|� 

�J� 
�q� 

�T�T� �|� �a
�a

� 
�r

�e
�r

�e
�?

� 
�?� 

�t� 
�I� 

�q�v� 
�q�T� 

�m
�y

� �q�T� 
�T� 

�T� 

�e� 
�|� 

�D
�}�D

�q� �|�]�9�D� �s�4
�N

�S
�s�o

�i�d
� 

�W
�O

�l�l� �@
� 

�|� 

�:� 
�;� 

�D�}�0�Q�g� �{�9�D� �p�o�o�}� �w�o�l�j� �m
�i� 

�7� 
�-� 

�b�a� 

�L� 
�4� 

�o�f� 
�G

�N
�3

�9
�3

�1
� �;� 

�} �� �-� �-�_
� �i� 

 �� 
�w

�e
� 

�n�e� �
a

�
 
�
e

�
e

�
 

�e
�e

� �e
�e

�e
� 
�=

� 
�J

� 
�
a

�
 

�e�e� 
�e�e� 

�
+

�
 

�L� 
�L� 

�a
� 

�8
� 

�a� 
�t� 

�|� 
�|� 

�e�f� 
�!� 

�L� 
�@

� 
�L� 

�®� 
�©� 

�6� 
�e�n� �f� 

�4� 
�5� 

�H
�i� 

�4� 

�e
�i�t� 

�o�f� 
�-� 

�=� 
�a� 

�a� 
�"� 

�=� 
�a

�n
�f�:� 

�:� 
�a� 

�f� 
�1� 

�L� 
�@

� 
�L� 

�a� 
�4� 

�L� 
�%

�2
�6

� �=� 
 ��d

�w
�o

�y� �"�e�y� 
�,� 

�r� 
�U

�O
�I�J�O

�A
�D

�O
�X

�Y
� 

�s�4�s�O
�j�o�g� 

�A
�j�a�y�o�i�p�o�w

�i�w
�y� 

�=
� 

�r� 
�y�o�d� �6

�6
�0

�1
� �=� 

�"�A� 
�4� 

�a� 
�|� 

�7� 
�S

�l�°�C
�L

� �=� 
�9�M

� 
�7� 

�y� 
�7� 

 �� 
�8

�4
�0

�i� �B
�u

�n
�o

�i�g
�i�A

� 
�Y

�O
�r�y

�Z
�N

�d
�a

� 
�4

�2
�x

�9
�0

�M
 �� 

�r� 
�7� 

�7� 
�P

�U
�D

�S
� 

�A
�X

�I�S
� �a�l�j�l�A

�S
�a�}�O

�,� 
�L� 

�U
�O

�I�P
�O

�D
�A

�D
�O

�X
�Y

� 
�J

�a
�y

� �A
�j�a�j�}�o�I�p�e�u�y�y� �;� 

�+� 
�@

�d�4�d� �O
�N

� �I�S
�H

� 
�-� 

�l� 
�|� 

�1� 
�l� 

�l� 
�J� 

�
_

�
t
�
 

�p
�i�a

�n
� �L

�a
�r�n

�e
� 
�b

�a
�u

�e
�r�,� �f�p

� 
�y

�y
� 

�P
�y� �

y
�
y
�
 

�d
�y

� �y�p� �y�y� 
�L

�p
� 

�
 
�
 

�o�0�o�S�s �� 

�0�0�S
� 

�0�0�0�1� 

�O
�O

�G
�|�l� 

�(�J�O�M� �$�0� �3�4�/�S�q�|�)� �J�O�M�O�S� �W�L�N�O�Z�I�Y�O�H� 

�3�8� �I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R



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

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

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

�a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r�s� �i�n� �T�a�b�l�e� �4�.�1�.� �A�f�t�e�r� �b�a�c�k�f�i�l�l�i�n�g�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

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

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

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

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

�I�n� �t�h�e� �c�a�s�e� �o�f� �t�e�s�t� �E�P� �8�,� �F�i�g�u�r�e� �4�.�5� �s�h�o�w�s� �t�h�a�t� �a�t� �6�.�9� �d�a�y�s� �a�f�t�e�r� 

�f�i�l�l�i�n�g� �t�h�e� �f�o�r�c�e� �f�r�o�m� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�a�t�a� �i�s� �3�2�9� �l�b�s�.� �p�e�r� �f�t�.� �o�f� 

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

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

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

�c�o�m�p�u�t�e�d� �f�r�o�m� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�a�t�a� �i�s� �-�3�3�6� �l�b�s�.� �p�e�r� �f�t�.� �S�i�n�c�e� �t�h�e� 

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

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

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

�o�f� �a�b�o�u�t� �-�3�3�0� �l�b�s�.� �p�e�r� �f�t�.� �b�y� �t�h�e� �b�a�c�k�f�i�l�l� �h�e�i�g�h�t�,� �i�n� �t�h�i�s� �c�a�s�e� �6�.�5�4� 

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

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

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

�t�e�s�t�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�2�.� �T�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�r�i�f�t� 

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

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

�d�r�i�f�t�.� 
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�T�A�B�L�E� �4�.�2�:� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�r�i�f�t� 

�I�n�s�t�r�u�m�e�n�t�e�d� �B�a�c�k�f�i�l�l� 
�R�e�t�a�i�n�i�n�g� �W�a�t�e�r� �R�e�t�a�i�n�i�n�g� �P�r�e�s�s�u�r�e� 
�W�a�l�l� �T�e�s�t� �p�a�c�k� �C�o�n�t�e�n�t� �W�a�l�l� �S�u�r�f�a�c�e� �|� �C�e�l�l� �D�r�i�f�t�(�3�)� 

�N�u�m�b�e�r� �T�y�p�e� �(�p�e�r�c�e�n�t�)� �T�r�e�a�t�m�e�n�t� �{�?�)� �(�p�s�f�)� 

�E�P� �5� �Y�S�S�1� �9�.�3� �U�n�t�r�e�a�t�e�d� �-�3�0�.�7� 

�E�P� �6� �Y�S�S�1� �9�.�7� �U�n�t�r�e�a�t�e�d� �-�5�1�.�6� 

�E�P� �7� �Y�S�S�1� �1�1�.�1� �U�n�t�r�e�a�t�e�d� �-�3�9�.�8� 

�E�P� �8� �Y�S�S�1� �1�2�.�1� �U�n�t�r�e�a�t�e�d� �-�3�8�.�8� 

�E�P� �9� �Y�S�S�1� �1�2�.�5� �U�n�t�r�e�a�t�e�d� �-�7�1�.�1� 

�E�P� �1�0� �Y�S�S�1� �1�1�.�8� �L�u�b�r�i�c�a�t�e�d� �-�5�.�8� 

�E�P� �1�1� �Y�S�S�1� �1�3�.�5� �U�n�t�r�e�a�t�e�d� �-�5�6�.�1� 

�E�P� �1�2� �Y�S�S�]� �1�2�.�3� �U�n�t�r�e�a�t�e�d� �-�5�8�.�1� 

�E�P� �1�3� �Y�S�S�2� �1�2�.�7� �W�a�t�e�r� �S�e�a�l� �-�2�8�.�9� 

�E�P� �1�4� �Y�S�S�2� �1�0�.�1� �W�a�t�e�r� �S�e�a�l� �-�1�3�.�8� 

�E�P� �1�5� �L�C�S� �<�0�.�1� �W�a�t�e�r� �S�e�a�l� �+�2�.�0� 

�E�P� �1�6� �L�C�S� �<�0�.�1� �W�a�t�e�r� �S�e�a�l� �+�0�.�1� 

�N�o�t�e�s�:� �1�)� �Y�S�S�1� �i�n�d�i�c�a�t�e�s� �Y�a�t�e�s�v�i�l�l�e� �S�i�l�t�y� �S�a�n�d� �N�o�.�1�,� �Y�S�S�2� �i�n�d�i�c�a�t�e�s� 
�Y�a�t�e�s�v�i�l�l�e� �S�i�l�t�y� �S�a�n�d� �N�o�.� �2�,� �a�n�d� �L�C�S� �i�n�d�i�c�a�t�e�s� �L�i�g�h�t� 

�C�a�s�t�l�e� �S�a�n�d�.� 

�2�)� �T�h�e� �U�n�t�r�e�a�t�e�d� �w�a�l�l� �s�u�r�f�a�c�e� �i�s� �t�h�e� �s�c�r�e�e�d�e�d�,� �u�n�f�i�n�i�s�h�e�d� 
�c�o�n�c�r�e�t�e� �s�u�r�f�a�c�e�.� �T�h�e� �L�u�b�r�i�c�a�t�e�d� �w�a�l�l� �c�o�n�d�i�t�i�o�n� �w�a�s� 
�o�b�t�a�i�n�e�d� �b�y� �p�l�a�c�i�n�g� �t�w�o� �s�h�e�e�t�s� �o�f� �6�-�m�i�l� �p�o�l�y�e�t�h�y�l�e�n�e�,� �w�i�t�h� 
�a� �t�h�i�n� �l�a�y�e�r� �o�f� �g�r�e�a�s�e� �b�e�t�w�e�e�n� �t�h�e� �s�h�e�e�t�s�,� �a�g�a�i�n�s�t� �t�h�e� 

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

�3�)� �T�h�e� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�r�i�f�t� �i�s� �t�h�e� �a�v�e�r�a�g�e� �d�r�i�f�t� �o�f� �1�1� �G�l�o�e�t�z�l� 
�c�e�l�l�s� �a�n�d� �4� �C�a�r�l�s�o�n� �c�e�l�l�s� �o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� �a� �f�o�u�r� �d�a�y� 
�p�e�r�i�o�d� �f�o�l�l�o�w�i�n�g� �c�o�m�p�l�e�t�i�o�n� �o�f� �b�a�c�k�f�i�l�l� �p�l�a�c�e�m�e�n�t�.� �T�h�e� 
�d�r�i�f�t� �i�s� �c�o�m�p�u�t�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �l�o�a�d� �c�e�l�l� 
�d�a�t�a�,� �a�s� �e�x�p�l�a�i�n�e�d� �i�n� �t�h�e� �t�e�x�t�.� 
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�I�n� �a�d�d�i�t�i�o�n� �t�o� �c�o�m�p�a�r�i�n�g� �h�o�r�i�z�o�n�t�a�l� �f�o�r�c�e� �m�a�g�n�i�t�u�d�e�s� �f�r�o�m� �t�h�e� 

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

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

�m�o�m�e�n�t�s� �a�b�o�u�t� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �w�a�l�l�.� �F�i�g�u�r�e� �4�.�6� �s�h�o�w�s� �t�h�i�s� �c�o�m�p�a�r�i�s�o�n� 

�f�o�r� �t�e�s�t� �E�P� �8�.� �A�g�a�i�n�,� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �t�w�o� �t�y�p�e�s� �o�f� �d�a�t�a� �a�g�r�e�e� �w�e�l�l� 

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

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

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

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

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

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

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

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

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

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

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

�4�.�5� �C�a�u�s�e� �o�f� �P�r�e�s�s�u�r�e� �C�e�l�l� �D�r�i�f�t� 

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

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

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

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

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

�u�s�u�a�l�l�y� �s�o�m�e� �t�y�p�e� �o�f� �m�e�t�a�l� �c�o�n�t�a�i�n�e�r�.� �B�e�c�a�u�s�e� �o�f� �c�e�l�l�-�s�o�i�l� �i�n�t�e�r�a�c�t�i�o�n� 

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

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

�(�1�9�8�8�)�,� �t�h�e� �b�e�s�t� �p�r�o�c�e�d�u�r�e� �t�o� �g�u�a�r�d� �a�g�a�i�n�s�t� �t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s� �i�s� �t�o� 

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

�f�l�u�i�d� �l�a�y�e�r� �i�n� �t�h�e� �c�e�l�l�.� �B�o�t�h� �t�h�e� �C�a�r�l�s�o�n� �a�n�d� �G�l�o�e�t�z�l� �t�y�p�e� �c�e�l�l�s� �u�s�e�d� 

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

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

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

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

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

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

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

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

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

�i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�.� 

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

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

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

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

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

�i�n�s�i�d�e� �t�h�e� �c�e�l�l�.� �F�i�g�u�r�e� �4�.�7� �s�h�o�w�s� �a� �h�y�p�o�t�h�e�s�i�z�e�d� �z�o�n�e� �o�f� �m�o�i�s�t� �c�o�n�c�r�e�t�e� 

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

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

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

�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R� �4�3



�a�j�a�4�9�U�0�)� 
�0�4� �L�L�1�y�1�9�e�g� 

�W
�O

�A�J� 
�U

�O
�L�P

�E
�U

�B
�L�W

� 
�B

�U
�N

�y�s�L�o�W
� 

�O�F� �O�N�G� �F�J�t�4�u�q�d� �L�L�3�Q� �a�u�N
�s�s�a�u�g� 

�a�A
�L�z�e�H

�a�N
� 

�A�O�}� �w
�W

�s�t�U
�R

�Y
�a�W

� 
�[�e�O

�L�Y
�e�Y

�x�o�d�A
�H

� 
�:�7�°�y� �a�u�n�B�b�L�4� 

�A�X� 
�v� 

�2�4� 
�\�\� 

�A� 
�a� 

�(�I�E�M�A� �@�J�a�s�N�U�0�D� 
�a� 

�A� 
 �� 

�\� 
�w�y� 

�A� 
�\� 

�A� 
�K� 

�<�4� 

�Q� 
�D�e�c� �p�r�e�n�p�e�e�a�g�r�e�n�g�e�e�n�g�e� 

�<
� �m

�e
�e

�k
� 

�
J
�
A

�
E

�
,
�
 

�N
�N

� �@
�}�9�J�N�U�0�D� 

� � � � � � � 

!"�.� 

� � � � � � � � 

�
 
�
 

� � � 

�
 
�
 

�
 
�
 

�4�4� �I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R



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

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

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

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

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

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

�o�f� �t�w�o� �6�-�m�i�l� �p�l�a�s�t�i�c� �s�h�e�e�t�s� �w�i�t�h� �a� �t�h�i�n� �l�a�y�e�r� �o�f� �g�r�e�a�s�e� �b�e�t�w�e�e�n� �t�h�e� 

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

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

�t�h�e� �w�a�l�l�.� �T�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�r�i�f�t� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�1� �f�o�r� �t�e�s�t� �E�P� �1�0� �i�s� 

�o�n�l�y� �-�6� �p�s�f�,� �w�h�i�c�h� �i�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �t�h�e� �d�r�i�f�t� �f�o�r� �t�h�e� �p�r�e�v�i�o�u�s� �t�e�s�t�s�,� 

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

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

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

�a�n�d� �K�r�a�w�c�z�y�k� �(�1�9�7�5�)� �f�o�u�n�d� �t�h�a�t� �c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �c�e�l�l� �r�e�a�d�i�n�g�s� �a�p�p�e�a�r�e�d� 

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

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

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

�E�P� �1�0�.� 

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

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

�c�o�n�s�t�r�u�c�t�e�d� �a�t� �t�w�o� �G�l�o�e�t�z�]� �c�e�l�l� �l�o�c�a�t�i�o�n�s� �a�n�d� �r�e�a�d�i�n�g�s� �w�e�r�e� �t�a�k�e�n� �o�v�e�r� 

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

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

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

�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R� �4�5



�a�n�d� �t�h�e� �d�r�i�f�t� �i�s� �s�h�o�w�n� �b�y� �t�h�e� �d�a�t�a� �l�a�b�e�l�e�d� �"�U�n�t�r�e�a�t�e�d�"� �i�n� �F�i�g�u�r�e� �4�.�8�.� 

�T�h�e� �r�e�f�e�r�e�n�c�e� �r�e�a�d�i�n�g� �f�o�r� �t�h�e� �d�a�t�a� �i�n� �F�i�g�u�r�e� �4�.�8� �w�a�s� �t�a�k�e�n� �i�m�m�e�d�i�a�t�e�l�y� 

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

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

�N�e�x�t�,� �t�h�e� �r�e�s�e�r�v�o�i�r�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �t�h�e� �c�o�n�c�r�e�t�e� �s�u�r�f�a�c�e� �w�a�s� 

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

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

�T�h�o�m�p�s�o�n ��s� �W�a�t�e�r� �S�e�a�l� �i�s� �a�n� �a�l�i�p�h�a�t�i�c� �p�e�t�r�o�l�e�u�m� �d�i�s�t�i�l�l�a�t�e� �w�h�i�c�h� �m�a�k�e�s� 

