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ABSTRACT 

Design Verification of a Diaphragm Wall with Steel Piles 

by 

Jeffrey Scott Sedey 

Committee Chairman: Richard M. Barker 

Civil Engineering 

(Abstract) 

A study was conducted to verify the design of a diaphragm wall with steel 

piles. The original design was based on analysis performed on a soil-structure 

interaction program using soil parameters calibrated in a previous study. Original 

and "as-built" design models were compared to measured results of the constructed 

structure. 

A second study was conducted to identify the sensitivity of moments and 

deflections to changes in wall stiffness and soil stiffness. A comparison of the effects 

of these changes was provided.
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CHAPTER I 

INTRODUCTION 

1.1 Background 

At the Bonneville Navigational Lock and Dam on the Columbia River near 

Portland, Oregon, the U.S. Army Corps of Engineers has designed both reinforced 

concrete and steel pile diaphragm walls for construction of a second navigational lock 

(Figure 1.1). Because of the close proximity to the Union Pacific Railroad’s main 

transcontinental rail line, controlling lateral deflection and vertical settlement of the 

rail line is of primary importance. In an earlier construction phase of the project, a 

reinforced concrete diaphragm wall was constructed within 50 feet of the railroad. 

This temporary tieback wall is supported by steel strand tieback anchors and is keyed 

into bedrock at the base. It is instrumented to evaluate lateral deflections and 

internal stresses during all stages of excavation and installation of tiebacks. 

A diaphragm wall is a reinforced concrete or concrete and steel pile retaining 

wall. It retains soils in the same manner as a soldier-pile wall, allowing excavation 

and installation of tiebacks on one side. However, diaphragm walls can develop
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much higher strengths and stiffness than a soldier pile wall. They can also be 

watertight. It is for these reasons that a diaphragm wall was selected for use at the 

Bonneville project for the temporary tieback wall. Diaphragm walls will also be used 

at other sites on the project with similar requirements. 

The loading chosen as the basis for the design of the temporary tieback wall 

was a combination of rectangular and triangular “at-rest" lateral pressure diagrams. 

The magnitude of the pressure diagram was based on NAVFAC D.M. 7.2 (1982). 

The wall was subsequently analyzed by a plane frame program. However, this 

analysis does not account for lateral deflections based on extension of the anchorage, 

nor for the stiffness properties of the soils. Therefore, a soil-structure interaction 

(SSI) analysis using non-linear Winkler spring supports was utilized and a parametric 

study performed to match the performance of the temporary tieback wall. A finite 

element analysis study was also performed to evaluate the design, and to support the 

soil-structure interaction model developed. This relatively simple soil-structure 

interaction model is to be used as a basis for the design of permanent walls in later 

phases of construction of the project. 

The purpose of this research study is to verify the design of one of the 

permanent walls known as a guard wall. The guard wall is a tied-back concrete 

diaphragm wall with steel piles. Its design is based upon the soil-structure interaction 

model developed for the temporary tieback wall. Deflections and moments based
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on instrumentation in the guard wall will be compared to the predicted values of the 

soil-structure interaction program. 

A Sensitivity study will also be conducted to identify the sensitivity of bending 

moments and deflections to changes in wall stiffness and soil stiffness. 

1.2 Literature Review 

Several performance evaluations of tied-back diaphragm walls have been 

published. Clough, Weber and Lamont (1972) used finite element analysis (FEA) 

to analyze the response of two diaphragm walls and a soldier-pile wall in 

overconsolidated clays proposed for a site in Seattle, Washington. Each analysis 

predicted a satisfactory performance of the wall, therefore the soldier-pile wall was 

selected based on economy. Although the actual performance of a diaphragm wall 

will not be known for that site the authors pointed out that the analysis of the stiffer 

diaphragm wall predicted a reduced lateral deflection from 2.0 inches to 1.5 inches. 

A post-construction analysis of the soldier-pile wall was performed to model as- 

constructed conditions. Comparison of the observed behavior with that predicted by 

analysis indicated a reasonable agreement. 

Cunningham and Fernandes (1972) discussed measured ground movements 

of two diaphragm walls built in Chicago. However, no analysis technique was
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mentioned. Caliendo, Anderson and Gordon (1990) performed a finite element 

analysis of a tied-back soldier pile wall using the computer program SOILSTRUCT. 

This analysis was compared with the observed performance of the soldier pile wall 

and good correlation was found between the analysis by SOILSTRUCT and the 

observed performance. However, this was not a diaphragm wall. 

Kerr and Tamaro (1990) provide a parametric study of the effects of wall 

stiffness and subgrade modulus on bending moment and strut loads. They indicate 

that the wall stiffness, El, appears to require adjustment for cracked moments of 

inertia, but that it was not as important for calculation of moments as originally 

thought. A summary of the results indicates that a reduction in EI by % caused an 

increase in maximum deflection by 48%, but a reduction of EI by % did not have 

a significant impact on moments. They also indicate very minor effects on moment 

when the soil stiffness and EI for the wall are analyzed at full value and compared 

to an analysis where both are reduced by %. The increase in maximum moment was 

less than 2%. The increase in maximum deflection was 100%. When only the soil 

stiffness was reduced by 2, the moment increase was less than 4%, but the deflection 

increase was 22%. Their study did not compare predicted performances with 

measured performances of a diaphragm wall. The parametric study was conducted 

by a beam on elastic foundation approach. An analysis using an equivalent beam on 

rigid supports and an analysis using Terzaghi and Peck (1967) apparent pressure
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diagrams were also conducted and moments and strut loads were compared to those 

evaluated in the parametric study. Neither of the latter two methods compared 

lateral deflections. 

Munger, Jones and Johnson (1990) is one of only two published studies found 

that presents a parametric study and compares it with field performance of a 

diaphragm wall. The parametric study was performed on a soil-structure interaction 

beam-column analysis program known as CBEAMC. This program, developed for 

use by the U.S. Army Corps of Engineers, utilizes non-linear Winkler spring supports, 

and may be used to analyze beams on elastic foundations. The design of the guard 

wall that is to be verified in this thesis is based on this parametric study. Another 

parametric study on SOILSTRUCT was performed by Mosher and Knowles (1989) 

to confirm the results of the CBEAMC study. Both studies will be discussed in 

Chapter II. 

1.3 Scope of Research 

The purpose of this study is three-fold: (1) review and discuss the "design 

calibration" performed in 1988 by Munger, et al (1990) and supported by Mosher and 

Knowles (1989), (2) evaluate and compare the observed performance of the guard
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wall with that of the predicted performance based on the calibrated model, and (3) 

perform a sensitivity study over a range of wall stiffness, EI. 

| The design calibration was based on the parameter study by Munger, et al 

(1990) for use in a soil-structure interaction beam-column analysis program. This 

established the basis on which the permanent diaphragm walls at the Bonneville 

project were analyzed and designed. The study by Munger, et al (1990) and the 

support study by finite element analysis methods by Mosher and Knowles 1989) will 

be reviewed and discussed in depth in Chapter II, Design Calibration. 

The evaluation and comparison of predicted and observed performances is 

presented in Chapter III, Design Verification. During design of the guard wall, a 

doubling of the soil-stiffness was recommended. After a check of the worst load 

case, it was decided not to evaluate all load cases based on the increased soil 

modulus because the pile size would not change, and time would not permit 

evaluating non critical load cases. In this study, the soil stiffness will be matched to 

the recommended value and its prediction also compared to the observed 

performance. 

In Chapter IV, the sensitivity of wall stiffness, EI, and its influence on 

predicting moments and deflections is evaluated. Finally, Chapter V provides 

conclusions and recommendations on the verification of the design of the diaphragm 

wall and for the sensitivity study.



CHAPTER II 

DESIGN CALIBRATION 

2.1 General 

The new lock under construction at Bonneville was planned for construction 

in several stages or phases. Phase One moved the railroad line to the south of its 

existing alignment and out of the channel area of the new lock. Phase Two of 

construction was to excavate a major portion of the bedrock and overburden into 

which the lock structure itself was to be located. One part of Phase Two was to 

construct temporary tieback walls to retain soils supporting the realigned railroad. 

A diaphragm wall (the temporary tieback wall) was chosen for its strength and 

rigidity, and because it was not feasible to layback slopes to construct other types of 

retaining walls without interrupting rail service (Figure 2.1). 

Phase Three is construction of the main lock structure itself, excavation of 

upstream and downstream entrance channels, and construction of the retaining 

structures supporting soils adjacent to these channels. One set of retaining walls 

adjacent to the upstream channel is known as the guard wall (Figure 2.2). On the 

16
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river side, the guard wall faces the lock channel with an "exposed" height of up to 70 

feet. Most of this exposed wall is actually submerged below the river surface with 

only 3 to 10 feet above the water surface. For accessibility, only one row of 

permanent tieback anchors in the top of the guard wall was feasible. On the soil side 

of the wall, within as little as 50 feet, is the newly aligned railroad. Because of the 

location of the permanent tiebacks at the top and the height of the exposed face, the 

guard wall required a diaphragm wall using large steel piles closely spaced to develop 

the required strength and maintain lateral deflections. 

The guard wall consists of approximately 108,000 ft? of slurry constructed wall 

for a length of approximately 1000 feet along the lock channel. This 1000 feet of 

wall is divided into five distinct areas for design based on changing geological 

conditions or on an increase of the exposed height due to deepening of the adjacent 

channel. Additionally, as many as eight different load cases for each section of wall 

needed consideration. Again, because of the close proximity of the railroad, lateral 

deflections of the guard wall was of concern during design. Therefore, it was decided 

that the analysis and design of the guard wall be based on a soil-structure interaction 

(SSI) program capable of estimating lateral deflections. One such soil-structure 

interaction beam-column analysis program was developed by W. P. Dawkins (1982) 

for the U.S. Army Corps of Engineers and is known as CBEAMC. CBEAMC is a 

one-dimensional SSI program for analyzing beams on elastic foundations utilizing
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non-linear Winkler spring supports for modeling the soil load-deflection response. 

This program is relatively simple to use, making it preferred over a finite element 

analysis program which can be quite complex. 

A CBEAMC analysis of the temporary tieback wall constructed in Phase Two 

was conducted to predict the response of that wall. Once constructed, a parametric 

study was performed to establish a CBEAMC model that would match the measured 

response. It was this model that would be the basis for analyzing and designing the 

guard wall. 