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

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

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

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

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

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

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

�N�e�g�a�t�i�v�e� �d�r�i�f�t� �s�t�i�l�l� �o�c�c�u�r�r�e�d�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�8�,� �b�u�t� �i�t� �w�a�s� �m�u�c�h� 

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

�c�e�l�l�s�.� 

�A�n� �i�n�t�e�r�e�s�t�i�n�g� �f�e�a�t�u�r�e� �o�f� �t�h�e� �d�a�t�a� �i�n� �F�i�g�u�r�e� �4�.�8� �i�s� �t�h�a�t�,� �f�o�r� �b�o�t�h� 

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

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

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

�s�t�r�a�i�n�i�n�g� �o�f� �t�h�e� �c�e�l�l�,� �a�s� �s�u�g�g�e�s�t�e�d� �i�n� �F�i�g�u�r�e� �4�.�7�.� �I�n� �a�n�y� �c�a�s�e�,� �t�h�e� 
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�a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�a�t�a� �a�n�d� �t�h�e� �l�o�a�d� �c�e�l�l� �d�a�t�a� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �4�.�5� �d�u�r�i�n�g� �t�h�e� �b�a�c�k�f�i�l�l�i�n�g� �p�e�r�i�o�d�.� 

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

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

�r�e�t�a�i�n�i�n�g� �w�a�l�l� �t�e�s�t�s�,� �s�o� �p�a�n�e�l�s� �2� �a�n�d� �3�,� �w�h�i�c�h� �c�o�n�t�a�i�n� �t�h�e� �p�r�e�s�s�u�r�e� 

�c�e�l�l�s�,� �w�e�r�e� �t�r�e�a�t�e�d�.� �T�h�e� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�r�i�f�t�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�2� �f�o�r� 

�t�e�s�t�s� �E�P� �1�3� �a�n�d� �1�4�,� �w�h�i�c�h� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�f�t�e�r� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �T�h�o�m�p�s�o�n ��s� 

�W�a�t�e�r� �S�e�a�l�,� �a�r�e� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �d�r�i�f�t�s� �f�o�r� �t�h�e� �u�n�t�r�e�a�t�e�d� �Y�a�t�e�s�v�i�l�l�e� 

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

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

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�9�.� �T�h�o�u�g�h� �t�h�e�r�e� �i�s� �s�c�a�t�t�e�r� �i�n� �t�h�e� �d�a�t�a�,� �t�h�e� �t�r�e�n�d� 

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

�F�i�g�u�r�e� �4�.�9� �a�l�s�o� �s�h�o�w�s� �t�h�e� �s�m�a�l�l�e�r� �d�r�i�f�t�s� �w�h�i�c�h� �o�c�c�u�r�r�e�d� �f�o�r� �t�h�e� �t�e�s�t�s� 

�w�i�t�h� �T�h�o�m�p�s�o�n ��s� �W�a�t�e�r� �S�e�a�l� �t�r�e�a�t�m�e�n�t� �a�n�d� �t�h�e� �e�s�s�e�n�t�i�a�l�l�y� �z�e�r�o� �d�r�i�f�t� �f�o�r� 

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

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�2� �f�o�r� �t�e�s�t�s� �E�P� �1�5� �a�n�d� �1�6�,� �w�h�i�c�h� �w�e�r�e� �b�a�c�k�f�i�l�l�e�d� �w�i�t�h� 

�d�r�y� �(�w�a�t�e�r� �c�o�n�t�e�n�t� �l�e�s�s� �t�h�a�n� �0�.�1� �p�e�r�c�e�n�t�)� �L�i�g�h�t� �C�a�s�t�l�e� �S�a�n�d�,� �w�e�r�e� 

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

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

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

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

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

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

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

�c�e�l�l�s� �i�n� �t�h�e� �w�a�l�l� �(�1�5� �c�e�l�l�s� �i�n� �t�h�e� �6�.�5�-�f�o�o�t� �f�i�l�l� �h�e�i�g�h�t�)�.� 

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

�b�e�c�a�u�s�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �p�a�n�e�l� �a�r�e�a�s�,� �a�b�o�u�t� �1�6� �f�t�?� �p�e�r� �p�a�n�e�l�.� �I�n� 

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

�t�e�s�t�s�,� �r�e�t�u�r�n�i�n�g� �t�o� �z�e�r�o� �l�o�a�d� �r�e�a�d�i�n�g�s� �a�f�t�e�r� �b�a�c�k�f�i�l�l� �e�x�c�a�v�a�t�i�o�n�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� �B�E�H�A�V�I�O�R� �5�0



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

�t�h�e� �c�e�l�l�s�.� 

�A�p�p�l�y�i�n�g� �T�h�o�m�p�s�o�n ��s� �W�a�t�e�r� �S�e�a�l� �t�o� �t�h�e� �r�e�t�a�i�n�i�n�g� �w�a�l�l� �t�e�n�d�e�d� �t�o� 

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

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

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

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

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

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

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

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

�f�r�o�m� �-�3�0� �t�o� �-�7�0� �p�s�f�.� �T�h�a�t� �a�m�o�u�n�t� �o�f� �d�r�i�f�t� �i�s� �v�e�r�y� �s�i�g�n�i�f�i�c�a�n�t� �w�h�e�n� 

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

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

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

�k�n�o�w�n�.� �T�h�e� �d�a�t�a� �i�n� �F�i�g�u�r�e� �4�.�8� �i�n�d�i�c�a�t�e� �t�h�a�t� �d�r�i�f�t� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d�,� 

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

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

�m�o�i�s�t�u�r�e�.� 

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

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

�c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �c�e�l�l� �d�a�t�a�.� 
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�C�H�A�P�T�E�R� �5� �-� �H�A�N�D�-�O�P�E�R�A�T�E�D� �C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

�a�t�-�r�e�s�t� �s�t�r�e�s�s�e�s�.� �C�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s�e�s� �c�a�n� �c�a�u�s�e� 

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

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

�e�a�r�t�h� �p�r�e�s�s�u�r�e�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �b�y� �B�r�o�m�s� �(�1�9�7�1�)� �a�n�d� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� 

�(�1�9�8�6�)�.� 

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

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

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

�m�e�a�s�u�r�e�d� �f�o�r� �t�w�o� �h�a�n�d�-�o�p�e�r�a�t�e�d� �c�o�m�p�a�c�t�o�r�s�:� �a� �1�3�7�-�p�o�u�n�d� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� 

�a�n�d� �a� �2�7�5�-�p�o�u�n�d� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�.� �C�o�n�t�a�c�t� �f�o�r�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� 

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

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

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

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

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

�f�o�r� �e�x�a�m�p�l�e�,� �O�l�s�e�n�,� �1�9�6�3�,� �a�n�d� �H�i�l�f�,� �1�9�7�5�)�.� 
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�5�.�2� �P�r�e�v�i�o�u�s� �C�o�m�p�a�c�t�o�r� �F�o�r�c�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

�W�h�i�f�f�e�n� �(�1�9�5�4�)�,� �T�o�o�m�b�s� �(�1�9�7�2�)�,� �a�n�d� �D ��A�p�p�o�l�o�n�i�a� �e�t� �a�l�.� �(�1�9�6�9�)� �h�a�v�e� 

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

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

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

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

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

�A�c�c�o�r�d�i�n�g� �t�o� �S�e�e�d� �a�n�d� �D�u�n�c�a�n ��s� �(�1�9�8�3�)� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e�s�e� 

�m�e�a�s�u�r�e�m�e�n�t�s�,� �t�h�e� �t�o�t�a�l� �d�y�n�a�m�i�c� �f�o�r�c�e� �f�r�o�m� �a� �v�i�b�r�a�t�o�r�y� �r�o�l�l�e�r� �i�s� �a�b�o�u�t� �2� 

�t�o� �3� �t�i�m�e�s� �t�h�e� �s�t�a�t�i�c� �r�o�l�l�e�r� �l�o�a�d�.� 

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

�f�o�r� �a� �v�i�b�r�a�t�o�r�y� �r�o�l�l�e�r� �w�a�s� �e�m�p�l�o�y�e�d� �b�y� �Y�o�o� �a�n�d� �S�e�l�i�g� �(�1�9�7�9�)� �w�h�o� �p�r�o�p�o�s�e�d� 

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

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

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

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

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

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

�d�u�r�i�n�g� �r�o�l�l�e�r� �o�p�e�r�a�t�i�o�n�.� �F�o�r� �a� �s�e�l�f�-�p�r�o�p�e�l�l�e�d�,� �1�9�,�5�0�0�-�p�o�u�n�d� �g�r�o�s�s� 

�w�e�i�g�h�t� �v�i�b�r�a�t�o�r�y� �r�o�l�l�e�r� �c�o�m�p�a�c�t�o�r� �o�p�e�r�a�t�i�n�g� �i�n� �t�h�e� �2�5� �t�o� �3�5� �h�z� �f�r�e�q�u�e�n�c�y� 

�r�a�n�g�e�,� �Y�o�o� �a�n�d� �S�e�l�i�g� �c�a�l�c�u�l�a�t�e�d� �a� �t�o�t�a�l� �p�e�a�k� �d�y�n�a�m�i�c� �l�o�a�d� �o�f� �1�.�4� �t�i�m�e�s� 

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

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

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

�E�q�u�i�p�m�e�n�t� �M�a�n�u�f�a�c�t�u�r�e�r ��s� �B�u�r�e�a�u� �(�L�E�M�B�)� �d�o�e�s� �p�r�o�v�i�d�e� �p�r�o�c�e�d�u�r�e�s� �f�o�r� 
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�r�a�t�i�n�g� �h�a�n�d�-�o�p�e�r�a�t�e�d� �c�o�m�p�a�c�t�o�r� �f�o�r�c�e�s�,� �b�u�t� �t�h�e�s�e� �r�a�t�i�n�g�s� �d�o� �n�o�t� �y�i�e�l�d� 

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

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

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

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

�a�s�s�u�m�e�d� �m�o�d�e�l� �o�f� �s�o�i�l� �r�e�s�p�o�n�s�e�.� 

�5�.�3� �C�o�m�p�a�c�t�i�o�n� �E�q�u�i�p�m�e�n�t� �a�n�d� �M�a�n�u�f�a�c�t�u�r�e�r ��s� �R�a�t�i�n�a�s� 

�5�.�3�.�1� �R�a�m�m�e�r� �C�o�m�p�a�c�t�o�r� 

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

�W�a�c�k�e�r� �m�o�d�e�l� �B�S� �6�0�Y�.� �I�t� �i�s� �p�o�w�e�r�e�d� �b�y� �a� �4� �h�o�r�s�e�p�o�w�e�r�,� �2�-�c�y�c�l�e� �e�n�g�i�n�e� 

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

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

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

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

�e�n�t�i�r�e� �c�o�m�p�a�c�t�o�r� �i�s� �1�3�7� �p�o�u�n�d�s�.� 

�T�h�e� �L�E�M�B� �h�a�s� �d�e�v�e�l�o�p�e�d� �a� �m�e�t�h�o�d� �f�o�r� �r�a�t�i�n�g� �h�a�n�d�-�o�p�e�r�a�t�e�d�,� �r�a�m�m�e�r� 

�c�o�m�p�a�c�t�o�r�s� �(�L�E�M�B�,� �1�9�8�l�a�)�.� �I�n� �t�h�e�i�r� �m�e�t�h�o�d�,� �a� �3�/�4�-�i�n�c�h� �d�i�a�m�e�t�e�r� �h�a�r�d�e�n�e�d� 

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

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

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

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

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

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

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

�L�o�a�d� �C�e�l�l�s� �N�e� �x�T� �R�a�m�m�e�r� �S�h�o�e� 

� � 

�a�)� �R�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� 

� � 
� � 

�4�& �� �U�p�p�e�r� �M�a�s�s� 

� � 

� � 
� � 

�E�c�c�e�n�t�r�i�c� �W�e�i�g�h�t�s� 

�1� �& � ��_�)�)� �1� �f�.� �B�a�s�e� �P�l�a�t�e� 

�b�)� �V�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� 

� � � � � � � � � � � � 

� � 

�F�I�G�U�R�E� �5�.�1�:� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m�s� �o�f� �a�)� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� �a�n�d� �b�)� �v�i�b�r�a�t�i�n�g� 
�p�l�a�t�e� �c�o�m�p�a�c�t�o�r�.� 
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�c�a�l�c�u�l�a�t�e�d� �i�n� �t�h�e� �L�E�M�B� �p�r�o�c�e�d�u�r�e� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �r�a�t�e�d� �e�n�e�r�g�y� �b�y� �"�t�h�e� 

�s�t�a�n�d�a�r�d� �s�o�i�l� �d�e�f�l�e�c�t�i�o�n�"� �o�f� �0�.�2�5� �i�n�c�h�e�s�.� �F�o�r� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� 

�m�o�d�e�l� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �e�n�e�r�g�y� �i�s� �5�7�.�8� �f�o�o�t�-� 

�p�o�u�n�d�s� �p�e�r� �b�l�o�w� �a�n�d� �t�h�e� �r�a�t�e�d� �f�o�r�c�e� �i�s� �2�7�7�5� �p�o�u�n�d�s�.� �T�h�e� �r�a�t�e�d� �e�n�e�r�g�y� 

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

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

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

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

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

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

�c�o�n�s�t�a�n�t�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �a�c�t�u�a�l� �c�o�m�p�a�c�t�o�r� �f�o�r�c�e�s� �a�r�e� �n�o�t� �e�x�p�e�c�t�e�d� �t�o� �b�e� 

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

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

�0�.�2�5� �i�n�c�h�e�s�,� �t�h�e� �r�a�t�e�d� �f�o�r�c�e� �r�e�p�r�e�s�e�n�t�s� �a�n� �a�v�e�r�a�g�e�,� �a�n�d� �t�h�e� �p�e�a�k� �f�o�r�c�e� 

�w�o�u�l�d� �b�e� �h�i�g�h�e�r�.� 

�5�.�3�.�2� �V�i�b�r�a�t�i�n�g� �P�l�a�t�e� �C�o�m�p�a�c�t�o�r� 

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

�o�p�e�r�a�t�e�d� �W�a�c�k�e�r� �m�o�d�e�l� �B�P�U� �2�4�4�0�A�.� �I�t� �i�s� �p�o�w�e�r�e�d� �b�y� �a� �5� �h�o�r�s�e�p�o�w�e�r�,� �4�-� 

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

�e�c�c�e�n�t�r�i�c� �w�e�i�g�h�t�s� �r�o�t�a�t�e� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �a�b�o�u�t� �1�0�0� �h�z� �o�n� �a�x�l�e�s� �f�i�x�e�d� 

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

�t�h�e� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�1�.� �T�h�e� �o�p�e�r�a�t�i�n�g� 

�w�e�i�g�h�t� �o�f� �t�h�e� �c�o�m�p�a�c�t�o�r� �i�s� �2�7�5� �p�o�u�n�d�s�.� 
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�F�o�r�w�a�r�d� �a�n�d� �r�e�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�a�l� �c�o�n�t�r�o�l� �i�s� �p�r�o�v�i�d�e�d� �b�y� �s�h�i�f�t�i�n�g� 

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

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

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

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

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

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

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

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

�T�h�e� �L�E�M�B� �(�1�9�8�l�b�)� �r�a�t�e�d� �f�o�r�c�e� �f�o�r� �v�i�b�r�a�t�o�r�y� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�s� �i�s� �t�h�e� 

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

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

�Q�y� �=� �m�e�w�?� �(�5�.�1�)� 

�w�h�e�r�e� 

�Q�,� �=� �t�h�e� �p�e�a�k� �c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e�,� �l�b�s� 

�m�,� �=� �t�h�e� �m�a�s�s� �o�f� �t�h�e� �e�c�c�e�n�t�r�i�c� �w�e�i�g�h�t�s�,� �1�b�-�s�e�c�?�/�i�n� 

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

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

�w� �=� �t�h�e� �r�o�t�a�t�i�o�n� �r�a�t�e� �o�f� �t�h�e� �e�c�c�e�n�t�r�i�c� �w�e�i�g�h�t�s�,� �r�a�d�/�s�e�c� 

�F�o�r� �t�h�e� �m�o�d�e�l� �B�P�U� �2�4�4�0�A� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�,� �t�h�e� 

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

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

�e�c�c�e�n�t�r�i�c�i�t�y� �a�n�d� �r�o�t�a�t�i�o�n� �r�a�t�e� �w�e�r�e� �m�a�d�e� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �c�e�n�t�r�i�f�u�g�a�l� 
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�f�o�r�c�e� �u�s�i�n�g� �E�q�.� �5�.�1�.� �T�h�e� �m�a�s�s� �t�i�m�e�s� �e�c�c�e�n�t�r�i�c�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