In addition to the CBEAMC models, a finite element analysis (FEA) of the 

temporary tieback wall was performed using SOILSTRUCT by personnel of the 

Corps Waterways Experiment Station in Vicksburg, Ms. This analysis predicted the 

response of the temporary tieback wall, which was compared to the measured 

response, and then a parametric study was conducted to match the FEA model to the 

measured response. This study provides additional information for the design of the 

temporary tieback wall, indicating the amount of heave or settlement to be expected 

at the railroad. Also, the FEA parametric study verified the CBEAMC model 

developed for future guard wall analysis.
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Temporary Tieback Wall 

2.2.1 Description of Temporary Tieback Wall and Loads 

The temporary tieback wall is a diaphragm wall approximately 180 feet 

in length, with a total wall area of approximately 3600 square feet (Figure 

2.3). This wall was completed in February 1988 in Phase Two, the lock 

excavation contract. The wall is located at the upstream end of the lock 

chamber and retains soils supporting the Union Pacific Railroad rail line. 

The maximum height of the wall exposed in the excavation contract is 48 feet. 

The maximum exposed height of the temporary tieback wall will exceed 80 

feet during the third stage of lock construction. 

The temporary tieback wall was originally designed to be constructed 

of eleven, 20-foot panels, three-feet thick, with a maximum height of 90 feet. 

A value engineering study eliminated panels 1 and 2. Panels 6 and 11 were 

instrumented with panel 6 chosen for the CBEAMC parametric study. Panels 

6 and 11 were both evaluated in the SOILSTRUCT study. 

The wall soil loads consisted of a combination of rectangular and 

triangular at-rest soil pressures, plus a surcharge (Figure 2.4). The at-rest 

rectangular pressure distribution was derived from NAVFAC DM7.2. A
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rectangular distribution is typical for braced walls in sand. The triangular 

diagram used allows for the possibility of upper anchors losing some load, and 

greater loads being transmitted to the lower anchors. The Jaky equation 

(Jaky 1944) was used to select the at-rest pressure coefficient, K,. 

K, = 1- sing (1) 

where @ is the soil friction angle. A surcharge was added representing a train 

and construction load. Hydrostatic pressure was eliminated by dewatering. 

The number, size, and spacing of the soil anchors was determined by a 

tributary area that limited an anchor load to a maximum of 358 kips. 

2.2.2 Geology and Material Properties 

Soil properties for design and for the CBEAMC study are shown in 

Table 2.1. The geology near the new lock consists of many slides. Much of 

the material in this area is unconsolidated slide debris (SD). Erosion and 

river work on the slide debris has produced a material known as reworked 

slide debris (RSD). RSD is a mixture of gravels, sands and silts, and boulder- 

size rocks. Below the slide debris lies the Weigle Formation (T,). Weigle is 

often characterized as a "soft" rock, of volcanic origin consisting of mudstone, 

siltstone, and claystone. Another intact rock formation is the Bonney Rock
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Table 2.1 Soil Properties (From Munger, Jones, and Johnson 1990, and 
Mosher and Knowles 1989). 

  

Parameter RSD Ty T, 

Friction angle (deg) 30 30 0 

Cohesion (psi) 0 10 16,000 

Moist Unit Weight (pcf) 1257/118° — 142.57/130° 175 

Saturated Unit Weight (pcf) 130 142.5 175 

Constant of horizontal subgrade 
reaction 1, 

  

Moist (pci) 18 23 -- 

Submerged (pci) 13 23 -- 

Allowable Bond Stress 60 35 - 

a. Unit weight used to develop earth pressure distribution for plane 
frame or hand analysis. 

b. Unit weight used in CBEAMC analysis, changed due to accumulation 
of additional in-place density data.
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Intrusive (T;). Bonney rock is a large diabase rock intruded into the older 

Weigle formation. It is a basalt-like rock with high strength properties. 

2.2.3 Wall Design 

Design of the reinforcement for the temporary tieback wall utilized a 

plane frame analysis program developed for the Corps of Engineers by 

Hartman and Jobst (1983). This program, known as CFRAME, used load 

input modeled as previously described in Figure 2.4, and generates the 

moments, shears, and deflections necessary for design. The wall was modeled 

as 1 foot strips of vertical continuous beams spanning non-yielding supports 

at each row of tiebacks and at the base of the wall. A horizontal beam 

spanning between a pair of tiebacks provided the support to the vertical 

beams at each tieback row. Therefore, the soil pressure was applied to the 

vertical beams, the reactions of the vertical beams were carried as load by the 

horizontal beams, and the reaction of the horizontal beams was carried as the 

horizontal component of load in the tieback anchors (Figure 2.5). The 

horizontal component of tieback load was determined as the larger of either 

the reaction from the horizontal beams, or the load from the tributary area 

of the apparent pressure diagram.
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Figure 2.5 Wall Reinforcement for the Temporary Tieback Wall (from Munger, 
Jones and Johnson, 1990).
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The tieback anchors consisted of grade 270 ksi, A416 low relaxation 7- 

wire strand tendons. The tendons were sized so that stress in the strands due 

to the design load was in accordance with ACI 318-83, but that the anchor 

test load was not to exceed 0.75 times the guaranteed ultimate tensile strength 

(GUTS) of the strands. The test load was either a proof or performance test 

load sized at 1.5 times the design load. Unbonded lengths were determined 

from slope stability analysis of the different panel heights and ranged from 27 

feet to 83 feet. Bonded lengths were determined in an anchor test program 

completed in 1986. The test program demonstrated the feasibility of high 

capacity anchors with creep limited to 0.04 inches per log cycle. Allowable 

bond stresses, tabulated in Table 2.1, provided sufficient anchor to soil bond 

capacity in either Weigle or RSD. A minimum of 30 feet bonded length was 

required, later modified to 40 feet due to an anchor pullout failure. Forty 

feet was shown by the anchor test program to be the maximum bonded length 

acceptable. 

The wall was instrumented in panels 6 and 11 with embedded slope 

inclinometers, strain gages on the reinforcement, and tieback anchor load 

cells. Other instruments added to the walls included one or more tiltmeters, 

horizontal extensometers, EDM survey targets, and alignment survey targets.
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�T�o� �d�e�v�e�l�o�p� �w�h�a�t� �w�a�s� �c�a�l�l�e�d� �"�r�o�c�k� �s�p�r�i�n�g�s�,�"� �a� �P�-�Y� �c�u�r�v�e� �m�o�d�e�l�e�d� �a� �o�n�e�-� 

�f�o�o�t� �s�q�u�a�r�e� �b�y� �t�w�o�-�f�o�o�t� �l�o�n�g� �"�r�o�c�k� �s�t�r�u�t�.�"� �O�n�l�y� �p�a�s�s�i�v�e� �r�e�s�i�s�t�a�n�c�e� �c�a�n� �b�e� 

�d�e�v�e�l�o�p�e�d� �b�y� �a� �r�o�c�k� �s�p�r�i�n�g� �(�F�i�g�u�r�e� �2�.�6�b�)�.� �F�o�r� �t�h�e� �m�a�x�i�m�u�m� �p�a�s�s�i�v�e� �r�e�s�i�s�t�a�n�c�e�,� 

�P�,�,� �=� �0�.�8� �t�i�m�e�s� �t�h�e� �u�n�c�o�n�f�i�n�e�d� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �b�e�d�r�o�c�k� �(�B�o�n�n�e�y� 

�R�o�c�k�)�.� �T�h�e� �u�n�c�o�n�f�i�n�e�d� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �B�o�n�n�e�y� �R�o�c�k� �i�s� �1�6�0�0�0� �p�s�i�,� 

�a�n�d� �E�,� �=� �6�,�0�4�0�,�0�0�0� �p�s�i� �p�e�r� �i�n�c�h�.� 

�F�i�g�u�r�e� �2�.�6�c� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �P�-�Y� �c�u�r�v�e� �r�e�p�r�e�s�e�n�t�i�n�g� �"�t�e�n�d�o�n� �s�p�r�i�n�g�s�"� �i�n� 

�t�h�e� �C�B�E�A�M�C� �m�o�d�e�l�.� �E�a�c�h� �t�e�n�d�o�n� �w�a�s� �m�o�d�e�l�e�d� �w�i�t�h� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� 

�t�e�n�d�o�n� �e�q�u�a�l� �t�o� �o�n�e� �h�a�l�f� �o�f� �t�h�e� �b�o�n�d�e�d� �l�e�n�g�t�h� �p�l�u�s� �t�h�e� �u�n�b�o�n�d�e�d� �l�e�n�g�t�h�.� �A�t� 

�Y� �=� �0�,� �t�h�e� �i�n�i�t�i�a�l� �l�o�a�d� �g�i�v�e�n� �b�y� �t�h�e� �t�e�n�d�o�n� �s�p�r�i�n�g� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �d�e�s�i�g�n� �l�o�a�d� 

�a�p�p�l�i�e�d� �a�t� �t�h�e� �t�i�e�b�a�c�k� �a�n�c�h�o�r�,� �w�i�t�h� �i�t�s� �e�l�o�n�g�a�t�i�o�n�.� �T�h�e� �C�B�E�A�M�C� �m�o�d�e�l� �f�o�r� 

�t�e�n�d�o�n� �s�p�r�i�n�g�s� �w�o�u�l�d� �e�x�h�i�b�i�t� �t�e�n�d�o�n� �f�a�i�l�u�r�e� �w�h�e�n� �0�.�8� �G�U�T�S� �w�a�s� �e�x�c�e�e�d�e�d� �b�y� �|� 

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

�m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �f�o�r� �a� �o�n�e�-�f�o�o�t� �s�t�r�i�p� �o�f� �w�a�l�l� �w�a�s� �2�.�2�5� �f�t�*�/�f�t�.