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

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

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

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

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

�t�h�e� �d�i�r�e�c�t� �c�h�e�c�k� �w�a�s� �w�i�t�h�i�n� �0�.�3� �p�e�r�c�e�n�t� �o�f� �t�h�a�t� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �s�h�a�f�t� 

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

�s�h�a�f�t� �t�o�r�q�u�e� �m�e�t�h�o�d� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.�1�.� �A�s� �l�i�s�t�e�d� �i�n� �t�h�e� �t�a�b�l�e�,� 

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

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

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

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

�f�r�e�q�u�e�n�c�y� �w�a�s� �9�9� �h�z�,� �a�n�d� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� 

�m�o�d�e�l� �B�P�U� �2�4�4�0�A� �i�s� �9�0� �h�z�.� �B�o�t�h� �f�r�e�q�u�e�n�c�i�e�s� �w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� 

�c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e� �f�r�o�m� �E�q�.� �5�.�1�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.�1�.� 

�T�h�e� �v�a�l�u�e�s� �o�f� �c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e� �i�n� �T�a�b�l�e� �5�.�1� �a�r�e� �l�o�w�e�r� �t�h�a�n� �t�h�e� 

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

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

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

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

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

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

�T�h�e� �c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �E�q�.� �5�.�1� �i�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� 

�t�h�e� �c�o�n�t�a�c�t� �f�o�r�c�e� �b�e�t�w�e�e�n� �t�h�e� �b�a�s�e� �p�l�a�t�e� �a�n�d� �t�h�e� �s�o�i�l�.� �T�h�e�r�e� �a�r�e� �t�w�o� 
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�T�A�B�L�E� �5�.�1�:� �C�a�l�c�u�l�a�t�e�d� �C�e�n�t�r�i�f�u�g�a�l� �F�o�r�c�e� �f�o�r� �t�h�e� �V�i�b�r�a�t�i�n�g� �P�l�a�t�e� 

� � 

� � 

� � 

� � � � 

�C�o�m�p�a�c�t�o�r� 

�M�e�a�s�u�r�e�d� �C�a�l�c�u�l�a�t�e�d� �v�e�n�t� �u�s�a� �F�o�r�c�e� 

�M�a�s�s� �T�i�m�e�s� �(�p�o�u�n�d�s�)� 

�E�c�c�e�n�t�r�i�c� �W�e�i�g�h�t� �E�c�c�e�n�t�r�i�c�i�t�y� 
�P�o�s�i�t�i�o�n� �(�1�b�:� �s�e�c�?�)� �A�t� �9�0� �h�z� �A�t� �9�9� �h�z� 

�N�e�u�t�r�a�l� �0�.�0�1�3�0� �4�1�5�0� �5�0�2�0� 

�F�o�r�w�a�r�d� �0�.�0�0�9�1�4� �2�9�2�0� �3�5�4�0� � � � � � � � � � � 
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�r�e�a�s�o�n�s� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e�:� �1�)� �t�h�e� �s�o�i�l� �p�r�o�v�i�d�e�s� �f�l�e�x�i�b�l�e� �s�u�p�p�o�r�t� 

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

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

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

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

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

�c�o�n�t�a�c�t� �f�o�r�c�e�s�.� �S�i�n�c�e� �t�h�e� �c�o�m�p�a�c�t�o�r� �o�n�l�y� �w�e�i�g�h�s� �2�7�5� �p�o�u�n�d�s�,� �h�o�w�e�v�e�r�,� �i�t� 

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

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

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

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

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

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

�5�.�4� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �S�y�s�t�e�m�s� 

�5�.�4�.�1� �R�a�m�m�e�r� �C�o�m�p�a�c�t�o�r� 

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

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

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

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

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

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

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

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

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

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

�a�r�e� �K�i�s�t�l�e�r� �9�0�3�1�A� �l�o�a�d� �w�a�s�h�e�r�s�.� �T�h�e�y� �a�r�e� �p�i�e�z�o�e�l�e�c�t�r�i�c� �f�o�r�c�e� 

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

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

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

�m�e�a�s�u�r�e�d� �a�n�d� �r�e�c�o�r�d�e�d�.� �T�h�e� �l�o�a�d� �c�e�l�l� �s�t�i�f�f�n�e�s�s� �i�s� �3�4�,�3�0�0� �k�i�p�s� �p�e�r� �i�n�c�h� 

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

�t�h�e� �c�o�m�b�i�n�e�d� �s�t�i�f�f�n�e�s�s� �w�a�s� �a�b�o�u�t� �1�4�0�,�0�0�0� �k�i�p�s� �p�e�r� �i�n�c�h�.� �A�s� �a� 

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

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

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

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

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

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

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

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

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

�T�w�o� �K�i�s�t�l�e�r� �8�6�0�2�A�5�0�0� �a�c�c�e�l�e�r�o�m�e�t�e�r�s� �w�e�r�e� �m�o�u�n�t�e�d� �o�n� �t�h�e� �r�a�m�m�e�r� 

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

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

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

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

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

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

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

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

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

�5�0�,�0�0�0� �r�e�a�d�i�n�g�s� �p�e�r� �s�e�c�o�n�d�.� �A�t� �t�h�i�s� �r�a�t�e�,� �d�a�t�a� �c�o�u�l�d� �n�o�t� �b�e� �s�t�o�r�e�d� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�5�.�4�.�2� �V�i�b�r�a�t�i�n�g� �P�l�a�t�e� �C�o�m�p�a�c�t�o�r� 

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

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

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

�r�e�p�r�e�s�e�n�t� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �s�h�o�w�n� �i�n� �t�h�e� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �i�n� �F�i�g�u�r�e� �5�.�1�:� 
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�F�I�G�U�R�E� �5�.�2�:� �R�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� �b�e�n�c�h� �t�e�s�t�.� 
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�t�h�e� �b�a�s�e� �p�l�a�t�e�,� �t�h�e� �e�c�c�e�n�t�r�i�c� �w�e�i�g�h�t�s�,� �a�n�d� �t�h�e� �u�p�p�e�r� �m�a�s�s�.� 

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

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

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

�a� �=� �a�,� �+� �e�w�e� �s�i�n�(�w�t� �+� �¢�,�)� �(�5�.�2�)� 

�w�h�e�r�e� 

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

�t� �=� �t�i�m�e� 

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

�e�c�c�e�n�t�r�i�c� �w�e�i�g�h�t�s� �a�t� �t�i�m�e� �z�e�r�o� 

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

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

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

�b�e�i�n�g� �r�e�c�o�r�d�e�d�,� �s�o� �t�h�a�t� �t�h�e� �r�o�t�a�t�i�o�n� �r�a�t�e� �a�n�d� �p�h�a�s�e� �a�n�g�l�e� �i�n� �E�q�.� �5�.�2� �a�r�e� 

�k�n�o�w�n�.� �T�o� �m�a�r�k� �t�h�e� �s�h�a�f�t� �p�o�s�i�t�i�o�n�,� �a� �H�a�l�l� �e�f�f�e�c�t� �d�e�v�i�c�e� �(�H�E�D�)� �w�a�s� 

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

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

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

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

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

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

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

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

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

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

�e�a�c�h� �r�e�c�o�r�d� �t�r�i�g�g�e�r�e�d� �b�y� �t�h�e� �H�E�D�,� �2�)� �a�v�e�r�a�g�i�n�g� �t�h�e� �d�a�t�a� �f�r�o�m� �t�h�e� �f�o�u�r� 

�r�e�c�o�r�d�s�,� �a�n�d� �3�)� �u�s�i�n�g� �a� �F�a�s�t� �F�o�u�r�i�e�r� �T�r�a�n�s�f�o�r�m� �(�F�F�T�)� �w�i�t�h� �a� �l�o�w� �p�a�s�s� 

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

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

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

�p�l�a�t�e� �a�c�c�e�l�e�r�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �t�h�e� �u�p�p�e�r� �p�a�n�e�l� �o�f� �F�i�g�u�r�e� �5�.�3�.� �S�i�m�i�l�a�r� 

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

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

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

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

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

�a�c�c�e�l�e�r�a�t�i�o�n� �w�i�t�h� �E�q�.� �5�.�2�,� �a�n�d� �t�h�e�n� �m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �a�c�c�e�l�e�r�a�t�i�o�n� �b�y� �t�h�e� 

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

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

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

�b�o�t�t�o�m� �p�a�n�e�l� �o�f� �F�i�g�u�r�e� �5�.�3�.� 

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

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

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

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

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

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

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

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

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

�5�.�4� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �s�y�s�t�e�m� �a�n�d� �d�a�t�a� �r�e�d�u�c�t�i�o�n� 

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

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

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

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

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

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

�5�.�5� �F�o�r�c�e� �a�n�d� �E�n�e�r�g�y� �M�e�a�s�u�r�e�m�e�n�t�s� 

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

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

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

�E�P� �1�2� �t�h�r�o�u�g�h� �E�P� �1�6�,� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �T�a�b�l�e� �5�.�2�.� 

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

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

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

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

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

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

�T�a�b�l�e� �5�.�3� �a�l�o�n�g� �w�i�t�h� �t�h�e� �f�o�r�c�e�s�.� 
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�Y�S�S�2� �i�n�d�i�c�a�t�e�s� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �2�.� 

�L�C�S� �i�n�d�i�c�a�t�e�s� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d�.� 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �6�9



 ��p�u�e�s� �9�1�3�8�0�9�)� 
�3�4�6�1�7� �s�a�z�e�o�i�p�u�l� 

�$�9�)� 

�"�2� �"�O�N� �p�u�e�s� �A�Z�L�L�S� �B�L�L�}�A�S�@
�Z�E�A� 
�S�B�z�O

�L�P�U�L� 
�Z�S�S�A� 

�"�T� 
 ��O�N� �p�u�e�s� �A�Z�L�L�S� 

�a�L� �L�L�A�S�A�P�Z�E�A� 
�S�a�z�P�e�d�i�p�u�l�L� 

�[�S�S�A� �(�T� 
�:�S�9�J�O

�N� 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 
� � 

� � 
� � 

�
 
�
 

� � 

�g�t� 
�T

�e�l� 
�1�0�°�?� 

�9�T� 
�0�8�2� 

�O
�T�E�T� 

�O
�y�e�L�d�  ��G

�A
� 

�T�°�0� �>� 
�$�9�1� 

�9�T� 

�S�T� 
�o�v� 

�2�°� �2�S� 
�S�T� 

�O
�2�I�T� 

�O
�8�d�b� 

�J�a�u�m
�e� 

�y� 
�T

�O
� �>� 

 ��3�1� 
�S�T� 

�6� 
�S�*�+� 

�0�°� �6�P� 
�6� 

�0�/�6� 
�O

�f�e�Z� 
�d�o�u�e�y� 

�T
�O

�T
� 

�2�S�S�A� 
�o�T� 

�O�l� 
�Z

�e� 
�L�£�°�S�S� 

�o�T� 
�0�9�4� 

�0�v�0�S� 
�J�a�u�m

�e� 
�y� 

�L�e�e�t� 
�e�S�S�A� 

�e�T� 

�é�l� 
�L�e�"�T� 

�9�I�°�y� 
�2�1� 

�O�S�T� 
�S�T�e�l� 

�2�7�e�L�d�  ��G
�L�A� 

�e�'�e�l� 
�T�S�S�A� 

�é�l� 

�s�b�h�u�i�p�e�a�y� 
�u�o�L�}�e�L�A

�a�q� 
�a�b�e�u�a�a�y� 

�s�B�u�i�p�e�s�a�y� 
�u�o�|� �}�e�L�A

�a�g� 
�a�b�e�s�a�a�y� 

�4�0� �,�O
�e�d�w�W

�o�}� 
�(�q�u�a�o�u�a�d�)� 

�(�1�)�2�0�4�L� 
�a�e�q�u�i�n�y� 

�j�o� 
�w�a�q�u�i�n�y� 

�p�s�e�p�u�e�y�s� 
�j�o� 

�s�a�q�u�i�n�y� 
�p�u�e�p�u�e�y�s� 

�q�u�a�j�u�o�7�)� 
�L�}�O

�S� 
�3�8�9�1� �(�L�P�M

� 

�(�a�[�9�k�9� �s�a�d� �s�q�i�-�3�4�)� 
�(�s�p�u�n�o�d� 

�)� 
�w�o�a�e�n� 

�p�u�r�r� �e�e�e� 
�A

�B
�u�a�u�3� 

�a�o�4�0�4� �y�e�a�q� 
�p�a�j�u�a�u�i�n�s�y�s�u�y� 

� � 
� � 

� � 
� � 

� � 
�
 
�
 

�S
�p�u�a�w

�a�u�n�s�e�a�y� 
�A�b�u�s�a�u�y� 

�p�u�e� �a�d�u�0�4� �w�o�.�D
�e�d�w

�o�)� 
�y�o� �A

�v�e�w
�w

�N
�S

� 
�: ¬�°�S� �F�I�@

�W
�L� 

�7�0� 

� � 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E



�5�.�5�.�1� �R�a�m�m�e�r� �C�o�m�p�a�c�t�o�r� 

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

�v�e�r�s�u�s� �t�i�m�e� �f�r�o�m� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�5�.� �T�h�e� �p�e�a�k� 

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

�s�h�o�r�t�,� �l�e�s�s� �t�h�a�n� �0�.�0�0�5� �s�e�c�o�n�d�s� �f�o�r� �c�o�n�t�a�c�t� �f�o�r�c�e� �g�r�e�a�t�e�r� �t�h�a�n� �a� �f�e�w� 

�h�u�n�d�r�e�d� �p�o�u�n�d�s�.� �T�h�e� �o�p�e�r�a�t�i�n�g� �f�r�e�q�u�e�n�c�y� �i�s� �a�b�o�u�t� �1�0�.�6� �h�e�r�t�z�.� �B�e�t�w�e�e�n� 

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

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

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

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

�T�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �z�e�r�o� �p�o�s�i�t�i�o�n� �i�s� �a�r�b�i�t�r�a�r�y�,� �a�n�d� �i�n� �F�i�g�u�r�e� �5�.�5� �i�t� �i�s� 

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

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

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

�a� �r�a�t�e� �o�f� �a�b�o�u�t� �5�5� �f�o�o�t�-�p�o�u�n�d�s� �p�e�r� �i�m�p�a�c�t�.� 

�T�h�e� �f�i�r�s�t� �i�m�p�a�c�t� �i�n� �F�i�g�u�r�e� �5�.�5� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�6� �w�i�t�h� �a�n� 

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

�d�e�p�a�r�t�u�r�e� �f�r�o�m� �t�h�e� �s�o�i�l� �a�r�e� �a�l�s�o� �s�h�o�w�n�.� �F�i�g�u�r�e� �5�.�6� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�s�o�i�l� �i�n� �t�h�i�s� �t�e�s�t� �d�e�f�o�r�m�e�d� �a�b�o�u�t� �0�.�3� �i�n�c�h�e�s� �d�u�r�i�n�g� �r�a�m�m�e�r� �i�m�p�a�c�t�.� 

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

�a�l�l� �t�h�e� �t�e�s�t�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �5�.�3� �i�s� �5�2�.�4� �f�o�o�t�-�p�o�u�n�d�s�,� �w�h�i�c�h� �i�s� 

�c�l�o�s�e� �t�o� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �e�n�e�r�g�y� �o�f� �5�7�.�8� �f�o�o�t�-�p�o�u�n�d�s�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �m�e�a�s�u�r�e�d� �p�e�a�k� �c�o�n�t�a�c�t� �f�o�r�c�e�s� �r�a�n�g�e�d� �f�r�o�m� �3�5�2�0� �p�o�u�n�d�s� �t�o� �8�5�5�0� �p�o�u�n�d�s� 

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

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

�o�f� �t�h�e� �p�e�a�k� �f�o�r�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �t�e�s�t� �E�P� �1�3�,� �i�n� �w�h�i�c�h� �t�h�e� �b�a�c�k�f�i�l�l� �w�a�s� 

�s�o�f�t� �b�e�c�a�u�s�e� �i�t� �w�a�s� �c�o�m�p�a�c�t�e�d� �w�e�t� �o�f� �o�p�t�i�m�u�m�,� �i�s� �5�0�4�0� �p�o�u�n�d�s�.� �O�n� �t�h�e� 

�o�t�h�e�r� �h�a�n�d�,� �t�h�e� �a�v�e�r�a�g�e� �o�f� �t�h�e� �p�e�a�k� �f�o�r�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �t�e�s�t� �E�P� �1�4�,� 

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

�i�s� �7�3�3�0� �p�o�u�n�d�s�.� �F�o�r� �a�l�l� �c�a�s�e�s�,� �t�h�e� �m�e�a�s�u�r�e�d� �p�e�a�k� �f�o�r�c�e�s� �a�r�e� �g�r�e�a�t�e�r� 

�t�h�a�n� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �f�o�r�c�e� �o�f� �2�7�7�5� �p�o�u�n�d�s�.� �A�s� �m�e�n�t�i�o�n�e�d� 

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

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o�  ��t�h�e� �s�t�a�n�d�a�r�d� �s�o�i�l� �d�e�f�o�r�m�a�t�i�o�n�"� �o�f� �0�.�2�5� �i�n�c�h�e�s� �d�u�r�i�n�g� 

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

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

�t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �(�a�v�e�r�a�g�e�)� �f�o�r�c�e� �o�f� �2�7�7�5� �p�o�u�n�d�s� �w�o�u�l�d� �c�o�r�r�e�s�p�o�n�d� 

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

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

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

�5�.�5�.�2� �V�i�b�r�a�t�i�n�g� �P�l�a�t�e� �C�o�m�p�a�c�t�o�r� 

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

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

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�7�.� �T�h�e� �p�e�a�k� �c�o�m�p�r�e�s�s�i�v�e� �f�o�r�c�e�s� �a�r�e� �a�b�o�u�t� �1�2�0�0� 

�p�o�u�n�d�s� �a�n�d� �p�e�a�k� �t�e�n�s�i�l�e� �f�o�r�c�e�s� �a�r�e� �a�b�o�u�t� �3�0�0� �p�o�u�n�d�s�.� �T�h�e� �o�p�e�r�a�t�i�n�g� 

�f�r�e�q�u�e�n�c�y� �i�s� �a�b�o�u�t� �9�8� �h�z�.� �T�h�e� �b�a�s�e� �p�o�s�i�t�i�o�n� �t�r�a�c�e� �i�n� �F�i�g�u�r�e� �5�.�7� �s�h�o�w�s� �a� 

�p�e�a�k� �t�o� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �a�m�p�l�i�t�u�d�e� �o�f� �a�b�o�u�t� �0�.�0�6� �i�n�c�h�e�s�.� �T�h�e� �l�o�c�a�t�i�o�n� 
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�F�I�G�U�R�E� �5�.�7�:� �T�y�p�i�c�a�l� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� �f�o�r�c�e�,� �p�o�s�i�t�i�o�n�,� �a�n�d� 
�e�n�e�r�g�y� �t�r�a�c�e�s�.� 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �7�5



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

�r�a�n�g�e�.� 

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

�s�i�l�t�y� �s�a�n�d� �a�v�e�r�a�g�e� �4�1�0� �p�o�u�n�d�s� �a�n�d� �p�e�a�k� �t�e�n�s�i�l�e� �f�o�r�c�e�s� �f�o�r� �a�l�l� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �t�h�e� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d� �a�v�e�r�a�g�e� �2�5�0� �p�o�u�n�d�s�.� �T�h�e� 

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

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

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

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

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

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

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

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

�c�o�m�p�a�c�t�o�r� �f�o�r� �a�l�l� �t�h�e� �t�e�s�t�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �5�.�3� �r�a�n�g�e�d� �f�r�o�m� �1�0�3�0� �t�o� 

�1�6�8�0� �p�o�u�n�d�s� �a�n�d� �a�v�e�r�a�g�e�d� �1�2�7�0� �p�o�u�n�d�s�.� �T�h�e�s�e� �f�o�r�c�e�s� �a�r�e� �m�u�c�h� �l�e�s�s� �t�h�a�n� 

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

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

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

�u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�,� �a�s� �w�a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�1�,� �a�n�d� �2�)� �t�h�e� �r�a�t�i�n�g� 

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

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

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

�c�o�m�p�a�c�t�o�r� �m�e�a�s�u�r�e�m�e�n�t�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �5�.�3� �r�a�n�g�e�d� �f�r�o�m� �3�.�2�6� �t�o� �6�.�1�8� 

�f�t�-�l�b�s� �p�e�r� �c�y�c�l�e� �a�n�d� �a�v�e�r�a�g�e�d� �4�.�8�1� �f�t�-�l�b�s� �p�e�r� �c�y�c�l�e�.� �T�h�e�s�e� �e�n�e�r�g�i�e�s� �a�r�e� 

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

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

�f�o�r� �t�h�e� �t�w�o� �c�o�m�p�a�c�t�o�r�s�.� �T�h�e� �L�E�M�B� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �a� �m�e�t�h�o�d� �f�o�r� �r�a�t�i�n�g� 

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

�5�.�6� �C�o�m�p�a�c�t�i�v�e� �E�f�f�o�r�t� 

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

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

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

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

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

�a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�4�.� 

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

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

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

�5�.�4� �a�r�e� �n�o�t� �s�t�r�o�n�g�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�o�i�l� �b�e�i�n�g� 

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

�v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� �w�a�s� �4�.�1�6� �f�t�-�l�b�s� �o�n� �m�o�i�s�t� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� 

�N�o�.� �1� �(�t�e�s�t� �E�P� �1�2�)�,� �a�n�d� �4�.�0�1� �f�t�-�l�b�s� �o�n� �d�r�y� �L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d� �(�t�e�s�t� �E�P� 

�1�6�)�.� �T�h�e� �t�r�a�n�s�f�e�r�r�e�d� �e�n�e�r�g�y� �p�e�r� �c�y�c�l�e� �f�o�r� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r� �w�a�s� �5�5�.�7� 

�f�t�-�l�b�s� �o�n� �w�e�t� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.�2� �(�t�e�s�t� �E�P� �1�3�)�,� �4�9�.�0� �f�t�-�l�b�s� �o�n� 

�d�r�y� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �2� �(�t�e�s�t� �E�P� �1�4�)�,� �a�n�d� �5�2�.�2� �f�t�-�l�b�s� �o�n� �d�r�y� 

�L�i�g�h�t� �C�a�s�t�l�e� �s�a�n�d� �(�t�e�s�t� �E�P� �1�5�)�.� �T�h�e� �p�e�a�k� �f�o�r�c�e�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�s� 

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

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

�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �n�o�t� �m�a�d�e�,� �i�.�e�.�,� �t�e�s�t�s� �E�P� �3� �t�h�r�o�u�g�h� �E�P� �1�1�,� �c�a�n� �b�e� 

�e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �t�h�e� �c�o�m�p�a�c�t�i�o�n� �t�i�m�e�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.�2� �a�n�d� �t�h�e� 

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

�v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r� �i�n� �t�e�s�t�s� �E�P� �1�2� �a�n�d� �E�P� �1�6�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� 

�c�o�m�p�a�c�t�i�v�e� �e�f�f�o�r�t�s� �r�a�n�g�i�n�g� �f�r�o�m� �3�,�5�0�0� �t�o� �4�,�9�0�0� �f�t�-�I�b�s�/�c�u� �f�t� �f�o�r� �t�e�s�t�s� �E�P� 

�3� �t�h�r�o�u�g�h� �E�P� �1�2�,� �w�h�i�c�h� �a�r�e� �a�l�l� �t�h�e� �t�e�s�t�s� �b�a�c�k�f�i�l�l�e�d� �w�i�t�h� �6�-�i�n�c�h� �t�h�i�c�k� 

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

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

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

�c�o�m�p�a�c�t�i�v�e� �e�f�f�o�r�t�s� �i�n� �F�i�g�u�r�e� �5�.�8�.� �T�h�e� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�a�t�,� �b�e�c�a�u�s�e� �t�h�e� 

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

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

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

�A� �s�i�m�i�l�a�r� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �m�a�d�e� �f�o�r� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �2�.� �I�n� 

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

�w�e�r�e� �o�b�t�a�i�n�e�d� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �S�t�a�n�d�a�r�d� �P�r�o�c�t�o�r� �a�n�d� �M�o�d�i�f�i�e�d� �P�r�o�c�t�o�r� 

�c�u�r�v�e�s�.� �A�l�l� �f�o�u�r� �c�u�r�v�e�s� �a�r�e� �s�h�o�w�n� �o�n� �F�i�g�u�r�e� �5�.�9�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� 

�f�r�o�m� �t�e�s�t�s� �E�P� �1�3� �a�n�d� �E�P� �1�4�.� �T�h�e� �c�o�m�p�a�c�t�i�o�n� �c�u�r�v�e� �s�h�o�w�n� �f�o�r� �t�h�e� 

�i�n�s�t�r�u�m�e�n�t�e�d� �r�e�t�a�i�n�i�n�g� �w�a�l�l� �t�e�s�t�s� �i�n� �F�i�g�u�r�e� �5�.�9� �i�s� �f�o�r� �t�h�e� �c�o�m�p�a�c�t�i�v�e� 

�e�f�f�o�r�t� �o�f� �t�e�s�t� �E�P� �1�4� �o�n�l�y�,� �s�i�n�c�e� �t�e�s�t� �E�P� �1�3� �w�a�s� �c�o�m�p�a�c�t�e�d� �w�e�t� �o�f� �o�p�t�i�m�u�m� 

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

�T�h�e� �m�a�x�i�m�u�m� �d�r�y� �u�n�i�t� �w�e�i�g�h�t�s� �f�r�o�m� �F�i�g�u�r�e�s� �5�.�8� �a�n�d� �5�.�9� �a�r�e� �p�l�o�t�t�e�d� 

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

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

�f�o�r� �Y�a�t�e�s�v�i�l�l�e� �s�i�l�t�y� �s�a�n�d� �N�o�.� �1�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� 

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

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

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

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

�l�a�b�o�r�a�t�o�r�y�.� 

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

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

�b�e�i�n�g� �c�o�m�p�a�c�t�e�d�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �d�a�t�a� �i�n� �T�a�b�l�e� �5�.�4� �c�a�n� �b�e� �u�s�e�d� �t�o� 

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

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

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

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

�5�.�7� �C�o�m�p�a�c�t�o�r� �P�e�r�f�o�r�m�a�n�c�e� �M�o�d�e�l�s� 

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

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

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

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

�(�1�9�6�6�)�.� 

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

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

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

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �8�3



�T�A�B�L�E� �5�.�5�:� �C�o�m�p�a�c�t�o�r� �E�n�e�r�g�y� �T�r�a�n�s�f�e�r� �R�a�t�e�s� 

� � 

�C�o�m�p�a�c�t�o�r� �T�y�p�e� 
�E�n�e�r�g�y� �T�r�a�n�s�f�e�r� �R�a�t�e� 

�(�f�t�-�1�l�b�s�/�s�e�c�)� 

�C�o�m�p�a�c�t�i�o�n� �T�i�m�e� �R�e�q�u�i�r�e�d� �f�o�r� 
�S�t�a�n�d�a�r�d� �P�r�o�c�t�o�r� �E�n�e�r�g�y� 

�(�s�e�c�/�c�u� �f�t�)� 
� � 

�W�a�c�k�e�r� �B�P�U�2�4�4�0�A� 
�V�i�b�r�a�t�i�n�g� �P�l�a�t�e� 

�4�0�0� �3�1� 

� � 

� � �W�a�c�k�e�r� �B�S�6�0�Y� 

�R�a�m�m�e�r� � � �5�8�0� � � �2�1� 

� � 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �8�4� 

� 



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

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

�5�.�7�.�1� �V�i�b�r�a�t�i�n�g� �P�l�a�t�e� �C�o�m�p�a�c�t�o�r� 

�I�n� �L�y�s�m�e�r� �a�n�d� �R�i�c�h�a�r�t ��s� �a�n�a�l�o�g�,� �a� �m�a�c�h�i�n�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� 

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

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

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

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

� � 

� � 

�t�o� 

�4�G�r� 
�k� �=� �l�-�v� �(�5�.�3�)� 

�w�h�e�r�e� 

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

�G� �=� �t�h�e� �s�o�i�l� �s�h�e�a�r� �m�o�d�u�l�u�s�,� �p�s�i� 

�_�- �� �F�f� 
�2�(�1� �+� �v�)� 

�E� �=� �t�h�e� �Y�o�u�n�g ��s� �m�o�d�u�l�u�s� �o�f� �t�h�e� �s�o�i�l�,� �p�s�i� 

�r� �=� �t�h�e� �c�o�n�t�a�c�t� �r�a�d�i�u�s�,� �i�n�c�h�e�s� 

�y� �=� �t�h�e� �s�o�i�l� �P�o�i�s�s�o�n ��s� �r�a�t�i�o� 

�a�n�d� 

�3�.�4�r�2� �c�o� �o�T� �h�s� �(�5�.�4�)� 
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�w�h�e�r�e� 

�t�h�e� �d�a�m�p�i�n�g� �c�o�n�s�t�a�n�t�,� �l�b�s�/�i�n�/�s�e�c� �o�O� �"� 

�t�h�e� �s�o�i�l� �d�e�n�s�i�t�y�,� �I�l�b�s�-�s�e�c�?�/�i�n ��*� �w
�o

� 

�H�t� 

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

�m�Y�,� �+� �C�Y�,� �+� �k�y�,� �=� �Q�o�:�s�i�n�(�w�t�+�o�)� �(�5�.�5�)� 

�w�h�e�r�e� 

�t�h�e� �m�a�s�s� �o�f� �t�h�e� �c�o�m�p�a�c�t�o�r� �b�a�s�e� �p�l�a�t�e�,� �1�b�-�s�e�c�?�/�i�n� �m�M�,� 

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

�I�n� �a�p�p�l�y�i�n�g� �E�q�.� �5�.�5� �t�o� �t�h�e� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�,� �t�h�e� �m�a�s�s�,� 

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

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

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

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

�F�i�g�u�r�e� �5�.�7�.� 

�T�h�e� �s�o�l�u�t�i�o�n� �o�f� �E�q�.� �5�.�5� �i�s� �t�h�e� �c�o�n�t�a�c�t� �p�o�s�i�t�i�o�n�,� �y�,�,� �a� �f�u�n�c�t�i�o�n� �o�f� 

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

�y�,�(�t�)� �=� �A�,�-�s�i�n�(�w�t� �+� �9� �-� �¢�,�)� �(�5�.�6�a�)� 

�Q�o� 
�a�}� �(�k� �-� �m�,�w�2�)�?� �+� �c�w�?� 
� � �A�,� �=� �(�5�.�6�b�)� � � 
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�C�c� 
�t�a�n� �¢�,� �=� �c�o� �m�e�t� �(�5�.�6�c�)� 

�w�h�e�r�e� 

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

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

�f�o�r�c�e�,� �i�.�e�.�,� �t�h�e� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� �o�f� �E�q�.� �5�.�5�,� �a�n�d� �t�h�e� �b�a�s�e� 

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

�P�e� 

�W�i�t�h� �t�h�e� �c�o�n�t�a�c�t� �p�o�s�i�t�i�o�n� �k�n�o�w�n�,� �t�h�e� �c�o�n�t�a�c�t� �f�o�r�c�e�,� �F�(�t�)�,� �i�s� �g�i�v�e�n� 

�b�y� 

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

�c�o�n�s�t�a�n�t�s� �i�n� �E�q�s�.� �5�.�3� �a�n�d� �5�.�4�.� �A�s� �d�e�s�c�r�i�b�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�,� �s�a�m�p�l�e�s� �o�f� 

�t�h�e� �c�o�m�p�a�c�t�e�d� �b�a�c�k�f�i�l�l� �f�r�o�m� �t�e�s�t� �E�P� �9�,� �w�h�o�s�e� �b�a�c�k�f�i�l�l� �w�a�s� �c�o�m�p�a�c�t�e�d� �t�o� 

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

�1�2�,� �w�e�r�e� �t�e�s�t�e�d� �i�n� �u�n�c�o�n�s�o�l�i�d�a�t�e�d�-�u�n�d�r�a�i�n�e�d� �t�r�i�a�x�i�a�l� �c�o�m�p�r�e�s�s�i�o�n� �o�v�e�r� �a� 

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

�m�o�d�u�l�u�s� �o�f� �3�5�0� �p�s�i� �w�a�s� �m�e�a�s�u�r�e�d�.� �A�s�s�u�m�i�n�g� �a� �v�a�l�u�e� �o�f� �P�o�i�s�s�o�n ��s� �r�a�t�i�o� �o�f� 