�3�3� 

�2�.�3�.�2� �P�r�e�d�i�c�t�e�d� �a�n�d� �M�e�a�s�u�r�e�d� �P�e�r�f�o�r�m�a�n�c�e� 

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

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

�s�e�l�e�c�t�e�d� �f�r�o�m� �T�e�r�z�a�g�h�i� �o�f� �1�8� �p�c�i� �a�n�d� �2�3� �p�c�i� �f�o�r� �m�o�i�s�t� �R�S�D� �a�n�d� �T�,�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �A�l�s�o� �e�x�a�m�i�n�e�d� �w�e�r�e� �1�0� �p�c�i�,� �5�0� �p�c�i�,� �a�n�d� �1�0�0� �p�c�i� �f�o�r� �b�o�t�h� �s�o�i�l�s�,� 

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

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

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

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

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

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

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

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

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

�e�q�u�a�l� �t�o� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�m�e�n�t�s�.�"� �A�s� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�u�r�e� �2�.�7�,� �a�t� �3�5� �f�e�e�t� �f�r�o�m� 

�t�h�e� �t�o�p�,� �w�i�t�h� �1�,� �=� �1�0�0� �p�c�i�,� �t�h�e� �m�a�x�i�m�u�m� �p�r�e�d�i�c�t�e�d� �p�o�s�i�t�i�v�e� �m�o�m�e�n�t� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�5� �k�i�p�-�f�e�e�t�.� �A�t� �1�,� �=� �5�0� �p�c�i�,� �1�8�/�2�3� �p�c�i� �a�n�d� �1�0� �p�c�i�,� �t�h�e� �p�r�e�d�i�c�t�e�d� 

�p�o�s�i�t�i�v�e� �m�o�m�e�n�t�s� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�5� �k�i�p�-�f�e�e�t�,� �6�5� �k�i�p�-�f�e�e�t� �a�n�d� �9�0� �k�i�p�-�f�e�e�t�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �a�p�p�a�r�e�n�t� �i�n�c�r�e�a�s�e� �o�f� �m�o�m�e�n�t� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �f�o�u�r� �t�i�m�e�s
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�5�0� � � 

�M�O�M�E�N�T�S� �C�A�L�C�U�L�A�T�E�O� �F�R�O�M� 
�T� �N� �C�A�G� �A�T�A� 

�{�1� �F�T� �=� �0�.�3�0�8�4� �m� �S�T�R�A�I�N� �G�A�G�E� �D� �.� 
�(�i� �P�C�L� �©� �2�7�5�.�4�5� �K�N�/� �m�3�)� �(�)� �_ �� �0�4�-�6�7�-�8�8� 
�{�1� �K�-�F�T� �=� �1�.�3�5�6� �K�N�-�m� �2� �0�9�-�1�4�-�8�8� 

�»� �E�X�C�A�V�A�T�I�O�N� �I�N� �F�R�O�N�T� �O�F� �W�A�L�L�,� �S�1�1� �-�2�2�-�0�8� 
�A�N�D� �T�I�E�B�A�C�K� �I�N�S�T�A�L�L�A�T�I�O�N�S� �V�_�_�_� �0�2�-�0�8�-�8�9� 
�C�O�M�P�L�E�T�E�D� �O�N� �0�3�-�1�4�-�8�8� �O�_�_�_�_�0�6�-�0�2�-�8�9� � � � � � � 

�F�i�g�u�r�e� �2�.�7�.� �P�r�e�d�i�c�t�e�d� �a�n�d� �M�e�a�s�u�r�e�d� �P�e�r�f�o�r�m�a�n�c�e� �(�f�r�o�m� �M�u�n�g�e�r�,� �J�o�n�e�s� �a�n�d� 
�J�o�h�n�s�o�n� �1�9�9�0�)�.



�3�5� 

�a�s� �|�,� �=� �1�0�0� �p�c�i� �i�s� �d�e�c�r�e�a�s�e�d� �t�o� �1�,� �=� �1�0� �p�c�i�.� �T�h�e� �m�a�x�i�m�u�m� �m�e�a�s�u�r�e�d� �n�e�g�a�t�i�v�e� 

�m�o�m�e�n�t� �i�s� �a�t� �3�0� �f�e�e�t� �f�r�o�m� �t�h�e� �t�o�p� �a�t� �a�b�o�u�t� �6�0� �k�i�p�-�f�e�e�t�.� �T�h�i�s� �c�l�o�s�e�l�y� 

�a�p�p�r�o�x�i�m�a�t�e�s� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�o�m�e�n�t� �w�h�e�n� �v�a�l�u�e�s� �o�f� �|�,� �=� �1�8� �c�p�i� �a�n�d� �2�3� �p�c�i� �a�r�e� 

�u�s�e�d�.� 

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

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

�p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �C�B�E�A�M�C� �a�n�a�l�y�s�i�s�.�"� �A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�u�r�e� �2�.�7�,� �C�R�B�E�A�M�C� 

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

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

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

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

�p�e�r� �s�q�u�a�r�e� �f�o�o�t�.� �T�h�i�s� �c�l�o�s�e�l�y� �m�a�t�c�h�e�d� �t�h�e� �d�e�s�i�g�n� �l�o�a�d�s� �o�f� �2�.�1� �t�o� �2�.�4� �k�i�p�s� �p�e�r� 

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

�c�h�a�n�g�e� �i�n� �h�e�i�g�h�t� �o�f� �p�a�n�e�l� �6�.� �T�h�e� �i�n�i�t�i�a�l� �d�e�s�i�g�n� �h�e�i�g�h�t� �o�f� �p�a�n�e�l� �6� �w�a�s� �5�4� �f�e�e�t� 

�a�n�d� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�l�l� �R�S�D� �s�o�i�l�.� �L�a�t�e�r� �e�x�c�a�v�a�t�i�o�n� �s�h�o�w�e�d� �s�o�m�e� �T�,� 

�b�e�t�w�e�e�n� �B�o�n�n�e�y� �r�o�c�k� �a�n�d� �R�S�D�.� �T�h�e� �c�o�m�p�l�e�t�e�d� �w�a�l�l� �h�e�i�g�h�t� �w�a�s� �4�8� �f�e�e�t� �d�u�e� 

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



�2�.�4� 

�3�6� 

�2�.�3�.�3�.� �D�e�s�i�g�n� �C�a�l�i�b�r�a�t�i�o�n� 

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

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

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�t�u�d�y� �m�e�m�b�e�r�s� �c�h�o�s�e� �t�o� �b�a�s�e� �t�h�e� �c�a�l�i�b�r�a�t�e�d� �C�B�E�A�M�C� �m�o�d�e�l� 

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

�m�a�t�c�h�e�d� �b�y� �s�e�l�e�c�t�i�o�n� �o�f� �1�,� �=� �1�0�0� �p�c�i�,� �t�h�e� �s�e�l�e�c�t�e�d� �v�a�l�u�e� �c�h�o�s�e�n� �f�o�r� �a�n�a�l�y�s�i�s� 

�o�f� �t�h�e� �p�e�r�m�a�n�e�n�t� �w�a�l�l�s� �w�a�s� �1�,� �=� �3�6� �p�c�i� �a�n�d� �2�6� �p�c�i� �f�o�r� �m�o�i�s�t� �R�S�D� �a�n�d� 

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

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

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

�v�a�r�i�a�b�i�l�i�t�y� �i�n� �m�a�t�e�r�i�a�l�s� �a�t� �t�h�e� �s�i�t�e�.�"� �A�d�d�i�t�i�o�n�a�l� �i�n�c�r�e�a�s�e�s� �i�n� �1�,� �w�e�r�e� �n�o�t� �f�e�l�t� �t�o� 

�b�e� �j�u�s�t�i�f�i�e�d�.� 

�F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �T�e�m�p�o�r�a�r�y� �T�i�e�b�a�c�k� �W�a�l�l� 

�M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �(�1�9�8�8�)� �d�i�s�t�r�i�b�u�t�e�d� �t�h�e� �f�i�n�a�l� �d�r�a�f�t� �r�e�p�o�r�t� �o�f� �t�h�e�i�r� �f�i�n�i�t�e� 

�e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �t�e�m�p�o�r�a�r�y� �t�i�e�b�a�c�k� �w�a�l�l� �i�n� �1�9�8�8�.� �T�h�e� �s�t�u�d�y� �h�a�d� �a� �n�u�m�b�e�r� �o�f� 

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

�e�f�f�e�c�t�s� �t�h�a�t� �m�a�y� �b�e� �f�e�l�t� �a�t� �t�h�e� �r�a�i�l�r�o�a�d� �5�0� �f�e�e�t� �a�w�a�y�.� �A�l�s�o�,� �b�a�s�e�d� �o�n� �a� �c�o�m�p�a�r�i�s�o�n
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�z�g� �O�N�O� �F�R�I�C�T�I�O�N� �A�N�G�L�E� 
�=� �a� �(�D�E�G�R�E�E�S�)� 
�o� �0�.�0�8� �F� �R�S�D� �T�w� �u�d�  ��  ��_ �� �a�r�  �� 

�u�i� �=� �0�-�0�6� �r� �3�0�.�0�2�5� �o� 
�z� �+� �0�.�0�4�+� �3�5�3�5� �O�o� 
�=� �=� 

�*� �0�.�0�2� �F�F� 

�>� �r�o�t� �F�T� �©� �0�.�3�0�4�8� �a�)�  ��©� 
�1�0�0� 

�-� �.� 

�&� �z�a� 

�3�c� �r� 
�s�u� 
�s�a� �(�S�O�F� 
�g�u� �r�T�  ��_�_�_�_�_�,� 
�x� 
�<� �F�t� �K�I�P� �=� �F�T� �=� �1�.�3�5�6� �K�N�.� �m�)� 

�_�i� �1� �_�l� �m�i� �_�_�}� 

�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� 
�f�y� �(�P�C�I�)� �(� �1� �P�C�T� �=� �2�7�1�.�4�5� �k�N�/�m�3�)� 

�F�i�g�u�r�e� �2�.�8� �|� �C�o�m�p�a�r�i�s�o�n� �o�f� �F�r�i�c�t�i�o�n� �A�n�g�l�e� �a�n�d� �1�,� �o�n� �D�e�f�l�e�c�t�i�o�n� �a�n�d� �M�o�m�e�n�t�s� 
�(�f�r�o�m� �M�u�n�g�e�r�,� �J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n� �1�9�9�0�)�.