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

�a�n�d� �5�.�4�.� �T�h�e� �d�r�i�v�i�n�g� �c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e� �i�n� �t�h�e� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� �o�f� �E�q�.� 

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

�T�a�b�l�e� �5�.�1� �f�o�r� �f�o�r�w�a�r�d� �c�o�m�p�a�c�t�o�r� �t�r�a�v�e�l� �a�n�d� �t�h�e� �r�o�t�a�t�i�o�n� �r�a�t�e� �o�f� �9�8� �h�z� 

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�7�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �u�s�e�d� �f�o�r� �t�h�e� 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �8�7



�c�a�l�c�u�l�a�t�i�o�n�s� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�6�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� 

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

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

�a�n�d� �t�h�e� �m�e�a�s�u�r�e�d� �c�o�m�p�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �F�i�g�u�r�e� �5�.�7� �i�s� �c�l�o�s�e�,� �w�i�t�h� �t�h�e� 

�p�e�a�k� �f�o�r�c�e� �b�e�i�n�g� �a�b�o�u�t� �1�2�0�0� �p�o�u�n�d�s� �a�n�d� �t�h�e� �p�e�a�k� �t�o� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� 

�b�e�i�n�g� �a�b�o�u�t� �0�.�0�6� �i�n�c�h�e�s� �i�n� �b�o�t�h� �c�a�s�e�s�.� �E�n�e�r�g�y� �a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �m�a�x�i�m�u�m� 

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�7�.� �D�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �p�l�o�t�s� �i�n� �F�i�g�u�r�e�s� �5�.�7� �a�n�d� 

�5�.�1�1� �a�r�e� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �1�)� �n�o�n�-�l�i�n�e�a�r� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �a�c�t�u�a�l� �s�o�i�]� 

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

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

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

�a�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �a�n�a�l�o�g�,� �a�n�d� �3�)� �t�h�e� �e�f�f�e�c�t� �o�f� �h�o�r�i�z�o�n�t�a�l� 

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

�s�o�i�l� �i�n�t�e�r�a�c�t�i�o�n�.� 

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

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

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

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

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

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

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

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

�o�f� �c�o�n�d�i�t�i�o�n�s� �a�n�a�l�y�z�e�d� �i�n� �F�i�g�u�r�e� �5�.�1�2�.� �T�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�e� 

�s�y�s�t�e�m� �a�t� �t�h�e� �r�e�f�e�r�e�n�c�e� �v�a�l�u�e�s� �l�i�s�t�e�d� �i�n� �F�i�g�u�r�e� �5�.�1�2� �i�s� �2�3� �h�e�r�t�z�.� 

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

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

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

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

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

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

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

�5�.�7�.�2� �R�a�m�m�e�r� �C�o�m�p�a�c�t�o�r� 

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

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

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

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

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

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

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

�e�x�p�r�e�s�s�i�o�n�s� �f�o�r� �k� �a�n�d� �c� �i�n� �E�q�s�.� �5�.�3� �a�n�d� �5�.�4� �c�a�n� �b�e� �u�s�e�d� �w�i�t�h� �E�q�.� �5�.�7� �t�o� 

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

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

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

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

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

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

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

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

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

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

�t�h�e� �s�h�o�e� �b�e�g�i�n�s� �m�o�v�i�n�g� �d�o�w�n� �i�n�t�o� �t�h�e� �s�o�i�l�.� �T�h�i�s� �v�e�l�o�c�i�t�y� �i�s� �a�b�o�u�t� �1�3�5� 

�i�n�c�h�e�s� �p�e�r� �s�e�c�o�n�d� �f�o�r� �t�h�e� �d�a�t�a� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�6�,� �a�n�d� �i�t� �d�i�d� �n�o�t� �v�a�r�y� 

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

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

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

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

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

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

�c�o�n�t�a�c�t� �f�o�r�c�e� �f�r�o�m� �E�q�.� �5�.�7� �s�h�o�u�l�d� �e�q�u�a�l� �t�h�e� �m�e�a�s�u�r�e�d� �e�n�e�r�g�y� �p�e�r� �b�l�o�w� 
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�h�i�g�h�,� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n�s� �w�e�r�e� �l�a�r�g�e�,� �a�n�d� �t�h�e� �s�o�i�l� �b�e�n�e�a�t�h� �t�h�e� �c�o�m�p�a�c�t�o�r� 
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�5�.�4�,� �E�q�s�.� �5�.�9� �a�n�d� �5�.�1�0� �w�e�r�e� �s�o�l�v�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �v�a�l�u�e�s� �o�f� �A�,� �a�n�d� �t�,�.� 

�F�i�n�a�l�l�y�,� �E�q�s�.� �5�.�7� �a�n�d� �5�.�8� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �t�o� �g�i�v�e� �t�h�e� �f�o�r�c�e� �a�n�d� �p�o�s�i�t�i�o�n� 

�t�r�a�c�e�s� �v�e�r�s�u�s� �t�i�m�e�.� �T�h�e� �r�e�s�u�l�t�s� �f�o�r� �t�e�s�t� �E�P� �1�3� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�5�.�1�3�.� �T�h�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �m�o�d�e�l� �i�n� �F�i�g�u�r�e� �5�.�1�3� �a�n�d� �t�h�e� �m�e�a�s�u�r�e�d� 

�c�o�m�p�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �F�i�g�u�r�e� �5�.�6� �i�s� �r�e�a�s�o�n�a�b�l�y� �g�o�o�d�.� �T�h�e� �p�e�a�k� �f�o�r�c�e� 

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

�a�v�e�r�a�g�e� �m�e�a�s�u�r�e�d� �p�e�a�k� �f�o�r�c�e� �o�f� �5�0�4�0� �p�o�u�n�d�s�,� �a�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.�3� �f�o�r� 
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�a�n�d� �s�h�o�e� �s�i�z�e� �o�n� �p�e�a�k� �c�o�n�t�a�c�t� �f�o�r�c�e�s� �f�o�r� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r�s�.� �T�h�e� �r�e�s�u�l�t�s� 

�o�f� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�1�4�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �p�e�a�k� 

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

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

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

�t�h�e� �o�t�h�e�r� �f�a�c�t�o�r�s�.� 

�5�.�8� �C�o�n�c�l�u�s�i�o�n�s� 

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

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

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

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

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

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

�o�f� �t�h�e� �s�h�o�e� �t�o� �o�b�t�a�i�n� �t�h�e� �f�o�r�c�e� �o�n� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �s�h�o�e�.� �A� 

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

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

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

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

�F�o�r� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r�,� �p�e�a�k� �c�o�n�t�a�c�t� �f�o�r�c�e�s� �r�a�n�g�e�d� �f�r�o�m� �3�5�2�0� �t�o� 

�8�5�5�0� �p�o�u�n�d�s� �a�n�d� �a�v�e�r�a�g�e�d� �5�5�0�0� �p�o�u�n�d�s�.� �T�h�e� �p�e�a�k� �c�o�n�t�a�c�t� �f�o�r�c�e� �i�n�c�r�e�a�s�e�d� 

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

�w�a�s� �5�2�.�4� �f�o�o�t�-�p�o�u�n�d�s� �p�e�r� �b�l�o�w�,� �a�n�d� �t�h�i�s� �v�a�l�u�e� �i�s� �c�l�o�s�e� �t�o� �t�h�e� 

�m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �e�n�e�r�g�y� �o�f� �5�7�.�8� �f�o�o�t�-�p�o�u�n�d�s� �p�e�r� �b�l�o�w�.� �H�o�w�e�v�e�r�,� �t�h�e� 
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�Y�o�u�n�g�'�s� 
�B�F� �M�o�d�u�l�u�s� �  �� 

�9�0�0� �p�s�i� 
�6�-� �_� 

�4�6�0� �p�s�i� 
�4�5� �4� 

�2�2�5� �p�s�i� 

�2�h� �a� 

�0� �4� �4� �|� �l� 

�1�0� �]� �T� �T� �]� �t� 

�o� �C�o�n�t�a�c�t� 
�2� �8� �L� �V�e�l�o�c�i�t�y� �4� 

�u�l� �5� �L� �2�0�0� �i�n�/�s�e�c� �|� 

�o�r� �1�3�5� �i�n�/�s�e�c� 
�L�e� �4�k� 

�5� �7�5� �i�n�/�s�e�c� �|� 

�=�f� �2�b� �4� 
�Z�z� 
�O� 
�O� �0� �a� �4� �|� �_� �|� 

�<� �1�0� �:� �:� �)� �4� �1� 
�o� �9� �S�h�o�e� �R�a�d�i�u�s� 

�i� �6�.�5� �i�n�c�h�e�s� �|� 

�6�+� �|� 

�5�.�0� �i�n�c�h�e�s� 
�A�L� �_� 

�5�.�5� �i�n�c�h�e�s� 
�2�+� �a� 

�0� �1� �!� �|� �_� �I� 
�3�0� �4�0� �5�0� �6�0� �7�0� �8�0� �9�0� 

�E�N�E�R�G�Y� �P�E�R� �B�L�O�W�,� �f�t�-�l�b�s� 

�N�o�t�e�:� �E�x�c�e�p�t� �a�s� �i�n�d�i�c�a�t�e�d�,� �t�h�e� �v�a�l�u�e�s� �u�s�e�d� �f�o�r� �t�h�e�s�e� �a�n�a�l�y�s�e�s� �a�r�e�:� 
�Y�o�u�n�g�'�s� �M�o�d�u�l�u�s� �=� �4�6�0� �p�s�i�,� �C�o�n�t�a�c�t� �V�e�l�o�c�i�t�y� �=� �1�3�5� �i�n�/�s�e�c�,� 
�S�h�o�e� �R�a�d�i�u�s� �=� �5�.�0� �i�n�c�h�e�s�,� �S�o�i�l� �U�n�i�t� �W�e�i�g�h�t� �=� �1�3�5� �p�c�f�,� �a�n�d� 
�S�o�i�l� �P�o�i�s�s�o�n�'�s� �R�a�t�i�o� �=� �0�.�5� 

�F�I�G�U�R�E� �5�.�1�4�:� �I�n�f�l�u�e�n�c�e� �o�f� �v�a�r�i�a�t�i�o�n� �i�n� �m�o�d�e�l� �p�a�r�a�m�e�t�e�r�s� �o�n� �t�h�e� �p�e�a�k� 
�c�o�n�t�a�c�t� �f�o�r�c�e� �f�o�r� �t�h�e� �r�a�m�m�e�r� �c�o�m�p�a�c�t�o�r�.� 
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�m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�e�d� �f�o�r�c�e� �o�f� �2�7�7�5� �p�o�u�n�d�s� �i�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �t�h�e� 

�m�e�a�s�u�r�e�d� �p�e�a�k� �f�o�r�c�e�s�.� �T�h�e� �L�E�M�B� �r�a�t�i�n�g� �p�r�o�c�e�d�u�r�e� �s�e�e�m�s� �t�o� �g�i�v�e� �a� 

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

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

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

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

�F�o�r� �t�h�e� �v�i�b�r�a�t�i�n�g� �p�l�a�t�e� �c�o�m�p�a�c�t�o�r�,� �p�e�a�k� �f�o�r�c�e�s� �r�a�n�g�e�d� �f�r�o�m� �1�0�3�0� �t�o� 

�1�6�8�0� �p�o�u�n�d�s� �a�n�d� �a�v�e�r�a�g�e�d� �1�2�7�0� �p�o�u�n�d�s�.� �M�e�a�s�u�r�e�d� �p�e�a�k� �f�o�r�c�e�s� �w�e�r�e� �m�u�c�h� 

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

�b�e�c�a�u�s�e� �1�)� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r ��s� �r�a�t�i�n�g� �s�e�e�m�s� �t�o� �b�e� �b�a�s�e�d� �o�n� �a�n� 

�o�v�e�r�e�s�t�i�m�a�t�e� �o�f� �m�a�s�s� �t�i�m�e�s� �e�c�c�e�n�t�r�i�c�i�t�y� �a�n�d� �2�)� �t�h�e� �r�a�t�i�n�g� �c�a�l�c�u�l�a�t�i�o�n� �i�s� 

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

�s�u�p�p�o�r�t�,� �i�n�s�t�e�a�d� �o�f� �t�h�e� �f�l�e�x�i�b�l�e� �s�u�p�p�o�r�t� �w�h�i�c�h� �s�o�i�l� �p�r�o�v�i�d�e�s�.� �T�h�e� �L�E�M�B� 

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

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

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

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

�f�o�r�c�e�.� 

�M�o�d�e�l�s� �b�a�s�e�d� �o�n� �L�y�s�m�e�r� �a�n�d� �R�i�c�h�a�r�t ��s� �(�1�9�6�6�)� �a�n�a�l�o�g� �s�u�c�c�e�s�s�f�u�l�l�y� 

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

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

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

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

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

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

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

�w�e�i�g�h�t� �r�o�t�a�t�i�o�n� �r�a�t�e�.� 

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

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

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

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

�T�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n�c�l�u�d�e�:� 

�1�)� 

�2�)� 

�3�)� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�c�o�m�p�r�e�s�s�i�b�l�e�.� 

�C�O�M�P�A�C�T�O�R� �P�E�R�F�O�R�M�A�N�C�E� �1�0�1



�C�H�A�P�T�E�R� �6� �-� �C�O�M�P�A�C�T�I�O�N�-�I�N�D�U�C�E�D� �L�A�T�E�R�A�L� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� 

�6�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

�p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �t�h�e�o�r�y� �o�f� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)�.� �H�o�w�e�v�e�r�,� �d�u�r�i�n�g� �t�h�e� 

�c�o�a�r�s�e� �o�f� �t�h�e� �w�o�r�k�,� �a� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n� �f�r�o�m� �P�e�c�k� �(�1�9�9�1�)� �p�o�i�n�t�e�d� 

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

�i�n�s�t�a�n�c�e�s�.� �M�o�t�i�v�a�t�e�d� �b�y� �P�e�c�k ��s� �o�b�s�e�r�v�a�t�i�o�n�s�,� �t�h�e� �r�e�a�s�o�n�s� �f�o�r� �t�h�e� 

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

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

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

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

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

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

�C�h�a�p�t�e�r� �7�.� 

�6�.�2� �P�r�e�d�i�c�t�i�o�n�s� �U�s�i�n�g� �t�h�e� �1�9�8�6� �T�h�e�o�r�y� 

�D�u�n�c�a�n� �e�t� �a�l�.� �(�1�9�9�1�)� �p�r�e�s�e�n�t� �c�a�l�c�u�l�a�t�e�d� �p�r�e�s�s�u�r�e�s� �u�s�i�n�g� �t�h�e� 

�c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �t�h�e�o�r�y� �o�f� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)� �f�o�r� 

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

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

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

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�0�2



�c�o�n�d�i�t�i�o�n�s� �w�h�e�r�e� �t�h�e� �r�o�l�l�e�r� �i�s� �i�m�m�e�d�i�a�t�e�l�y� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �w�a�l�l� �(�x� �=� �0�.�0� 

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

�w�a�l�l� �(�x� �=� �1�.�0� �f�t�)� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�1�.� �P�e�c�k� �(�1�9�9�1�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

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

�c�o�n�d�i�t�i�o�n�.� 

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

�u�s�i�n�g� �t�h�e� �1�9�8�6� �t�h�e�o�r�y� �i�s� �d�u�e� �t�o� �t�h�e� �v�e�r�y� �h�i�g�h� �s�t�r�e�s�s�e�s� �i�n�d�u�c�e�d� �i�n� �t�h�e� 

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

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

�F�i�g�u�r�e�s� �6�.�2� �a�n�d� �6�.�3�.� �A�n� �i�m�p�o�r�t�a�n�t� �p�a�r�t� �o�f� �t�h�e� �c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� 

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

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

�p�o�i�n�t�s� �f�o�r� �t�h�e� �k�y� �s�t�r�e�s�s� �p�a�t�h� �i�n� �t�h�e� �1�9�8�6� �t�h�e�o�r�y� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�6�.�2�.� �W�h�e�n� �a� �l�i�f�t� �o�f� �b�a�c�k�f�i�l�l� �i�s� �p�l�a�c�e�d�,� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �i�s� �a�s�s�u�m�e�d� �t�o� 

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

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

�f�r�o�m� �A� �t�o� �B�.� �W�h�e�n� �t�h�e� �c�o�m�p�a�c�t�o�r� �m�o�v�e�s� �a�w�a�y�,� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �f�o�l�l�o�w�s� �t�h�e� 