�3�8� 

�o�f� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e� �a�n�d� �a�n� �a�n�a�l�y�s�i�s� �o�f� �p�a�n�e�l�s� �6� �a�n�d� �1�1�,� �t�h�e� �s�t�u�d�y� �w�a�s� �t�o� 

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

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

�T�h�e� �F�E�A� �s�t�u�d�y� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� �P�a�r�t�s� �I� �t�h�r�o�u�g�h� �I�V�.� �P�a�r�t� �I� �d�e�s�c�r�i�b�e�d� �t�h�e� �F�E� 

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

�o�f� �t�h�e� �w�a�l�l� �s�y�s�t�e�m� �b�a�s�e�d� �o�n� �p�a�n�e�l� �6� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �P�a�r�t� �I�I� �a�s�s�e�s�s�e�d� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� 

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

�s�t�i�f�f�n�e�s�s� �c�o�n�s�t�a�n�t�.� �P�a�r�t� �I�I�]� �c�o�n�d�u�c�t�e�d� �a� �s�t�u�d�y� �t�o� �e�s�t�a�b�l�i�s�h� �a� �F�E�A� �m�o�d�e�l� �w�h�i�c�h� �b�e�t�t�e�r� 

�m�a�t�c�h�e�d� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e� �o�f� �p�a�n�e�l� �6�.� �B�a�s�e�d� �o�n� �P�a�r�t�s� �I�,� �I�I� �a�n�d� �I�I�I�,� �p�a�n�e�l� �1�1� 

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

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

�d�i�f�f�e�r�e�n�c�e�s� �f�r�o�m� �t�h�e� �C�B�E�A�M�C� �m�o�d�e�l� �i�d�e�n�t�i�f�i�e�d�.� 

�2�.�4�.�1� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� �M�o�d�e�l� 

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

�p�r�o�g�r�a�m� �S�O�I�L�S�T�R�U�C�T�.� �S�O�I�L�S�T�R�U�C�T� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �G�.� �W�.� �C�l�o�u�g�h� 

�(�1�9�8�4�)� �a�n�d� �o�t�h�e�r�s� �f�o�r� �m�o�d�e�l�i�n�g� �c�o�m�p�l�e�x�,� �s�o�i�l�-�s�t�r�u�c�t�u�r�e� �i�n�t�e�r�a�c�t�i�o�n� �p�r�o�b�l�e�m�s� 

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



�3�9� 

�T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�s�h� �d�e�v�e�l�o�p�e�d� �t�o� �m�o�d�e�l� �p�a�n�e�l� �6� �w�a�s� �e�x�t�e�n�d�e�d� 

�w�e�l�l� �o�u�t� �b�e�y�o�n�d� �t�h�e� �w�a�l�l� �t�o� �p�o�r�t�r�a�y� �i�n�-�s�i�t�u� �s�o�i�l� �s�t�r�e�s�s� �(�F�i�g�u�r�e� �2�.�9�)�.� �T�h�e� �n�o�d�e�s� 

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

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

�h�o�r�i�z�o�n�t�a�l�l�y� �a�n�d� �v�e�r�t�i�c�a�l�l�y�.� 

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

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

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

�m�o�v�e�m�e�n�t�s� �b�e�t�w�e�e�n� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �p�r�o�p�e�r�t�i�e�s�.� �B�a�r� �e�l�e�m�e�n�t�s� �(�o�n�e�-� 

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

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

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

�m�e�a�n�s� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �m�o�m�e�n�t� �i�n� �s�t�r�u�c�t�u�r�a�l� �e�l�e�m�e�n�t�s� �i�n� �a� �S�O�I�L�S�T�R�U�C�T� 

�a�n�a�l�y�s�i�s�.� 

�T�o� �m�o�d�e�l� �t�h�e� �s�o�i�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �S�O�I�L�S�T�R�U�C�T� �u�s�e�s� �a� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� 

�D�u�n�c�a�n�-�C�h�a�n�g� �(�1�9�7�0�)� �h�y�p�e�r�b�o�l�i�c� �m�o�d�e�l�.� �I�n�i�t�i�a�l� �v�a�l�u�e�s� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� 

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

�e�t� �a�l�.� �(�1�9�8�0�)� �a�n�d� �w�e�r�e� �l�o�w�e�r� �b�o�u�n�d� �v�a�l�u�e�s�.� �F�o�r� �i�n�i�t�i�a�l� �l�o�a�d�i�n�g�,� �s�o�i�l� �r�e�s�p�o�n�s�e� 

�f�o�l�l�o�w�s� �a� �n�o�n�-�l�i�n�e�a�r� �h�y�p�e�r�b�o�l�i�c� �c�u�r�v�e� �(�F�i�g�u�r�e� �2�.�1�0�)�.� �U�p�o�n� �u�n�l�o�a�d�i�n�g� �a�n�d� 

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

�R�e�l�o�c�a�t�e�d� �t� 
�R�i�v�e�r� �U�P� �R�R� �,�~�-�+ ��- ��-�s� � � � � 

�F�i�g�u�r�e� �2�.�9� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �G�r�i�d� �f�o�r� �P�a�n�e�l� �6� �P�r�o�f�i�l�e� �(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� 
�1�9�8�8�)�.
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�s�o�i�l� �s�t�r�e�s�s� �l�e�v�e�l� �t�o� �t�h�e� �s�t�r�e�s�s� �l�e�v�e�l� �p�r�i�o�r� �t�o� �u�n�l�o�a�d�i�n�g�,� �a�d�d�i�t�i�o�n�a�l� �l�o�a�d�i�n�g� 

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

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

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

�d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �f�i�g�u�r�e� �2�.�1�0� �c�a�n� �b�e� �f�o�u�n�d� �b�y� 

�E�;� �=� �p�,�K�,�,�(�o�3�/�P�,�)� �(�5�)� 

�E�,� �=� �[�1� �~�R�,�(�1�-�s�i�n�d� �(�a� �,�-�0� �3�)� �/�K�,�,�p�,�(�o�3�/�P�,�)�"� �(�6�)� 
�2�c� �c�o�s�h� �+�2�0�,� �s�i�n�d� 

�E�Y�,� �=� �K�,�,�p�,�(�o� �3�/�P�a�)� �(�7�)� 

�w�h�e�r�e�:� 

�E�.� �=� �i�n�i�t�i�a�l� �m�o�d�u�l�u�s� 
�1� 

�E�,� �=� �t�a�n�g�e�n�t� �m�o�d�u�l�u�s� 

�E�,�,� �=� �u�n�l�o�a�d�-�r�e�l�o�a�d� �m�o�d�u�l�u�s� 

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

�m�a�j�o�r� �a�n�d� �m�i�n�o�r� �p�r�i�n�c�i�p�l�e� �s�t�r�e�s�s�e�s�,� �@� �a�n�d� �c� �a�r�e� �M�o�h�r�-�C�o�u�l�o�m�b� �s�o�i�l� �s�t�r�e�n�g�t�h� 

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

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

]� 

�F�i�g�u�r�e� �2�.�1�0� �H�y�p�e�r�b�o�l�i�c� �R�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �S�t�r�e�s�s�-�S�t�r�a�i�n� �C�u�r�v�e� �(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� 
�K�n�o�w�l�e�s� �1�9�8�8�)�.
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�S�o�i�l� �s�t�r�e�n�g�t�h� �p�a�r�a�m�e�t�e�r�s� �s�e�l�e�c�t�e�d� �f�o�l�l�o�w� �M�o�h�r�-�C�o�u�l�o�m�b� �c�r�i�t�e�r�i�a�:� �u�s�i�n�g� 

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

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

�t�h�o�s�e� �e�s�t�a�b�l�i�s�h�e�d� �b�y� �M�o�h�r�-�C�o�u�l�o�m�b�,� �s�o� �a�s� �n�o�t� �t�o� �t�a�k�e� �o�n� �a�n�y� �a�d�d�i�t�i�o�n�a�l� �s�h�e�a�r� 

�s�t�r�e�s�s�e�s�.� 

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

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

�s�e�l�e�c�t�e�d� �f�o�r� �u�s�e� �i�n� �C�B�E�A�M�C� �i�n� �T�a�b�l�e� �2�.�1�.� 

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

�p�r�o�p�e�r�t�i�e�s� �a�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s�:� �f�c� �e�q�u�a�l�s� �3�0�0�0� �p�s�i�,� �w�a�l�l� �s�t�i�f�f�n�e�s�s�,� �E�I�,� �e�q�u�a�l�s� 

�1�,�0�1�3�,�0�0�0� �k�i�p�-�f�t� �p�e�r� �f�o�o�t�,� �a�n�d� �t�h�e� �s�e�c�t�i�o�n� �m�o�d�u�l�u�s� �e�q�u�a�l�s� �1�.�5� �f�e�e�t� �c�u�b�e�d�.� �B�a�c�k� 

�c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �I�,� �f�r�o�m� �E�I�,� �g�i�v�e�s� �I� �e�q�u�a�l� �t�o� �2�.�2�5� �f�t �� �p�e�r� 

�f�t�.� �T�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �m�a�t�c�h� �t�h�o�s�e� �f�o�r� �t�h�e� �C�B�E�A�M�C� �m�o�d�e�l� �e�x�c�e�p�t� �t�h�e� �w�a�l�l� 

�s�t�i�f�f�n�e�s�s� �i�n� �C�B�E�A�M�C� �w�a�s� �b�a�s�e�d� �o�n� �f�c� �=� �3�5�0�0� �p�s�i�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� 

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

�a�s� �a� �"�c�o�h�e�s�i�o�n�l�e�s�s� �s�u�r�f�a�c�e� �o�f� �h�i�g�h� �s�h�e�a�r� �s�t�i�f�f�n�e�s�s�,� �w�i�t�h� �a� �f�r�i�c�t�i�o�n� �a�n�g�l�e� �o�f� �3�0� 

�d�e�g�r�e�e�s�.�"� 

�S�O�I�L�S�T�R�U�C�T� �i�s� �d�e�s�i�g�n�e�d� �t�o� �m�o�d�e�l� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �i�n� �t�h�e� 

�f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s�.� �S�O�I�L�S�T�R�U�C�T� �c�a�n� �e�m�u�l�a�t�e� �t�h�e� �s�t�e�p�s� �d�u�r�i�n�g� �t�h�e� 

�c�o�n�s�t�r�u�c�t�i�o�n� �p�r�o�c�e�s�s� �d�e�s�c�r�i�b�e�d� �a�s�  ��i�n�i�t�i�a�l� �s�t�r�e�s�s�e�s�,� �f�i�l�l� �p�l�a�c�e�m�e�n�t�,� �m�a�t�e�r�i�a�l
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�T�a�b�l�e� �2�.�2� �S�o�i�l� �P�r�o�p�e�r�t�i�e�s� �a�n�d� �P�a�r�a�m�e�t�e�r�s� �f�o�r� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� �(�f�r�o�m� 
�M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �1�9�8�9�)�.� 

�H�y�p�e�r�b�o�l�i�c� �P�a�r�a�m�e�t�e�r�s� 

� � 

�F�r�i�c�t�i�o�n� �U�n�i�t� �M�o�d�u�l�u�s� �S�t�r�e�n�g�t�h� �M�o�d�u�l�u�s� 
�M�a�t�e�r�i�a�l� �A�n�g�l�e� �C�o�h�e�s�i�o�n� �W�i�e�g�h�t� �C�o�n�s�t�a�n�t� �F�a�c�t�o�r� �E�x�p�o�n�e�n�t� 

�(�d�e�g�)� �(�p�s�f�)� �(�p�c�f�)� �K� �R� �n� 

�R�S�D�,� �S�D� 
�a�n�d� �F�i�l�l� �3�4� �0� �1�2�5� �3�0�0� �0�.�7� �0�.�3� 

�S�B� �3�2� �7�5�0� �1�3�0� �2�0�0� �0�.�7� �0�.�6� 

�T�w�)� �3�0� �2�0�,�0�0�0� �1�3�0� �2�0�0�0� �0�.�7� �0�.�5� 

�T�Y� �0� �2�0�0�,�0�0�0� �1�7�5� �2�0�0�,�0�0�0� �0�.�7� �0�.�5� 

� 



�4�5� 

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

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

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

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

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

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

�i�n�s�t�a�l�l�a�t�i�o�n� �o�f� �t�i�e�b�a�c�k�s�.� �T�a�b�l�e� �2�.�3� �s�h�o�w�s� �t�h�e� �s�i�x�t�e�e�n� �l�o�a�d�i�n�g� �s�t�e�p�s� �u�s�e�d� �i�n� �t�h�e� 

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

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

�2�.�4�.�2� �P�r�e�d�i�c�t�e�d� �a�n�d� �M�e�a�s�u�r�e�d� �P�e�r�f�o�r�m�a�n�c�e� 

�P�a�r�t� �I� 

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

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

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

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

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

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

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



�T�a�b�l�e� �2�.�3� 

�S�t�e�p� �N�u�m�b�e�r� 

�4�6� 

�L�o�a�d�i�n�g� �S�t�e�p�s� �i�n� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �A�n�a�l�y�s�i�s� �(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� 
�K�n�o�w�l�e�s� �1�9�8�8�)�.� 
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� �h�e� �B�u�i�l�d� �n�a�t�u�r�a�l� �s�l�o�p�e� �-� �f�i�r�s�t� �i�n�c�r�e�m�e�n�t� 

�B�u�i�l�d� �n�a�t�u�r�a�l� �s�l�o�p�e� �-� �s�e�c�o�n�d� �i�n�c�r�e�m�e�n�t� 
�B�u�i�l�d� �n�a�t�u�r�a�l� �s�l�o�p�e� �-� �t�h�i�r�d� �i�n�c�r�e�m�e�n�t� 
�B�u�i�l�d� �n�a�t�u�r�a�l� �s�l�o�p�e� �t�o� �p�r�e�-�e�x�c�a�v�a�t�i�o�n� �p�r�o�f�i�l�e� 
�E�x�c�a�v�a�t�e� �f�o�r� �R�.�R�.� �r�e�l�o�c�a�t�i�o�n� �(�c�u�r�r�e�n�t� �p�r�o�f�i�l�e�)� 
�B�u�i�l�d� �w�a�l�l� 
�E�x�c�a�v�a�t�e� �E�l�.� �7�8�.�5� �(�i�n� �f�r�o�n�t� �o�f� �w�a�l�l�)� 
�P�r�e�s�t�r�e�s�s� �f�i�r�s�t� �t�i�e�b�a�c�k�,� �E�l�.� �8�4� �(�1�5�0�%� �d�e�s�i�g�n� �l�o�a�d�)� 
�E�x�c�a�v�a�t�e� �t�o� �E�l�.� �6�7�.�5�,� �l�o�c�k�o�f�f� �f�i�r�s�t� �t�i�e� �a�t� �f�i�e�l�d� �l�o�a�d� 
�P�r�e�s�t�r�e�s�s� �s�e�c�o�n�d� �t�i�e�b�a�c�k�,� �E�l�.� �7�3� 
�E�x�c�a�v�a�t�e� �t�o� �E�l�.� �5�6�.�5�,� �l�o�c�k�o�f�f� �s�e�c�o�n�d� �t�i�e� 
�P�r�e�s�t�r�e�s�s� �t�h�i�r�d� �t�i�e�b�a�c�k�,� �E�l�.� �6�2� 
�E�x�c�a�v�a�t�e� �t�o� �E�l�.� �4�5�,� �l�o�c�k�o�f�f� �t�h�i�r�d� �t�i�e� 
�P�r�e�s�t�r�e�s�s� �f�o�u�r�t�h� �t�i�e�b�a�c�k�,� �E�l�.� �5�1� 
�E�x�c�a�v�a�t�e� �t�o� �b�o�t�t�o�m� �o�f� �w�a�l�l�,� �E�l�.� �3�9�,� �l�o�c�k�o�f�f� �f�o�u�r�t�h� �t�i�e� 
�R�e�l�e�a�s�e� �t�o�p� �a�n�c�h�o�r� �i�n� �f�a�i�l�u�r�e� �s�i�m�u�l�a�t�i�o�n� �a�n�a�l�y�s�i�s� 
� 



�4�7� 

� � � 
� � � � � � � 

�1� �h�p� �b�r�a�d�s� �.�  �� �m�o� �1� �:� 
�s�t�e�p� �1�3� �s�t�e�p� �1�4� 

� � 
�F�i�g�u�r�e� �2�.�1�1� �L�o�a�d�i�n�g� �S�e�q�u�e�n�c�e� �M�o�d�e�l�i�n�g� �C�o�n�s�t�r�u�c�t�i�o�n� �O�p�e�r�a�t�i�o�n�s� �(�f�r�o�m� �M�o�s�h�e�r� 

�a�n�d� �K�n�o�w�l�e�s� �1�9�8�8�)�.



�4�8� 

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

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

�n�e�g�a�t�i�v�e� �m�o�m�e�n�t�s�,� �t�h�e� �b�o�t�t�o�m� �%� �s�h�o�w�i�n�g� �p�o�s�i�t�i�v�e� �m�o�m�e�n�t�s� �(�F�i�g�u�r�e� �2�.�1�2�)�.� 

�T�h�e� �m�a�x�i�m�u�m� �o�b�s�e�r�v�e�d� �m�o�m�e�n�t� �w�a�s� �l�e�s�s� �t�h�a�n� �t�h�e� �d�e�s�i�g�n� �m�o�m�e�n�t� �o�f� �1�9�1� �k�i�p�-� 

�f�e�e�t� �b�y� �4�4�%�.� �S�i�n�c�e� �i�n� �P�a�r�t� �I� �o�f� �t�h�e� �s�t�u�d�y�,� �c�o�n�s�e�r�v�a�t�i�v�e� �s�o�i�l� �m�o�d�e�l�i�n�g� 

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

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

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

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

�d�e�f�l�e�c�t�i�o�n� �f�o�r� �t�h�e� �w�a�l�l� �w�a�s� �t�o�w�a�r�d� �t�h�e� �e�x�c�a�v�a�t�i�o�n� �0�.�5� �i�n�c�h�e�s�.� �T�h�e� �f�i�r�s�t� �t�i�e�b�a�c�k� 

�p�u�l�l�e�d� �t�h�e� �w�a�l�l� �b�a�c�k� �i�n�t�o� �t�h�e� �r�e�t�a�i�n�e�d� �s�o�i�l�s� �0�.�7�8� �i�n�c�h�e�s� �p�a�s�t� �v�e�r�t�i�c�a�l�.� �A�f�t�e�r� 

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

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

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

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

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

�T�h�e� �o�t�h�e�r� �w�a�l�l�s� �r�e�a�l�i�z�e�d� �a� �r�a�n�g�e� �f�r�o�m� �0�.�1�1�%� �t�o� �0�.�3�8�%�.� �T�h�i�s� �w�o�u�l�d� �i�n�d�i�c�a�t�e� 

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

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

�W�a�l�l� �D�e�f�l�e�c�t�i�o�n� �W�a�l�l� �M�o�m�e�n�t� �L�a�t�e�r�a�]� �E�a�r�t�h� �P�r�e�s�s�t�i�r�e� 
�(�F�T�)� �(�F�T�-� �K�I�P�S�)� �(�K�S�F�)� 

�R�i�v�e�r� �S�i�d�e� �R�a�i�l�r�o�a�d� �S�i�d�e� �(�-�)� �(�+�)� �R�i�v�e�r� �S�i�d�e� �R�a�i�l�r�o�a�d� �S�i�d�e� 
�0�2� �0�!� �0� �O�1�1� �O�0�2� �2�0�0� �1�0�0� �0� �1�0�0� �2�0�0� �6�0� �4�0� �2�0� �0� �2�0� �4�0� �6�0� 

�\� �j� �e�t� �j�e� �|� �\� �f� �j� �i� �i� �j� �\� �}� �_�}� 
�9�0� �7�-�  �� �T� �T� �q�T� �i� �q�T� �q�v� �T� �T� �O�E� �T� �q� �7� �m�f� �I� 

�(� �\� 
�8�0� �|�-� �\� 

�7�0� �|�-� �\� 
�\� 

�6�0�-�]�-� �.� 

�5�0�-�)�-� �I�n�i�t�i�a�l� 
�P�r�e�s�s�u�r�e� 

�4�0�-�]�-� � � � � � � � � 

�F�i�g�u�r�e� �2�.�1�2� �F�i�n�a�l� �E�x�c�a�v�a�t�i�o�n� �t�o� �E�L�.�3�9 ��,� �L�o�c�k�o�f�f� �F�o�u�r�t�h� �A�n�c�h�o�r� �(�f�r�o�m� �M�o�s�h�e�r� 
�a�n�d� �K�n�o�w�l�e�s� �1�9�8�8�)�.



�5�0� 

�T�h�r�e�e� �o�t�h�e�r� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �w�e�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �P�a�r�t� �I� �w�h�i�c�h� �a�r�e� �n�o�t� 

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

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

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

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�3�.� �T�h�e� �o�b�s�e�r�v�a�t�i�o�n� �w�a�s� �m�a�d�e� �t�h�a�t� �t�h�e� �f�i�n�a�l� �p�r�e�s�s�u�r�e� 

�w�a�s� �m�o�r�e� �t�r�i�a�n�g�u�l�a�r� �t�h�a�n� �r�e�c�t�a�n�g�u�l�a�r�.� �I�t� �i�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �2�.�1�3� �t�h�a�t� �t�h�e� 

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

�f�r�o�m� �N�A�V�F�A�C� �D�M� �7�.�2�.� 

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

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

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

�r�e�a�c�h�e�d� �a� �m�a�x�i�m�u�m� �o�f� �0�.�2� �i�n�c�h�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �f�e�e�t� �f�r�o�m� �t�h�e� �w�a�l�l�,� �a�n�d� �0�.�1� 

�i�n�c�h�e�s� �a�t� �t�h�e� �t�r�a�c�k�s� �5�0� �f�e�e�t� �f�r�o�m� �t�h�e� �w�a�l�l�.� 

�P�a�r�t� �I�I� 

�T�h�e� �g�o�a�l� �o�f� �P�a�r�t� �I�I� �w�a�s� �t�o� �a�c�c�e�s�s� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �w�a�l�l�-�s�o�i�l� �s�y�s�t�e�m� 

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

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

�m�a�g�n�i�t�u�d�e�s�,� �2�)� �r�e�d�u�c�e�d� �c�a�p�a�c�i�t�y� �a�n�d� �f�a�i�l�u�r�e� �o�f� �t�h�e� �t�o�p� �a�n�c�h�o�r�,� �a�n�d� �3�)� �r�e�d�u�c�e�d
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�R�i�v�e�r� �S�i�d�e� �(�K�S�F�)� �p�e�i�l�r�o�a�d� �S�i�d�e� 
�6�0� �4�0� �2�0� �0� �2�0� �4�0� �6�0� 

�q� �|� �\� �i� �I� �t�o� 
� � 

� � 

�O�o�,� �=� �(�0�.�5�)� �0�.�7� 

� � �I�n�i�t�i�a�l� 
�\�e� �P�r�e�s�s�u�r�e� 

� � � � 

�F�i�g�u�r�e� �2�.�1�3� �E�a�r�t�h� �P�r�e�s�s�u�r�e�s� �o�n� �t�h�e� �T�i�e�b�a�c�k� �W�a�l�l� �(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� 
�1�9�8�8�)�.