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

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

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

�o�v�e�r�b�u�r�d�e�n� �s�t�r�e�s�s� �a�t� �p�o�i�n�t� �A�.� �I�f� �t�h�e� �s�t�r�e�s�s� �a�t� �p�o�i�n�t� �B� �i�s� �h�i�g�h� �e�n�o�u�g�h�,� 

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

�i�n�t�e�r�s�e�c�t� �t�h�e� �p�a�s�s�i�v�e� �p�r�e�s�s�u�r�e� �l�i�n�e�,� �w�h�i�c�h� �i�s� �l�a�b�e�l�l�e�d� �k�j�,� �i�n� �t�h�e� 

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

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

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

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

�F�i�g�u�r�e� �6�.�2�,� �o�n� �t�h�e� �k�y� �l�i�n�e�.� �I�n� �t�h�e� �1�9�8�6� �t�h�e�o�r�y�,� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �p�o�i�n�t� �R� 

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

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

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

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

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

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

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

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

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

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

�t�o�w�a�r�d�s� �a� �l�o�w�e�r� �p�o�i�n�t� �R�.� 

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

�6�.�1� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�3�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �p�e�a�k� �v�a�l�u�e� �o�f� 

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

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

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

�s�e�e�m�s� �r�e�a�s�o�n�a�b�l�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �1�9�8�6� �t�h�e�o�r�y� �m�o�d�e�l�l�e�d� �t�h�e� �b�e�h�a�v�i�o�r� �i�n� 

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

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

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

�r�e�l�o�a�d�i�n�g� �t�a�r�g�e�t� �p�o�i�n�t�,� �a�t� �a� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �o�f� �a�b�o�u�t� �9� �k�s�f�,� �i�s� �l�a�b�e�l�l�e�d� 
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�R� �i�n� �t�h�e� �s�m�a�l�l� �i�n�s�e�t� �g�r�a�p�h� �i�n� �F�i�g�u�r�e� �6�.�3�(�a�)�.� �S�u�b�s�e�q�u�e�n�t� �s�t�r�e�s�s� �p�a�t�h� 

�e�x�c�u�r�s�i�o�n�s� �p�i�v�o�t�e�d� �a�b�o�u�t� �p�o�i�n�t� �R�.� �T�h�e� �1�9�8�6� �m�o�d�e�l� �r�e�t�a�i�n�e�d� �m�e�m�o�r�y� �o�f� �t�h�e� 

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

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

�w�a�s� �n�o�t� �t�r�u�l�y� �h�y�s�t�e�r�e�t�i�c�.� �T�h�i�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�3�(�a�)�,� �w�h�e�r�e� �t�h�e� 

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

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

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

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

�T�h�i�s� �i�s� �s�h�o�w�n� �b�y� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �i�n� �F�i�g�u�r�e� �6�.�3�(�b�)�.� 

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

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

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

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

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

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

�t�h�e� �u�n�l�o�a�d�i�n�g� �s�t�r�e�s�s� �p�o�i�n�t� �(�p�o�i�n�t� �D� �i�n� �F�i�g�u�r�e� �6�.�2�)�.� �T�h�i�s� �i�d�e�a� �w�a�s� �t�h�e� 

�b�a�s�i�s� �f�o�r� �t�h�e� �r�e�v�i�s�i�o�n�s� �t�o� �t�h�e� �1�9�8�6� �m�o�d�e�l� �t�h�a�t� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�.� 

�6�.�3� �R�e�v�i�s�e�d� �H�y�s�t�e�r�e�t�i�c� �k�,� �M�o�d�e�l� 

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

�u�n�c�h�a�n�g�e�d� �f�r�o�m� �t�h�e� �1�9�8�6� �t�h�e�o�r�y�.� �T�h�e�s�e� �c�o�m�p�o�n�e�n�t�s� �a�r�e� �t�h�e� �v�i�r�g�i�n� 

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

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

�A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�4�,� �a� �s�o�i�l� �e�l�e�m�e�n�t� �f�o�l�l�o�w�s� �t�h�e� �n�o�r�m�a�l�l�y� �c�o�n�s�o�l�i�d�a�t�e�d� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�0�8
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�P�a�t�h�:� �O�,� �A�,� �B�,� �C� � � 

� � 

� � 

�O
� 

�F�i�g�u�r�e� �6�.�4�:� 

� � 

�E�F�F�E�C�T�I�V�E� �V�E�R�T�I�C�A�L� �S�T�R�E�S�S�,� �o�'� 

�V�i�r�g�i�n� �L�o�a�d�i�n�g�,� �U�n�l�o�a�d�i�n�g�,� �a�n�d� �R�e�l�o�a�d�i�n�g� �i�n� �t�h�e� �k�,� �S�t�r�e�s�s� 
�P�a�t�h� �M�o�d�e�l� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�0�9



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

�p�o�r�t�i�o�n� �o�f� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �i�s� �d�e�f�i�n�e�d� �b�y� 

�0 ��,� �=� �k�y� �a�o ��,� �(�6�.�1�)� 

�w�h�e�r�e� 

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

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

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

�m�o�d�e�l� �p�a�r�a�m�e�t�e�r�.� 

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

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

�O�'�n� �=� �K�y� �O�C�R� �O�v� �4� �(�6�.�2�)� 

�w�h�e�r�e� 

�/� 

�O�C�R� �=� �t�h�e� �o�v�e�r�c�o�n�s�o�l�i�d�a�t�i�o�n� �r�a�t�i�o�,� �7� �,� �a�n�d� 
�v�,�b� 

�a� �=� �t�h�e� �u�n�l�o�a�d�i�n�g� �e�x�p�o�n�e�n�t�,� �a� �m�o�d�e�l� �p�a�r�a�m�e�t�e�r�.� 

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

�a� �l�i�n�e�a�r� �r�e�l�o�a�d�i�n�g� �p�a�t�h� �t�o�w�a�r�d�s� �t�h�e� �t�a�r�g�e�t� �r�e�l�o�a�d�i�n�g� �p�o�i�n�t� �R� �o�n� �t�h�e� �k�,� 

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

�l�o�c�a�t�i�o�n�s� �o�f� �p�o�i�n�t�s� �A� �a�n�d� �B� �a�c�c�o�r�d�i�n�g� �t�o� 

�O�n�e� �=� �O�n�n� �t� �B�(�O�'�n� �2� �-� �O�n�)� �(�6�.�3�a�)� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�1�0



� � �(�6�.�3�b�)� 

�w�h�e�r�e� 

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

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

�l�i�n�e� �i�s� �e�n�c�o�u�n�t�e�r�e�d�,� �t�h�e�n� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �f�o�l�l�o�w�s� �t�h�e� �v�i�r�g�i�n� �l�o�a�d�i�n�g� 

�l�i�n�e�,� �a�s� �s�h�o�w�n� �b�y� �t�h�e� �d�a�s�h�e�d� �l�i�n�e� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �k�,� �l�i�n�e� �i�n� �F�i�g�u�r�e� �6�.�4�.� 

�W�h�e�n� �t�e�s�t� �d�a�t�a� �i�s� �n�o�t� �a�v�a�i�l�a�b�l�e�,� �t�h�e� �v�a�l�u�e�s� �o�f� �a�@� �a�n�d� �B� �a�r�e� �b�a�s�e�d� 

�o�n� �c�o�r�r�e�l�a�t�i�o�n�s� �w�i�t�h� �¢ ��.� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)� �p�r�o�p�o�s�e�d� �t�h�e� �v�a�r�i�a�t�i�o�n� 

�o�f� �a� �w�i�t�h� �¢ �� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�5�.� �T�h�e�y� �r�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� �a� �r�e�a�s�o�n�a�b�l�e� 

�v�a�l�u�e� �o�f� �B� �i�s� �0�.�6�.� 

�T�h�e� �r�e�m�a�i�n�i�n�g� �d�e�t�a�i�l�s� �o�f� �t�h�e� �h�y�s�t�e�r�e�t�i�c� �m�o�d�e�l� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� 

�s�e�c�t�i�o�n� �c�o�n�s�t�i�t�u�t�e� �r�e�v�i�s�i�o�n�s� �m�a�d�e� �t�o� �a�d�d�r�e�s�s� �t�h�e� �u�n�r�e�a�s�o�n�a�b�l�e� �r�e�s�u�l�t� 

�f�r�o�m� �t�h�e� �1�9�8�6� �t�h�e�o�r�y� �t�h�a�t� �w�a�s� �p�o�i�n�t�e�d� �o�u�t� �b�y� �P�e�c�k�,� �a�n�d� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� 

�i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�F�i�g�u�r�e� �6�.�6� �s�h�o�w�s� �t�h�e� �w�a�y� �t�h�a�t� �n�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �i�s� �r�e�p�r�e�s�e�n�t�e�d� 

�i�n� �t�h�e� �r�e�v�i�s�e�d� �h�y�s�t�e�r�e�t�i�c� �m�o�d�e�l�.� �N�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �f�o�l�l�o�w�s� �a�n� �a�l�p�h�a�-� 

�t�y�p�e� �u�n�l�o�a�d�i�n�g� �p�a�t�h� �f�r�o�m� �p�o�i�n�t� �C� �t�o� �p�o�i�n�t� �D�,� �w�h�i�c�h� �i�s� �o�n� �t�h�e� �p�a�t�h� 

�t�o�w�a�r�d�s� �p�o�i�n�t� �B�,� �t�h�e� �e�n�d� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �u�n�l�o�a�d�i�n�g� �p�a�t�h�.� �A� �c�a�s�e� �w�h�e�r�e� �C� 

�i�s� �o�n� �t�h�e� �k�,�)� �l�i�n�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g� �6�.�6�(�a�)�,� �a�n�d� �a� �c�a�s�e� �w�h�e�r�e� �C� �i�s� �a�b�o�v�e� 

�t�h�e� �k�y� �l�i�n�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�6�(�b�)�.� �I�n� �e�i�t�h�e�r� �c�a�s�e�,� �t�h�e� �u�n�l�o�a�d�i�n�g� 

�p�a�t�h� �i�s� �d�e�f�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�O ��n�.�g� �=� �k�y�,� �O�C�R�I�T� �o�y� �|� �(�6�.�4�)� 

�w�h�e�r�e� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�1�1
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� � 

�|� �q� �l�y�p�o� �o�d� 

�O� �C�O�H�E�S�I�O�N�L�E�S�S� �S�O�I�L�S� �/� �_�-�+� �S�T�D�.� �D�E�V� 

�A� �C�O�H�E�S�I�V�E� �S�O�I�L�S� �6�,�/�°�0� 
�0�.�8� �P�S�,� �7� �l�y� �®�&� �M�E�A�N� 

�O� �a� �S�T�D�.� �D�E�V� 
�0�.�6�6� �7� 

�/�O� 
�Q� �i�s� �y�o� �2� �S�T�D�.� �D�E�V� 

�y�o� 

�0�.�4�-� �°� �_� 

�O�.�2�?�r�  �� 

�O� �|� 
�0� �0�.�8� �1�.�0� 

�(�g�'�s� �D�e�o� �H�S� 
�D�i�s� �2�0� �2�5� �3�0� �3�5� �4�0� �4�5� �5�0� 

�F�i�g�u�r�e� �6�.�5�:� �R�e�c�o�m�m�e�n�d�e�d� �V�a�l�u�e�s� �o�f� �a� �(�a�f�t�e�r� �D�u�n�c�a�n� �a�n�d� �S�e�e�d�,� �1�9�8�6�)� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�1�2



� � 

�(�a�)� �N�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �f�r�o�m� �t�h�e� �k�o� �l�i�n�e�.� 
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�P�a�t�h�:� �O�,� �A�,� �B�,� �R�,� �C�,� �D� 
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�o�n� �|�]� 
�A�s� �p�o�i�n�t� �C� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �k�y� �l�i�n�e� �i�n� �F�i�g�u�r�e� �6�.�6�(�b�)�,� �t�h�e� �v�a�l�u�e� �o�f� 

�k�,� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �v�a�l�u�e� �o�f� �k�y�.� �A�s� �p�o�i�n�t� �C� �a�p�p�r�o�a�c�h�e�s� �p�o�i�n�t� �A� �i�n� �F�i�g�u�r�e� 

�6�.�6�(�a�)�,� �t�h�e� �v�a�l�u�e� �o�f� �a�l� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �v�a�l�u�e� �o�f� �a�.� �T�h�u�s�,� �t�h�e� 

�f�o�r�m�u�l�a�t�i�o�n� �p�r�o�v�i�d�e�s� �a� �s�m�o�o�t�h� �t�r�a�n�s�i�t�i�o�n� �b�e�t�w�e�e�n� �v�i�r�g�i�n� �a�n�d� �n�o�n�-�v�i�r�g�i�n� 

�u�n�l�o�a�d�i�n�g�.� 

�F�i�g�u�r�e� �6�.�7� �s�h�o�w�s� �t�h�e� �w�a�y� �l�i�n�e�a�r� �r�e�l�o�a�d�i�n�g� �f�r�o�m� �n�o�n�-�v�i�r�g�i�n� 

�u�n�l�o�a�d�i�n�g� �i�s� �m�o�d�e�l�l�e�d� �b�y� �t�h�e� �r�e�v�i�s�e�d� �t�h�e�o�r�y�.� �T�w�o� �c�a�s�e�s� �a�r�e� �s�h�o�w�n�:� �a�)� 

�r�e�l�o�a�d�i�n�g� �f�r�o�m� �n�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �t�h�a�t� �o�r�i�g�i�n�a�t�e�d� �o�n� �t�h�e� �k�,� �l�i�n�e� �a�n�d� 

�b�)� �r�e�l�o�a�d�i�n�g� �f�r�o�m� �n�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �t�h�a�t� �o�r�i�g�i�n�a�t�e�d� �a�t� �a� �p�o�i�n�t� �a�b�o�v�e� 

�t�h�e� �k�j� �l�i�n�e�.� �F�o�r� �t�h�e� �f�i�r�s�t� �c�a�s�e�,� �r�e�l�o�a�d�i�n�g� �f�o�l�l�o�w�s� �a� �l�i�n�e�a�r� �p�a�t�h� �f�r�o�m� 

�p�o�i�n�t� �D� �t�o�w�a�r�d� �t�h�e� �r�e�l�o�a�d�i�n�g� �t�a�r�g�e�t� �p�o�i�n�t� �R�,� �o�n� �t�h�e� �k�y� �l�i�n�e�.� �T�h�e� �s�l�o�p�e� 

�t�h�a�t� �e�s�t�a�b�l�i�s�h�e�s� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �p�o�i�n�t� �R�,� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

�p�r�e�v�i�o�u�s� �s�t�r�e�s�s� �h�i�s�t�o�r�y�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 
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�w�h�e�r�e� 

�t�h�e� �s�l�o�p�e� �f�a�c�t�o�r� �f�o�r� �r�e�l�o�a�d�i�n�g� �a�f�t�e�r� �n�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� 

�f�r�o�m� �t�h�e� �k�,� �l�i�n�e� 

�B�l� 

�/� �/� 

�O�h�r�b� �~� �F� �h�b� 
�/� �/� 

�O�n�e� �~� �F� �h�b� 

�I�n� �F�i�g�u�r�e� �6�.�7�(�a�)�,� �i�t� �c�a�n� �b�e� �n�o�t�e�d� �t�h�a�t�,� �a�s� �p�o�i�n�t� �C� �a�p�p�r�o�a�c�h�e�s� 

�p�o�i�n�t� �R�,�,� �t�h�e� �v�a�l�u�e� �o�f� �B�1� �a�p�p�r�o�a�c�h�e�s� �u�n�i�t�y�.� �A�s� �p�o�i�n�t� �C� �a�p�p�r�o�a�c�h�e�s� �p�o�i�n�t� 

�A�,� �t�h�e� �v�a�l�u�e� �o�f� �8�1� �a�p�p�r�o�a�c�h�e�s� �t�h�e� �v�a�l�u�e� �o�f� �8�.� �T�h�u�s�,� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� 

�p�r�o�v�i�d�e�s� �a� �s�m�o�o�t�h� �t�r�a�n�s�i�t�i�o�n� �b�e�t�w�e�e�n� �v�i�r�g�i�n� �r�e�l�o�a�d�i�n�g� �a�n�d� �r�e�l�o�a�d�i�n�g� 

�a�f�t�e�r� �n�o�n�-�v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g�.� 

�F�i�g�u�r�e� �6�.�7�(�b�)� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �c�a�s�e� �o�f� �r�e�l�o�a�d�i�n�g� �f�r�o�m� �n�o�n�-�v�i�r�g�i�n� 