�5�2� 

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

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

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

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

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

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

�r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �s�o�i�l� �(�F�i�g�u�r�e� �2�.�1�0�)�.� �T�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �"�s�o�f�t�e�r�"� 

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

�T�h�e� �r�e�s�u�l�t�s� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �t�h�e� �s�t�u�d�y� �s�h�o�w� �d�e�f�l�e�c�t�i�o�n�s� �i�n�c�r�e�a�s�e� �a�b�o�u�t� �6�5�%� �a�n�d� 

�m�o�m�e�n�t�s� �i�n�c�r�e�a�s�e� �a�b�o�u�t� �4�0�%� �w�h�e�n� �t�h�e� �s�o�f�t�e�r� �s�o�i�l� �i�s� �u�s�e�d�.� �G�r�o�u�n�d� �s�u�r�f�a�c�e� 

�d�e�f�l�e�c�t�i�o�n� �i�n�c�r�e�a�s�e�d� �a�s� �w�e�l�l�,� �w�i�t�h� �a� �m�a�x�i�m�u�m� �h�e�a�v�e� �o�f� �0�.�1�6� �i�n�c�h�e�s� �a�t� �t�h�e� �r�a�i�l� 

�l�i�n�e�,� �o�r� �a� �6�0�%� �i�n�c�r�e�a�s�e�.� 

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

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

�a�s� �c�o�n�s�t�r�u�c�t�e�d�,� �2�)� �1�1�0�%� �a�s� �c�o�n�s�t�r�u�c�t�e�d�,� �a�n�d� �3�)� �a�p�p�r�o�x�i�m�a�t�e�l�y� �d�o�u�b�l�e� �t�h�e� �a�s�-� 

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

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

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

�0�.�7�8� �i�n�c�h�e�s� �p�a�s�t� �v�e�r�t�i�c�a�l� �o�u�t� �i�n�t�o� �t�h�e� �e�x�c�a�v�a�t�i�o�n�.� �A�l�s�o�,� �m�o�m�e�n�t� �r�e�v�e�r�s�a�l� 

�o�c�c�u�r�r�e�d� �t�o�w�a�r�d�s� �t�h�e� �t�o�p� �o�f� �t�h�e� �w�a�l�l�,� �p�r�o�d�u�c�i�n�g� �a� �m�a�x�i�m�u�m� �n�e�g�a�t�i�v�e� �m�o�m�e�n�t
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�F�i�g�u�r�e� �2�.�1�4� �W�a�l�l� �B�e�h�a�v�i�o�r� �w�i�t�h� �R�e�d�u�c�e�d� �S�o�i�l� �S�t�i�f�f�n�e�s�s� �(�e�n�d� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n�)� 
�(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �1�9�8�8�)�.



�5�4� 

�o�f� �1�1�5� �k�i�p�-�f�e�e�t�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �o�n�l�y� �1�3�.�5�%� �o�f� �t�h�e� �f�a�i�l�e�d� �a�n�c�h�o�r ��s� �l�o�a�d� �w�a�s� 

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

�b�e�n�d�i�n�g� �i�n� �t�h�e� �w�a�l�l�.� 

�P�a�r�t� �H�I� 

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

�w�a�l�l�-�s�o�i�l� �s�y�s�t�e�m� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e� �o�b�s�e�r�v�e�d� �o�n� �p�a�n�e�l� �6�.� �T�h�e� 

�i�n�s�t�r�u�m�e�n�t�e�d� �r�e�s�u�l�t�s� �o�f� �p�a�n�e�l� �6� �a�r�e� �p�l�o�t�t�e�d� �w�i�t�h� �t�h�e� �o�r�i�g�i�n�a�l� �F�E�A� �r�e�s�u�l�t�s� �i�n� 

�F�i�g�u�r�e� �2�.�1�5�.� �C�h�a�n�g�e�s� �i�n� �p�a�r�a�m�e�t�r�i�c� �v�a�l�u�e�s� �s�t�u�d�i�e�d� �w�e�r�e� �t�h�e� �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�,� �K�,�,� �t�h�e� �m�o�d�u�l�u�s� �c�o�n�s�t�a�n�t�,� �K�,�,� �a�n�d� �t�h�e� �u�n�l�o�a�d�-�r�e�l�o�a�d� �m�o�d�u�l�u�s� 

�c�o�n�s�t�a�n�t�,� �K�,�.� 

�I�n� �t�h�e� �o�r�i�g�i�n�a�l� �F�E�A�,� �K�,� �w�a�s� �s�e�l�e�c�t�e�d� �a�s� �0�.�5� �f�o�r� �R�S�D�,� �W�e�i�g�l�e� �a�n�d� 

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

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

�K�,�,� �e�q�u�a�l� �t�o� �1�.�0�,� �a�n�o�t�h�e�r� �w�i�t�h� �K�,� �i�n�c�r�e�a�s�e�d� �t�o� �2�.�0�.� �T�h�e� �s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �a�s� �t�h�e� 

�v�a�l�u�e� �o�f� �K�,� �i�n�c�r�e�a�s�e�d�,� �t�h�e� �w�a�l�l� �t�e�n�d�e�d� �t�o� �b�u�l�g�e� �t�o�w�a�r�d�s� �t�h�e� �e�x�c�a�v�a�t�i�o�n� �a�n�d
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�F�i�g�u�r�e� �2�.�1�5� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�n�d� �F�.�E�.�A�.� �A�n�a�l�y�s�i�s� �R�e�s�u�l�t�s� �f�o�r� �P�a�n�e�l� �6� �a�t� �E�n�d� �o�f� 
�C�o�n�s�t�r�u�c�t�i�o�n� �(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �1�9�8�8�)�.
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�h�a�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e�s� �i�n� �m�o�m�e�n�t�s�.� �A�s� �K�,� �i�n�c�r�e�a�s�e�d�,� �t�h�e� �d�e�f�l�e�c�t�i�o�n� 

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

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

�v�a�l�u�e�s�.� 

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

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

�r�e�s�p�o�n�s�e�s�.� �F�i�r�s�t� �K�,�,� �w�a�s� �v�a�r�i�e�d� �a�n�d� �e�v�a�l�u�a�t�e�d�.� �K�,�,� �i�s� �u�s�e�d� �i�n� �t�h�e� �n�o�n�-�l�i�n�e�a�r� 

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

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

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

�m�o�m�e�n�t�s� �a�p�p�r�o�a�c�h�e�d� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e�s� �(�F�i�g�u�r�e� �2�.�1�6�)�.� 

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

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

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

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

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

�w�h�e�n� �K�,�,� �w�a�s� �v�a�r�i�e�d�,� �K�,�.� �w�a�s� �a�l�s�o� �v�a�r�i�e�d�.� �H�o�w�e�v�e�r�,� �D�u�n�c�a�n� �e�t� �a�l�.� �(�1�9�8�0�)� 

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

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

�t�r�i�p�l�e�d�,� �a�n�d� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �K�,�,� �(�t�h�u�s�,� �K�,�,� �t�o�o�)� �b�e�i�n�g� �t�r�i�p�l�e�d�.
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�5�8� 

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

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

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

�a�l�l� �s�t�a�g�e�s� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n�.� �F�i�g�u�r�e� �2�.�1�7� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �a�t� �t�h�e� �e�n�d� �o�f� 

�c�o�n�s�t�r�u�c�t�i�o�n� �f�o�r� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�p�o�n�s�e�,� �t�h�e� �i�n�i�t�i�a�l� �F�E�A�,� �a�n�d� �t�h�e� �K�,�,�,� �t�r�i�p�l�e�d� 

�F�E�A�.� 

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

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

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

�a�n�d� �t�h�a�t� �t�h�e� �K�,�,� �t�i�m�e�s� �s�i�x� �o�v�e�r�s�h�o�o�t�s� �m�o�r�e� �t�h�a�n� �t�h�e� �K�,�,� �t�i�m�e�s� �s�i�x� �a�n�a�l�y�s�i�s�.� 

�C�o�n�c�l�u�s�i�o�n�s� �d�e�v�e�l�o�p�e�d� �b�y� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �b�a�s�e�d� �o�n� �P�a�r�t�s� �I� �t�o� �I�I�I� 

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

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

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

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

�v�a�l�u�e�s� �s�e�l�e�c�t�e�d�.
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�F�i�g�u�r�e� �2�.�1�7� �R�e�s�u�l�t�s� �f�r�o�m� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n�,� �S�t�i�f�f�e�n�e�d� �K�,�,� �a�n�d� �I�n�i�t�i�a�l� �A�n�a�l�y�s�i�s� 
�(�f�r�o�m� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �1�9�8�8�)�.
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�P�a�r�t� �I�V� 

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

�p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �F�E�A� �a�n�d� �w�i�t�h� �i�n�c�r�e�a�s�e�s� �o�f� �t�h�r�e�e� �t�i�m�e�s� �a�n�d� �s�i�x� 

�t�i�m�e�s� �K�,�,�.� �P�a�n�e�l� �1�1� �d�i�f�f�e�r�s� �f�r�o�m� �p�a�n�e�l� �6� �i�n� �t�h�a�t� �i�t� �i�s� �t�a�l�l�e�r� �a�n�d� �"�s�t�e�p�p�e�d�"� �a�t� 

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

�r�o�c�k�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�i�g�h�t� �h�a�l�f� �o�f� �p�a�n�e�l� �1�1� �i�s� �6�5� �f�e�e�t� �h�i�g�h� �a�n�d� �t�h�e� �l�e�f�t� �h�a�l�f� 

�s�t�e�p�p�i�n�g� �d�o�w�n� �i�n�c�r�e�a�s�e�d� �t�h�e� �h�e�i�g�h�t� �t�o� �8�2� �f�e�e�t�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �g�r�e�a�t�e�r� �h�e�i�g�h�t�,� 

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

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

�s�h�o�w�e�d� �t�h�a�t� �p�a�n�e�l� �1�1� �r�e�t�a�i�n�e�d� �a�l�l� �R�S�D� �a�b�o�v�e� �B�o�n�n�e�y� �r�o�c�k�.� 

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

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

�t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �f�o�r� �p�a�n�e�l� �1�1� �w�e�r�e� �j�u�s�t� �a� �l�a�r�g�e�r� �s�c�a�l�e� �t�h�a�n� �t�h�o�s�e� �o�f� �p�a�n�e�l� �6�.� 

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

�s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �p�a�n�e�l� �6� �m�e�a�s�u�r�e�d� �r�e�s�u�l�t�s� �w�i�l�l� �r�e�f�l�e�c�t� �t�h�e� �e�x�p�e�c�t�e�d� 

�r�e�s�u�l�t�s� �f�r�o�m� �p�a�n�e�l� �1�1�.



�2�.�5� 

�6�1� 

�C�o�n�c�l�u�s�i�o�n�s� �o�f� �C�a�l�i�b�r�a�t�i�o�n� 

�(�1�)� 

�(�2�)� 

�(�3�)� 

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

�3�0�0�0� �p�s�i� �t�o� �3�5�0�0� �p�s�i�.� �T�h�e� �E�,� �f�o�r� �3�5�0�0� �p�s�i� �i�s� �5�0�0�,�0�0�0� �k�i�p�s�/�f�t�?�.� �T�h�e� 

�m�e�a�s�u�r�e�d� �2�8�-�d�a�y� �s�t�r�e�n�g�t�h� �o�f� �c�o�n�c�r�e�t�e� �s�a�m�p�l�e�s� �f�o�r� �p�a�n�e�l� �6� �w�a�s� �1�0�,�3�2�0� 

�p�s�i� �(�M�e�m�o�r�a�n�d�u�m�,� �J�a�n�.� �1�3�,� �1�9�8�8�)�,� �f�o�r� �w�h�i�c�h� �E�,� �=� �8�3�4�,�0�0�0� �k�i�p�s�/�f�t ��.� 

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

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

�I�V�.� 

�T�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �1�,� �=� �3�6� �p�c�i� �a�n�d� �2�6� �p�c�i� �f�o�r� �m�o�i�s�t� �R�S�D� �a�n�d� �s�a�t�u�r�a�t�e�d� 

�R�S�D� �w�o�u�l�d� �i�n�d�i�c�a�t�e� �a� �p�r�e�d�i�c�t�e�d� �m�o�m�e�n�t� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �t�o� �5�5� 

�k�i�p�-�f�e�e�t� �w�h�i�c�h� �w�o�u�l�d� �c�l�o�s�e�l�y� �m�a�t�c�h� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�m�e�n�t� �o�f� �5�5� �t�o� �6�0� 

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

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

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

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

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

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



�(�4�)� 

�6�2� 

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

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

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

�p�a�r�a�m�e�t�e�r�s� �u�s�e�d� �i�n� �S�O�I�L�S�T�R�U�C�T�.� �A� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �i�n�c�r�e�a�s�e�s� �o�n� �K�,�,� 

�a�n�d� �K�,�.� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �m�o�s�t� �l�i�k�e�l�y�.� 

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

�t�o� �E�,� �a�n�d� �E�,�,� �i�n� �S�O�I�L�S�T�R�U�C�T� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �t�w�o� �s�t�u�d�i�e�s� �b�e�g�a�n� 

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

�C�B�E�A�M�C� �s�t�u�d�y� �b�e�g�a�n� �w�i�t�h� �u�p�p�e�r� �e�n�d� �v�a�l�u�e�s� �d�e�r�i�v�e�d� �b�y� �T�e�r�z�a�g�h�i� 

�(�1�9�5�5�)�.� �T�h�e� �s�e�l�e�c�t�e�d� �v�a�l�u�e�s� �f�o�r� �t�h�e� �S�O�I�L�S�T�R�U�C�T� �s�t�u�d�y� �b�e�g�a�n� �w�i�t�h� 

�l�o�w�e�r� �e�n�d� �v�a�l�u�e�s� �p�u�b�l�i�s�h�e�d� �b�y� �D�u�n�c�a�n� �e�t� �a�l�.� �(�1�9�8�0�)�.



�C�H�A�P�T�E�R� �I�I�I� 

�D�E�S�I�G�N� �V�E�R�I�F�I�C�A�T�I�O�N� 

�3�.�1� �G�e�n�e�r�a�l� 

�I�n� �F�e�b�r�u�a�r�y� �1�9�8�9�,� �t�h�e� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s� �c�o�n�t�r�a�c�t�e�d� �w�i�t�h� �S�.� �J�.� �G�r�o�v�e�s� �a�n�d� �S�o�n�s� 

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

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

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

�w�a�l�l� �(�F�i�g�u�r�e� �1�.�1�)�.� 

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

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

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

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

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

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

�T�h�e� �S�S�I� �a�n�a�l�y�s�i�s� �w�a�s� �t�o� �b�e� �c�o�n�d�u�c�t�e�d� �o�n� �C�B�E�A�M�C� �u�s�i�n�g� �t�y�p�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �t�o� 

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

�i�n�i�t�i�a�l�l�y� �s�e�l�e�c�t�e�d� �b�a�s�e�d� �o�n� �v�a�l�u�e�s� �d�e�r�i�v�e�d� �b�y� �T�e�r�z�a�g�h�i� �(�1�9�5�5�)�.� �H�o�w�e�v�e�r�,� �a� �l�a�t�e�r� 

�p�a�r�a�m�e�t�r�i�c� �s�t�u�d�y� �c�o�n�d�u�c�t�e�d� �b�y� �M�u�n�g�e�r�,� �J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n� �(�1�9�9�0�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� 

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

�6�3



�6�4� 

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

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

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

�s�i�z�e�s�.� 

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

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

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

�w�i�t�h� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �t�e�m�p�o�r�a�r�y� �t�i�e�b�a�c�k� �w�a�l�l� �o�f� �t�h�e� �C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n�.� �A� 

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

�m�a�k�i�n�g� �o�f� �a� �d�i�a�p�h�r�a�g�m� �w�a�l�l�.� �T�h�e� �C�B�E�A�M�C� �m�o�d�e�l�s� �c�o�n�s�i�s�t� �o�f� �t�h�e� �o�n�e� �u�s�e�d� �i�n� �t�h�e� 

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

�T�h�e� �v�e�r�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �d�e�s�i�g�n� �e�v�a�l�u�a�t�e�s� �t�h�e� �r�e�a�s�o�n�a�b�l�e�n�e�s�s� �o�f� �t�h�e� �C�B�E�A�M�C� 

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

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

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



�6�5� 

�3�.�2�.� �G�u�a�r�d� �W�a�l�l� �D�e�s�c�r�i�p�t�i�o�n� 

�3�.�2�.�1� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �G�u�a�r�d� �W�a�l�l� 

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

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

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

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

�T�h�e� �g�u�a�r�d� �w�a�l�l� �c�o�n�s�i�s�t�s� �o�f� �3�6�-�i�n�c�h� �a�n�d� �4�2�-�i�n�c�h� �d�i�a�p�h�r�a�g�m� �w�a�l�l�s� �w�i�t�h� �s�t�e�e�l� �p�i�l�e�s� 

�a�s� �t�h�e� �p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�a�l� �e�l�e�m�e�n�t�s� �(�F�i�g�u�r�e� �3�.�1�)�.� �T�h�e�s�e� �p�i�l�e�s�,� �s�p�a�c�e�d� �4� �f�e�e�t� �a�n�d� �6� 

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

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

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

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

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

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

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

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

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

�r�e�p�l�a�c�e�m�e�n�t� �p�r�o�c�e�d�u�r�e�s� �m�a�y� �t�h�e�n� �b�e� �c�a�r�r�i�e�d� �o�u�t�.
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�T�h�e� �v�e�r�t�i�c�a�l� �s�t�e�e�l� �p�i�l�e�s� �r�a�n�g�e� �i�n� �s�i�z�e� �f�r�o�m� �a� �W�3�6� �x� �1�9�5� �t�o� �a� �W�3�6� �x� �3�0�0� �w�i�t�h� 

�c�o�v�e�r� �p�l�a�t�e�s� �a�t�t�a�c�h�e�d�.� �T�h�e� �l�a�r�g�e�s�t� �p�i�l�e� �m�a�t�c�h�e�s� �t�h�e� �s�e�c�t�i�o�n� �m�o�d�u�l�u�s� �o�f� �a� �W�3�6� �x� 

�8�4�8�.� 

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

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

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

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

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

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

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

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

�i�s� �l�i�m�i�t�e�d� �t�o� �1�1�-�0�.�6� �i�n�c�h� �d�i�a�m�e�t�e�r� �g�r�a�d�e� �2�7�0� �s�t�r�a�n�d�s� �d�u�e� �t�o� �t�h�e� �a�n�c�h�o�r� �b�o�n�d� 

�c�a�p�a�c�i�t�y� �o�f� �t�h�e� �W�e�i�g�l�e� �f�o�u�n�d�a�t�i�o�n�.� �T�o� �m�i�n�i�m�i�z�e� �l�o�s�s�e�s�,� �A�S�T�M� �A�4�1�6� �l�o�w�-� 

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

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

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

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

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

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

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

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

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

�e�l�e�v�a�t�i�o�n� �4�0� �o�r� �b�e�l�o�w�.� �T�h�i�s� �w�i�l�l� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a� �d�r�a�i�n�a�g�e� �s�y�s�t�e�m� �c�o�n�s�i�s�t�i�n�g� 

�o�f� �t�w�o� �c�o�n�c�r�e�t�e�-�l�i�n�e�d�,� �v�e�r�t�i�c�a�l� �s�h�a�f�t�s�,� �1�4� �f�o�o�t� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r�,� �a�n� �a�r�r�a�y� �o�f� �5�0�0� �f�o�o�t� 