�u�n�l�o�a�d�i�n�g� �t�h�a�t� �o�r�i�g�i�n�a�t�e�d� �a�t� �a� �p�o�i�n�t� �a�b�o�v�e� �t�h�e� �k�y� �l�i�n�e�.� �I�n� �t�h�i�s� 

�s�i�t�u�a�t�i�o�n�,� �t�h�e� �r�e�l�o�a�d�i�n�g� �i�s� �l�i�n�e�a�r� �f�r�o�m� �t�h�e� �u�n�l�o�a�d�i�n�g� �p�o�i�n�t�,� �D�,� �t�o�w�a�r�d�s� 

�t�h�e� �p�r�e�v�i�o�u�s� �l�o�a�d�i�n�g� �p�o�i�n�t�,� �C�.� �A�d�d�i�t�i�o�n�a�l� �r�e�l�o�a�d�i�n�g� �b�e�y�o�n�d� �p�o�i�n�t� �C� 

�w�o�u�l�d� �f�o�l�l�o�w� �t�h�e� �l�i�n�e�a�r� �r�e�l�o�a�d�i�n�g� �p�a�t�h� �f�r�o�m� �p�o�i�n�t�s� �C� �t�o� �R�,�,� �a�n�d� �w�o�u�l�d� 

�t�h�e�n� �p�r�o�g�r�e�s�s� �u�p� �t�h�e� �k�,� �l�i�n�e�.� 

�I�n� �t�h�i�s� �r�e�v�i�s�e�d� �h�y�s�t�e�r�e�t�i�c� �m�o�d�e�l�,� �t�h�e� �s�o�i�l� �s�t�r�e�s�s� �p�a�t�h� �c�o�n�s�i�s�t�s� �o�f� 

�a� �s�e�t� �o�f� �n�e�s�t�e�d� �l�o�o�p�s� �c�r�e�a�t�e�d� �b�y� �a� �s�e�r�i�e�s� �o�f� �l�o�a�d�i�n�g� �a�n�d� �u�n�l�o�a�d�i�n�g� 

�s�t�e�p�s�.� �I�f�,� �a�t� �s�o�m�e� �s�t�a�g�e�,� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s�e�s� �s�h�o�u�l�d� �t�a�k�e� �t�h�e� �s�t�r�e�s�s� 

�p�a�t�h� �o�u�t�s�i�d�e� �s�o�m�e� �o�f� �t�h�e� �i�n�t�e�r�i�o�r� �l�o�o�p�s�,� �t�h�e� �e�x�c�e�e�d�e�d� �i�n�t�e�r�i�o�r� �l�o�o�p�s� �a�r�e� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�e�l� �m�e�m�o�r�y�.� �T�h�e� �p�r�o�c�e�s�s� �f�o�r� �u�n�l�o�a�d�i�n�g� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �6�.�8�.� �I�n� �F�i�g�u�r�e� �6�.�8�(�a�)�,� �t�h�e� �e�n�d� �p�o�i�n�t� �o�f� �a� �s�t�r�e�s�s� �p�a�t�h� �t�h�a�t� �h�a�s� 

�c�r�e�a�t�e�d� �a� �s�e�r�i�e�s� �o�f� �n�e�s�t�e�d� �l�o�o�p�s� �i�s� �m�a�r�k�e�d� �a�s� �p�o�i�n�t� �F�.� �I�f� �f�u�r�t�h�e�r� 

�u�n�l�o�a�d�i�n�g� �o�c�c�u�r�s�,� �t�h�e� �s�t�r�e�s�s� �p�a�t�h� �w�i�l�l� �f�o�l�l�o�w� �t�h�e� �u�n�l�o�a�d�i�n�g� �p�a�t�h� �s�h�o�w�n� 

�b�y� �t�h�e� �d�a�s�h�e�d� �l�i�n�e� �f�r�o�m� �F� �t�o� �G�.� �I�n� �t�h�i�s� �p�r�o�c�e�s�s�,� �t�h�e� �i�n�t�e�r�i�o�r� �l�o�o�p�s� 
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�w�h�o�s�e� �l�i�m�i�t�s� �a�r�e� �e�x�c�e�e�d�e�d� �a�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�e�l� �m�e�m�o�r�y�.� �T�h�e� �f�i�n�a�l� 

�s�t�r�e�s�s� �s�t�a�t�e� �w�i�t�h� �i�t�s� �r�e�t�a�i�n�e�d� �s�t�r�e�s�s� �h�i�s�t�o�r�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�8�(�b�)�.� 

�T�h�e� �p�r�o�c�e�s�s� �f�o�r� �l�o�a�d�i�n�g� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�9�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� 

�s�t�r�e�s�s� �p�a�t�h� �f�o�l�l�o�w�s� �t�h�e� �d�a�s�h�e�d� �l�i�n�e� �f�r�o�m� �D� �t�o� �E�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�6�.�9�(�a�)�.� �A�s� �i�n�t�e�r�i�o�r� �l�o�o�p�s� �a�r�e� �e�x�c�e�e�d�e�d� �t�h�e�y� �a�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�e�l� 

�m�e�m�o�r�y�.� �T�h�e� �f�i�n�a�l� �s�t�r�e�s�s� �s�t�a�t�e� �w�i�t�h� �i�t�s� �r�e�t�a�i�n�e�d� �s�t�r�e�s�s� �h�i�s�t�o�r�y� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�9�(�b�)�.� 

�W�h�e�n� �t�h�e� �u�n�l�o�a�d�i�n�g� �p�a�t�h� �i�n�t�e�r�s�e�c�t�s� �t�h�e� �p�a�s�s�i�v�e� �f�a�i�l�u�r�e� �l�i�n�e�,� 

�a�d�d�i�t�i�o�n�a�l� �u�n�l�o�a�d�i�n�g� �f�o�l�l�o�w�s� �t�h�e� �k�j�,�,� �l�i�n�e�,� �a�s� �s�h�o�w�n� �b�y� �t�h�e� �s�e�g�m�e�n�t� �f�r�o�m� 

�B� �t�o� �C� �i�n� �F�i�g�u�r�e� �6�.�1�0�.� �T�h�e� �p�a�s�s�i�v�e� �f�a�i�l�u�r�e� �l�i�n�e� �i�s� �d�e�f�i�n�e�d� �b�y� �a� �s�l�o�p�e�,� 

�K�i�i�m�»� �a�n�d� �a�n� �i�n�t�e�r�c�e�p�t� �o�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �a�x�i�s�,� �0 ��)� �9� �y�i�m� �A�s�s�u�m�i�n�g� 

�t�h�a�t� �t�h�e� �p�a�s�s�i�v�e� �f�a�i�l�u�r�e� �l�i�n�e� �h�a�s� �t�h�e� �s�a�m�e� �o�r�i�g�i�n� �i�n� �n�o�r�m�a�l� �s�t�r�e�s�s� �s�p�a�c�e� 

�a�s� �t�h�e� �M�o�h�r�-�C�o�u�l�o�m�b� �f�a�i�l�u�r�e� �e�n�v�e�l�o�p�e�,� �t�h�e� �s�l�o�p�e�,� �k�j�;�,�,� �a�n�d� �t�h�e� 

�i�n�t�e�r�c�e�p�t�,� �0 ��,� �9� �j�i�m�,� �a�r�e� �r�e�l�a�t�e�d� �b�y� 

�O�"�h�.�0�,�1�i�m� �=� �t�a�n�g�?� �(�K�i�m� �-� �2�)� �(�6�.�6�a�)� 

�w�h�e�r�e� 

�c �� �=� �t�h�e� �e�f�f�e�c�t�i�v�e� �s�t�r�e�s�s� �c�o�h�e�s�i�o�n� �i�n�t�e�r�c�e�p�t�,� �a�n�d� 

�¢ �� �=� �t�h�e� �e�f�f�e�c�t�i�v�e� �s�t�r�e�s�s� �f�r�i�c�t�i�o�n� �a�n�g�l�e�.� 

�I�f� �k�y�;�,� �i�s� �t�a�k�e�n� �t�o� �b�e� �t�h�e� �R�a�n�k�i�n�e� �p�a�s�s�i�v�e� �p�r�e�s�s�u�r�e� �c�o�e�f�f�i�c�i�e�n�t�,� 

�k�.�,� �t�h�e�n� �p�?� 
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�T�h�e�r�e� �i�s� �s�o�m�e� �e�v�i�d�e�n�c�e�,� �w�h�i�c�h� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �7�,� �t�h�a�t� 

�K�y�i�m� �s�h�o�u�l�d� �b�e� �s�e�t� �e�q�u�a�l� �t�o� �1�/�k�,� �f�o�r� �c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� �p�r�e�s�s�u�r�e� 

�p�r�o�b�l�e�m�s�.� �I�n� �t�h�i�s� �c�a�s�e�,� 

�O�"�n�.�0�,�1�i�m� �=� �i�n�v�  ��c� �-� �|� �(�6�.�6�c�)� 

�A�s� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �r�e�l�o�a�d�i�n�g� �t�a�r�g�e�t� �p�o�i�n�t� �i�n� �t�h�e� �1�9�8�6� 

�t�h�e�o�r�y� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �b�a�s�e�d� �o�n� �t�h�e� �m�a�x�i�m�u�m� �p�a�s�t� �l�o�a�d�i�n�g�,� �p�o�i�n�t� �A� �i�n� 

�F�i�g�u�r�e� �6�.�1�0�,� �a�n�d� �t�h�e� �c�u�r�r�e�n�t� �s�t�r�e�s�s� �s�t�a�t�e�,� �p�o�i�n�t� �C� �o�n� �t�h�e� �p�a�s�s�i�v�e� 

�f�a�i�l�u�r�e� �l�i�n�e�.� �I�n� �t�h�e� �r�e�v�i�s�e�d� �h�y�s�t�e�r�e�t�i�c� �m�o�d�e�l�,� �t�h�e� �m�a�x�i�m�u�m� �p�a�s�t� �l�o�a�d�i�n�g� 

�p�o�i�n�t� �i�s� �r�e�s�e�t� �t�o� �p�o�i�n�t� �D�,� �f�r�o�m� �w�h�i�c�h� �a� �v�i�r�g�i�n� �u�n�l�o�a�d�i�n�g� �p�a�t�h� �w�o�u�l�d� 

�i�n�t�e�r�s�e�c�t� �t�h�e� �p�a�s�s�i�v�e� �f�a�i�l�u�r�e� �l�i�n�e� �a�t� �t�h�e� �c�u�r�r�e�n�t� �s�t�r�e�s�s� �s�t�a�t�e�,� �p�o�i�n�t� �C�.� 

�T�h�e� �l�o�c�a�t�i�o�n� �o�f� �p�o�i�n�t� �D� �i�s� �g�i�v�e�n� �b�y� 
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�T�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �r�e�l�o�a�d�i�n�g� �t�a�r�g�e�t�,� �p�o�i�n�t� �R�,� �i�n� �F�i�g�u�r�e� �6�.�1�0�,� �i�s� 

�b�a�s�e�d� �o�n� �t�h�e� �r�e�s�e�t� �m�a�x�i�m�u�m� �p�a�s�t� �l�o�a�d�i�n�g� �p�o�i�n�t�,� �D�,� �a�n�d� �t�h�e� �c�u�r�r�e�n�t� �s�t�r�e�s�s� 

�p�o�i�n�t�,� �C�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �i�n� �e�q�u�a�t�i�o�n�s� �6�.�3�,� 

�w�i�t�h� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �c�h�a�n�g�e�d� �t�o� �m�a�t�c�h� �t�h�e� �p�o�i�n�t� �l�a�b�e�l�s� �i�n� �F�i�g�u�r�e� �6�.�1�0�:� 

�O�n�e� �=� �O�n�e� �+� �B�(�O�'� �n�g� �-� �O�b�)� �(�6�.�8�a�)� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�1



�O�v�e� �*� �p�s� �(�6�.�8�b�)� 

�E�q�u�a�t�i�o�n�s� �6�.�7� �a�n�d� �6�.�8� �a�c�c�o�m�p�l�i�s�h� �a�n� �e�r�a�s�u�r�e� �o�f� �t�h�e� �m�e�m�o�r�y� �o�f� 

�p�r�e�v�i�o�u�s� �v�e�r�y� �h�i�g�h� �s�t�r�e�s�s� �e�v�e�n�t�s� �w�h�e�n� �u�n�l�o�a�d�i�n�g� �p�r�o�g�r�e�s�s�e�s� �d�o�w�n� �t�h�e� 

�p�a�s�s�i�v�e� �f�a�i�l�u�r�e� �l�i�n�e�.� 

�I�n� �o�r�d�e�r� �t�o� �v�e�r�i�f�y� �t�h�a�t� �t�h�e� �r�e�v�i�s�e�d� �e�f�f�e�c�t�i�v�e� �s�t�r�e�s�s� �k�,� �m�o�d�e�l� 

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �p�r�e�c�e�d�i�n�g� �p�a�r�a�g�r�a�p�h�s� �c�a�n� �t�r�a�c�k� �t�h�e� �s�t�r�e�s�s� �p�a�t�h�s� �f�o�r� 

�s�o�i�l�s� �l�o�a�d�e�d� �i�n� �k�,� �c�o�m�p�r�e�s�s�i�o�n�,� �t�h�e� �m�o�d�e�l� �w�a�s� �a�p�p�l�i�e�d� �t�o� �p�u�b�l�i�s�h�e�d� 

�l�a�b�o�r�a�t�o�r�y� �t�e�s�t� �r�e�s�u�l�t�s� �f�o�r� �t�w�o� �s�o�i�l�s�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� �m�o�d�e�l� 

�a�n�d� �d�a�t�a� �i�n� �F�i�g�u�r�e�s� �6�.�1�1� �a�n�d� �6�.�1�2� �s�h�o�w� �t�h�a�t� �t�h�e� �m�o�d�e�l� �c�l�o�s�e�l�y� �s�i�m�u�l�a�t�e�s� 

�t�h�e� �h�y�s�t�e�r�e�t�i�c� �b�e�h�a�v�i�o�r� �o�f� �H�a�n�e�y� �C�l�a�y� �(�C�a�m�p�a�n�e�l�l�a� �a�n�d� �V�a�i�d�,� �1�9�7�2�)� �a�n�d� 

�M�o�n�t�e�r�e�y� �S�a�n�d� �(�W�r�i�g�h�t�,� �1�9�6�9�)� �s�u�b�j�e�c�t�e�d� �t�o� �k�,� �l�a�b�o�r�a�t�o�r�y� �t�e�s�t�s�.� 

�6�.�4� �I�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �R�e�v�i�s�e�d� �H�y�s�t�e�r�e�t�i�c� �k�,� �M�o�d�e�l� �_�i�n� �C�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� 
�E�a�r�t�h� �P�r�e�s�s�u�r�e� �T�h�e�o�r�y� 

�I�n� �o�r�d�e�r� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� �r�e�v�i�s�e�d� �h�y�s�t�e�r�e�t�i�c� �k�,�)� �m�o�d�e�l� �i�n� �a� 

�c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �t�h�e�o�r�y�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �d�e�c�i�d�e� �w�h�a�t� 

�v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t�s� �s�h�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �t�o� �d�r�i�v�e� �t�h�e� �k�y� �m�o�d�e�l�.� �T�h�e� 

�k�y� �m�o�d�e�l� �w�o�u�l�d� �t�h�e�n� �y�i�e�l�d� �h�o�r�i�z�o�n�t�a�l� �p�r�e�s�s�u�r�e�s�,� �w�h�i�c�h� �a�r�e� �t�h�e� 

�c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �l�a�t�e�r�a�l� �p�r�e�s�s�u�r�e�s�.� �I�n� �t�h�i�s� �r�e�s�e�a�r�c�h�,� �t�h�e� �m�e�t�h�o�d�s� �o�f� 

�D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� 

�i�n�c�r�e�m�e�n�t�s� �w�h�i�c�h� �s�h�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �k�,� �m�o�d�e�l�.� �T�h�e�i�r� �m�e�t�h�o�d�s� �a�r�e� 

�r�e�v�i�e�w�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n�.� 

�F�o�r� �b�a�c�k�f�i�l�l� �f�r�e�e� �f�r�o�m� �o�t�h�e�r� �a�p�p�l�i�e�d� �l�o�a�d�s�,� �t�h�e�r�e� �a�r�e� �t�w�o� �s�o�u�r�c�e�s� 

�o�f� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t�s� �w�h�e�n� �t�h�e� �b�a�c�k�f�i�l�l� �i�s� �c�o�m�p�a�c�t�e�d� �b�e�h�i�n�d� �a� 