�h�o�r�i�z�o�n�t�a�l� �d�r�a�i�n� �l�i�n�e�s� �e�m�a�n�a�t�i�n�g� �r�a�d�i�a�l�l�y� �f�r�o�m� �t�h�e� �s�h�a�f�t�s� �i�n� �t�w�o� �l�a�y�e�r�s�,� �a�n�d� �a�n� �1�8�-� 

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

�t�h�e� �n�a�v�i�g�a�t�i�o�n� �l�o�c�k�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �d�r�a�i�n�a�g�e� �s�y�s�t�e�m� �i�s� �t�w�o�-�f�o�l�d�:� �(�1�)� �t�o� 

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

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

�g�u�a�r�d� �w�a�l�l�.� 

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

�t�h�e� �s�p�e�c�i�f�i�c�s� �r�e�l�a�t�i�n�g� �t�o� �P�a�n�e�l� �1�7�8� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d�.� �T�h�a�t� �d�i�s�c�u�s�s�i�o�n� �w�i�l�l� �b�e� �a� �p�a�r�t� 

�o�f� �s�e�c�t�i�o�n� �3�.�2�.�4�,� �G�u�a�r�d� �W�a�l�l� �P�a�n�e�l� �1�7�8� �D�e�t�a�i�l�s�.� 

�3�.�2�.�2� �G�e�o�l�o�g�y� 

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

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

�t�h�e� �s�a�m�e� �t�y�p�e�s� �o�f� �m�a�t�e�r�i�a�l�s� �r�e�t�a�i�n�e�d� �b�y� �t�h�e� �t�i�e�b�a�c�k� �w�a�l�l�.� �A�g�a�i�n�,� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s
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�a�r�e� �s�l�i�d�e� �d�e�b�r�i�s� �(�S�D�)�,� �r�e�w�o�r�k�e�d� �s�l�i�d�e� �d�e�b�r�i�s� �(�R�S�D�)�,� �W�e�i�g�l�e� �f�o�r�m�a�t�i�o�n� �(�T�,�)�,� 

�B�o�n�n�e�y� �r�o�c�k� �i�n�t�r�u�s�i�v�e� �(�T�;�)�,� �a�n�d� �o�n�e� �o�t�h�e�r� �k�n�o�w�n� �a�s� �S�l�i�d�e� �B�l�o�c�k� �(�S�B�,�)�.� �S�l�i�d�e� 

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

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

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

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

�T�w�o� �o�t�h�e�r� �m�a�t�e�r�i�a�l�s� �u�n�i�q�u�e� �t�o� �t�h�e� �g�u�a�r�d� �w�a�l�l� �a�r�e� �r�i�v�e�r� �d�e�p�o�s�i�t� �(�R�D�)� �a�n�d� �f�i�l�l�.� �T�h�e� 

�f�i�l�l� �m�a�t�e�r�i�a�l� �c�o�n�s�i�s�t�s� �l�a�r�g�e�l�y� �o�f� �d�i�a�b�a�s�e� �r�o�c�k� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �f�o�o�t� �t�o� �3� �f�e�e�t� �i�n� �s�i�z�e� 

�a�n�d� �l�a�r�g�e�r�.� �I�t� �w�a�s� �p�l�a�c�e�d� �a�t� �t�h�e� �t�o�e� �o�f� �o�n�e� �s�l�i�d�e� �u�n�i�t� �i�n� �t�h�e� �1�9�4�0�s� �t�o� �s�t�o�p� �i�t�s� 

�m�o�v�e�m�e�n�t�.� 

�3�.�2�.�3� �D�e�s�i�g�n� �A�s�s�u�m�p�t�i�o�n�s� �a�n�d� �C�r�i�t�e�r�i�a� 

�T�w�o� �s�e�t�s� �o�f� �c�r�i�t�e�r�i�a� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �g�u�a�r�d� �w�a�l�l�:� �(�1�)� 

�d�e�f�l�e�c�t�i�o�n� �c�r�i�t�e�r�i�a�,� �a�n�d� �(�2�)� �s�t�r�u�c�t�u�r�a�l� �c�r�i�t�e�r�i�a�.� 

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

�a� �m�i�n�i�m�u�m� �a�n�d� �t�o� �c�o�n�t�r�o�l� �s�e�t�t�l�e�m�e�n�t� �o�f� �t�h�e� �U�n�i�o�n� �P�a�c�i�f�i�c ��s� �r�a�i�l� �l�i�n�e�.� �D�e�f�l�e�c�t�i�o�n� �_� 

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

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

�m�o�v�e�m�e�n�t�s� �s�h�o�u�l�d� �b�e� �k�e�p�t� �w�e�l�l� �b�e�l�o�w� �t�h�i�s� �a�m�o�u�n�t� �t�o� �e�n�s�u�r�e� �t�h�a�t� �s�l�i�d�i�n�g� �d�o�e�s� �n�o�t
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�T�a�b�l�e� �3�.�1� �G�u�a�r�d� �W�a�l�l� �S�o�i�l� �P�a�r�a�m�e�t�e�r�s� �(�F�r�o�m� �U�.�S�.� �A�r�m�y� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s�,� 

� � 

� � 

� � 

�J�u�l�y� �1�9�8�8�)� 

�P�a�r�a�m�e�t�e�r� �R�S�D�/�R�D�/�F�i�l�l� �S�B�,�/�S�D� �T�y� �T�;� 

�F�r�i�c�t�i�o�n� �a�n�g�l�e� �(�d�e�g�r�e�e�)� �3�0� �2�5� �3�0� �5�0� 

�C�o�h�e�s�i�o�n� �(�p�s�i�)� �0� �0� �1�0� �1�0� 

�M�o�i�s�t� �U�n�i�t� �W�e�i�g�h�t� �(�P�C�F�)� �1�1�8� �1�3�1� �1�4�2�.�5� �1�7�0� 

�S�a�t�u�r�a�t�e�d� �U�n�i�t� �W�e�i�g�h�t� �(�P�C�F�)� �1�2�1� �1�3�9� �1�4�2�.�5� �1�7�0� 

�C�o�n�s�t�a�n�t� �o�f� �S�u�b�g�r�a�d�e� �1�8�/�3�6�"� �2�3� �2�3� �R�o�c�k� 
�m�o�d�u�l�u�s�,� �m�o�i�s�t� �(�T�C�F�)� �S�p�r�i�n�g�s� 

�C�o�n�s�t�a�n�t� �o�f� �S�u�b�g�r�a�d�e� �1�3�/�2�6�?� �2�3� �2�3� �R�o�c�k� 
�m�o�d�u�l�u�s�,� �s�a�t�u�r�a�t�e�d� �(�T�C�F�)� �S�p�r�i�n�g�s� 

�L�E�G�E�N�D�:� �R�S�D� �-� �r�e�w�o�r�k�e�d� �s�l�i�d�e� �d�e�b�r�i�s� �S�D� �-� �s�l�i�d�e� �d�e�b�r�i�s� 
�R�D� �-� �r�i�v�e�r� �d�e�p�o�s�i�t� �T�,�,� �-� �W�e�i�g�l�e� �b�e�d�r�o�c�k� 

�S�B�,�,� �-� �W�e�i�g�l�e� �s�l�i�d�e� �b�l�o�c�k� �T�;� �-� �d�i�a�b�a�s�e� �b�e�d�r�o�c�k� 
� � 

�a�.� �T�h�e� �c�o�n�s�t�a�n�t�s� �o�f� �s�u�b�g�r�a�d�e� �m�o�d�u�l�u�s� �3�6� �T�C�F� �a�n�d� �2�6� �T�C�F� �w�e�r�e� �n�o�t� �f�r�o�m� �t�h�e� �a�b�o�v�e� �r�e�f�e�r�e�n�c�e�,� 
�b�u�t� �w�e�r�e� �a�d�d�e�d� �t�o� �r�e�f�l�e�c�t� �t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �f�i�n�a�l� �d�e�s�i�g�n� �a�s� �p�u�t� �f�o�r�t�h� �b�y� �M�u�n�g�e�r�,� 
�J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n� �(�1�9�9�0�)�.
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�o�c�c�u�r�.� �T�h�e�r�e�f�o�r�e�,� �g�u�a�r�d� �w�a�l�l� �d�e�f�l�e�c�t�i�o�n�s� �w�e�r�e� �l�i�m�i�t�e�d� �t�o� �w�h�a�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� 

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

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

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

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

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

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

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

�e�n�t�i�r�e�l�y� �w�i�t�h�i�n� �t�h�a�t� �r�e�a�c�h�.� 

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

�f�o�l�l�o�w�s�:� 

�1�)� �0�.�2� �f�e�e�t�,� �r�i�v�e�r�w�a�r�d� �a�t� �a�l�l� �p�o�i�n�t�s� �o�n� �t�h�e� �w�a�l�l� �f�o�r� �n�o�r�m�a�l� �l�o�a�d� �c�a�s�e�s�.� 

�2�)� �0�.�3� �f�e�e�t�,� �r�i�v�e�r�w�a�r�d� �a�t� �a�l�l� �p�o�i�n�t�s� �o�n� �t�h�e� �w�a�l�l� �f�o�r� �e�x�t�r�e�m�e� �l�o�a�d� �c�a�s�e�s�.� 

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

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

�p�a�r�a�g�r�a�p�h�s�.� 

�D�e�f�l�e�c�t�i�o�n� �e�s�t�i�m�a�t�e�s� �w�e�r�e� �t�o� �b�e� �b�a�s�e�d� �o�n� �C�B�E�A�M�C�,� �t�h�e� �s�o�i�l�-�s�t�r�u�c�t�u�r�e� 

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

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

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



�7�3� 

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

�E�n�g�i�n�e�e�r�s� �f�o�r� �h�y�d�r�a�u�l�i�c� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �n�o�n�-�h�y�d�r�a�u�l�i�c� �s�t�r�u�c�t�u�r�e�s�.� �H�y�d�r�a�u�l�i�c� �d�e�s�i�g�n� 

�c�r�i�t�e�r�i�a� �f�o�r� �C�o�r�p�s� �p�r�o�j�e�c�t�s� �s�e�e�k�s� �t�o� �m�i�n�i�m�i�z�e� �c�r�a�c�k�i�n�g� �i�n� �t�h�e� �c�o�n�c�r�e�t�e� �s�t�r�u�c�t�u�r�e�s�,� 

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

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

�f�o�l�l�o�w�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �f�r�o�m� �U�.�S�.� �A�r�m�y� �C�o�r�p�s� �o�f� �E�n�g�i�n�e�e�r�s�,� 

�E�n�g�i�n�e�e�r�i�n�g� �T�e�c�h�n�i�c�a�l� �L�e�t�t�e