�r�i�g�i�d� �w�a�l�l�:� �1�)� �t�h�e� �s�e�l�f� �w�e�i�g�h�t� �f�r�o�m� �t�h�e� �b�a�c�k�f�i�l�l� �l�i�f�t�s� �a�n�d� �2�)� �t�h�e� �l�o�a�d� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�2
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�1�0� �T� �T� �q� �T� �T� �T� �F� �T� �t� �|� �t� �T�O� �T�T� �T�O� �|� �a�e� �a�e� �r� 

�L� �4� 
�_ �� �o�e� 

�L� �L�S� �J�o� �4� 

�w�o�u�  ��e�o� 

�L� �e�e� �f�a� �.� 
�a�e� �o�e� 

�L� �Z�z� �-� 
�Z�s� 

�5�+� �a� �4� 
�i� �L�e�g�e�n�d� �|� 

�O�C� 
�[� �o�o�  ��e�-�-� �U�n�d�i�s�t�u�r�b�e�d� �H�a�n�e�y� �C�l�a�y� �|� 

�/� �(�C�a�m�p�a�n�e�l�l�a� �a�n�d� �V�a�i�d�,� �1�9�7�2�)� 
�L� �,� 

�K�e� �E�Z�  �� �k�,� �M�o�d�e�l� �w�i�t�h� �k�,� �=� �0�.�5�5�,� 
�e� �-� 

 �� �a� �=� �0�.�4�9�,� �a�n�d� �B� �=� �0�.�6�0� 
�O� �t�o� �_�i� �a� �4� �_�1� �_�i� �i�d� �_�t� �7�,� �y�s� �S�d� �m� �_�1� �s�t� 

�O� �5� �1�0� �1�5� �2�0� 

�F�i�g�u�r�e� �6�.�1�]�:� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� 

�2� �E�F�F�E�C�T�I�V�E� �V�E�R�T�I�C�A�L� �S�T�R�E�S�S�,� �o�'�,� �(�k�g�/�c�e�m �� �)� 

�C�o�m�p�a�r�i�s�o�n� �B�e�t�w�e�e�n� �k�,� �M�o�d�e�l� �a�n�d� �L�a�b�o�r�a�t�o�r�y� �D�a�t�a� �f�o�r� �H�a�n�e�y� 
�C�l�a�y� 

�1�2�3
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 ��E� 
�o�O� 

�S� �8� �T� �T� �q� �.� �~ �� �T�  ��T�O� �q�T� �7� �T� �T� �7� �T�O� �f� �i� 

�x� �L�e�g�e�n�d� 
�~�~� �[�|�  ��*�-� �M�o�n�t�e�r�e�y� �S�a�n�d� �e�,� �=� �0�.�7�2� �(�W�r�i�g�h�t�,� �1�9�6�9�)� �]� 
�y�O� �-�  � �� �k�,� �M�o�d�e�l� �w�i�t�h� �k�g� �=� �0�.�4�0�,� �0� �_�:� �a�o� �C�C� 

�a� �=� �0�.�4�7�,� �a�n�d� �6� �=� �0�.�6�0�  �� �a�e� 

�-� �|� �a� �|� 
�Y� �<�<� �.� �=� 

�J� �4� �Z�e� �=� �- ��~� �=� �7� 

�Z�z�  � ��-�e� �4� 
�o�O� �r�  ��_�-�6� 

�N� 

�o� �L� �O� 
�t� �-� 

�L�u� �r� �_ � ��=� �a� �7� 

�=� �o�S� 
�O�D� �O� �3� �_�t� �|� �I� �_�1� �4� �_�_�|� �1� �4� �_�|� �i� �.� 

�K�O�O� �4� �8� �1�2� �1�6� 
�m�i� �2� 

�E�F�F�E�C�T�I�V�E� �V�E�R�T�I�C�A�L� �S�T�R�E�S�S�,� �o�'�/� �(�k�g�/�c�m� �)� 

�F�i�g�u�r�e� �6�.�1�2�:� �C�o�m�p�a�r�i�s�o�n� �B�e�t�w�e�e�n� �k�,� �M�o�d�e�l� �a�n�d� �L�a�b�o�r�a�t�o�r�y� �D�a�t�a� �f�o�r� 
�M�o�n�t�e�r�e�y� �S�a�n�d� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�4



�f�r�o�m� �t�h�e� �c�o�m�p�a�c�t�o�r� �o�p�e�r�a�t�i�n�g� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �e�a�c�h� �l�i�f�t�.� �S�i�n�c�e� �t�h�e� 

�b�a�c�k�f�i�l�l� �l�i�f�t�s� �a�r�e� �o�f� �b�r�o�a�d� �l�a�t�e�r�a�l� �e�x�t�e�n�t�,� �t�h�e� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� 

�i�n�c�r�e�m�e�n�t� �d�u�e� �t�o� �a� �l�i�f�t� �o�f� �b�a�c�k�f�i�l�l� �c�a�n� �b�e� �s�i�m�p�l�y� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� 

�A�o�,� �=� �7� �A�z� �(�6�.�9�)� 

�w�h�e�r�e� 

�A�o�,� �=� �t�h�e� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t�,� 

�Y� �=� �t�h�e� �m�o�i�s�t� �u�n�i�t� �w�e�i�g�h�t� �o�f� �t�h�e� �b�a�c�k�f�i�l�l�,� �a�n�d� 

�A�z� �=� �t�h�e� �l�i�f�t� �t�h�i�c�k�n�e�s�s�.� 

�T�h�e� �l�o�a�d� �f�r�o�m� �t�h�e� �c�o�m�p�a�c�t�o�r� �i�s� �a�p�p�l�i�e�d� �o�v�e�r� �a�n� �a�r�e�a� �o�f� �l�i�m�i�t�e�d� 

�l�a�t�e�r�a�l� �e�x�t�e�n�t�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� �l�o�a�d� �d�i�s�t�r�i�b�u�t�i�o�n� 

�e�f�f�e�c�t�s�.� �T�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e�s�e� �e�f�f�e�c�t�s�,� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)� �r�e�c�o�m�m�e�n�d� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �t�w�o�-�s�t�e�p� �p�r�o�c�e�d�u�r�e�:� 

�1�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �w�a�l�l� �i�n�d�u�c�e�d� �b�y� �t�h�e� 

�c�o�m�p�a�c�t�o�r� �l�o�a�d� �a�t� �t�h�e� �s�u�r�f�a�c�e� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�t� �t�h�e� �d�e�p�t�h� �o�f� 

�i�n�t�e�r�e�s�t� �u�s�i�n�g� �t�h�e� �i�n�t�e�g�r�a�t�e�d� �B�o�u�s�s�i�n�e�s�q� �s�o�l�u�t�i�o�n�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� 

�s�t�r�e�s�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �B�o�u�s�s�i�n�e�s�q� �s�o�l�u�t�i�o�n� �i�s� �d�o�u�b�l�e�d� �t�o� 

�a�c�c�o�u�n�t� �f�o�r� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �r�i�g�i�d� �w�a�l�l�.� �I�n� �p�e�r�f�o�r�m�i�n�g� �t�h�e� 

�B�o�u�s�s�i�n�e�s�q� �c�a�l�c�u�l�a�t�i�o�n�,� �P�o�i�s�s�o�n ��s� �r�a�t�i�o� �(�v�)� �i�s� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �e�m�p�i�r�i�c�a�l�l�y� �b�a�s�e�d� �e�q�u�a�t�i�o�n�:� 

�y� �=� �5� �(�0�.�5� �+� �V�o�)� �(�6�.�1�0�a�)� 

�w�h�e�r�e� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�5



� � 

�K�o� �Y�v�o�=�>�4� �k�y�?� �a�n�d� �(�6�.�1�0�b�)� 

�k�,� �=� �1� �-� �s�i�n�g �� �(�6�.�1�0�c�)� 

�T�h�u�s�,� 

�_� �4� �-� �3�s�i�n�g �� 

�"�=� �8� �=� �4�s�i�n�g �� �(�6�.�1�1�)� 

�2�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�,� �A�o�,�,� �c�a�l�c�u�l�a�t�e�d� �i�n� �s�t�e�p� �1� �i�s� 

�c�o�n�v�e�r�t�e�d� �t�o� �a�n� �e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t� �b�y� 

�A�o�,� �=�  � �� �(�6�.�1�2�)� 

�T�h�i�s� �t�w�o� �s�t�e�p� �p�r�o�c�e�d�u�r�e� �r�e�s�u�l�t�s� �i�n� �a�n� �e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� 

�i�n�c�r�e�m�e�n�t� �w�h�i�c�h�,� �w�h�e�n� �a�p�p�l�i�e�d� �t�o� �t�h�e� �u�n�c�o�m�p�a�c�t�e�d� �s�o�i�l� �i�n� �k�,� �c�o�m�p�r�e�s�s�i�o�n�,� 

�p�r�o�d�u�c�e�s� �a� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t� �e�q�u�a�l� �t�o� �t�h�a�t� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� 

�B�o�u�s�s�i�n�e�s�q� �s�o�l�u�t�i�o�n�.� �I�n� �t�h�e� �c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �t�h�e�o�r�y�,� 

�t�h�i�s� �e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �h�y�s�t�e�r�e�t�i�c� 

�k�y� �m�o�d�e�l�,� �w�h�e�t�h�e�r� �t�h�e� �s�o�i�l� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �c�o�m�p�a�c�t�e�d� �o�r� �n�o�t�.� �W�h�e�n� 

�t�h�e� �s�o�i�l� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �c�o�m�p�a�c�t�e�d�,� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �h�a�s� �a� 

�h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �k�,� �a�t�-�r�e�s�t� �s�t�r�e�s�s�,� �t�h�e�n� �t�h�e� �e�q�u�i�v�a�l�e�n�t� 

�v�e�r�t�i�c�a�l� �e�f�f�e�c�t�i�v�e� �s�t�r�e�s�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �E�q�n� �6�.�1�2� �p�r�o�d�u�c�e�s� �a� �s�m�a�l�l�e�r� 

�C�h�a�n�g�e� �i�n� �h�o�r�i�z�o�n�t�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �k�y� �m�o�d�e�l� �t�h�a�n� �t�h�a�t� �c�o�m�p�u�t�e�d� �u�s�i�n�g� �t�h�e� 

�B�o�u�s�s�i�n�e�s�q� �s�o�l�u�t�i�o�n�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�1�3�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�c�c�u�r�s� 

�b�e�c�a�u�s�e� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �c�o�m�p�a�c�t�e�d� �s�o�i�l� �f�o�l�l�o�w�s� �a� �r�e�l�o�a�d�i�n�g� �s�t�r�e�s�s� �p�a�t�h� 

�f�o�r� �a�t� �l�e�a�s�t� �p�a�r�t� �o�f� �t�h�e� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t� �a�p�p�l�i�c�a�t�i�o�n�.� �T�h�i�s� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�6
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�V�v� �=� 
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�a� 
�_ �� 

�a� 

�I�n�d�u�c�e�d� �A�o ��,� 
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�a�p�p�r�o�a�c�h� �f�o�r� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �i�n�c�r�e�m�e�n�t� �s�e�e�m�s� 

�l�o�g�i�c�a�l�,� �a�n�d� �D�u�n�c�a�n� �a�n�d� �S�e�e�d� �(�1�9�8�6�)� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �p�r�o�d�u�c�e�s� 

�r�e�s�u�l�t�s� �i�n� �r�e�a�s�o�n�a�b�l�e� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �f�i�e�l�d� �d�a�t�a�.� 

�I�n� �o�r�d�e�r� �t�o� �c�o�m�p�u�t�e� �c�o�m�p�a�c�t�i�o�n�-�i�n�d�u�c�e�d� �e�a�r�t�h� �p�r�e�s�s�u�r�e�s� �u�s�i�n�g� �t�h�e�s�e� 

�p�r�o�c�e�d�u�r�e�s�,� �t�h�r�e�e� �c�a�l�c�u�l�a�t�i�o�n�s� �m�u�s�t� �b�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �e�a�c�h� �l�i�f�t� �o�f� 

�b�a�c�k�f�i�l�l�:� �f�i�r�s�t�,� �t�h�e� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e� �d�u�e� �t�o� �t�h�e� �w�e�i�g�h�t� �o�f� �t�h�e� �f�i�l�l� �l�i�f�t� 

�i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �h�y�s�t�e�r�e�t�i�c� �k�y� �m�o�d�e�l�;� �s�e�c�o�n�d�,� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� 

�s�t�r�e�s�s� �f�r�o�m� �t�h�e� �c�o�m�p�a�c�t�o�r� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�u�r�r�e�n�t� �l�i�f�t� �i�s� �a�p�p�l�i�e�d�;� 

�a�n�d� �t�h�i�r�d�,� �a� �s�t�r�e�s�s� �e�q�u�a�l� �i�n� �m�a�g�n�i�t�u�d�e� �a�n�d� �o�p�p�o�s�i�t�e� �i�n� �s�i�g�n� �t�o� �t�h�e� 

�e�q�u�i�v�a�l�e�n�t� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �c�o�m�p�a�c�t�o�r� �i�s� �a�p�p�l�i�e�d�,� �s�i�n�c�e� 

�c�o�m�p�a�c�t�i�o�n� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �t�e�m�p�o�r�a�r�y� �l�o�a�d� �t�h�a�t� �c�a�u�s�e�s� �n�o� �n�e�t� �c�h�a�n�g�e� 

�i�n� �v�e�r�t�i�c�a�l� �s�t�r�e�s�s�.� �D�u�e� �t�o� �t�h�e� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �c�a�l�c�u�l�a�t�i�o�n�s� �r�e�q�u�i�r�e�d�,� �a� 

�c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m�,� �E�P�C�O�M�P�A�C�,� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �t�r�a�c�k� �t�h�e� �s�t�r�e�s�s� �p�a�t�h�s� �a�t� 

�t�h�e� �c�e�n�t�e�r� �o�f� �e�a�c�h� �l�i�f�t� �o�f� �b�a�c�k�f�i�l�l� �b�e�h�i�n�d� �a� �r�i�g�i�d� �w�a�l�l� �u�s�i�n�g� �t�h�e� 

�m�e�t�h�o�d�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �A� �u�s�e�r ��s� �m�a�n�u�a�l� �f�o�r� �E�P�C�O�M�P�A�C� �i�s� 

�c�o�n�t�a�i�n�e�d� �i�n� �A�p�p�e�n�d�i�x� �B�.� 

�E�P�C�O�M�P�A�C� �w�a�s� �u�s�e�d� �t�o� �a�n�a�l�y�z�e� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�1�,� 

�w�h�i�c�h� �w�e�r�e� �p�r�e�v�i�o�u�s�l�y� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �t�h�e� �1�9�8�6� �t�h�e�o�r�y�.� �T�h�e� �p�r�e�s�s�u�r�e� 

�v�e�r�s�u�s� �d�e�p�t�h� �r�e�s�u�l�t�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �E�P�C�O�M�P�A�C� �w�i�t�h� �k�,�,�,� �e�q�u�a�l� �t�o� �k�,� �a�r�e� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�1�4�.� �T�h�e� �p�r�e�s�s�u�r�e�s� �c�a�l�c�u�l�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�v�i�s�e�d� �t�h�e�o�r�y� 

�a�r�e� �m�u�c�h� �s�m�a�l�l�e�r� �f�o�r� �x� �=� �0� �f�t� �t�h�a�n� �t�h�o�s�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �1�9�8�6� 

�t�h�e�o�r�y�.� �T�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �s�h�o�w�n� �b�y� �t�h�e� �h�y�s�t�e�r�e�t�i�c� �s�t�r�e�s�s� 

�p�a�t�h�s� �i�n� �F�i�g�u�r�e� �6�.�1�5�.� �T�h�e�s�e� �s�t�r�e�s�s� �p�a�t�h�s� �a�r�e� �f�o�r� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �F�i�g�u�r�e� 

�6�.�1�4�,� �a�n�d� �t�h�e�y� �s�h�o�w� �t�h�a�t� �w�i�t�h� �t�h�e� �r�e�v�i�s�e�d� �t�h�e�o�r�y� �t�h�e� �s�t�r�e�s�s� �p�a�t�h�s� �d�o� �n�o�t� 

�C�O�M�P�A�C�T�I�O�N� �I�N�D�U�C�E�D� �E�A�R�T�H� �P�R�E�S�S�U�R�E� �T�H�E�O�R�Y� �1�2�8


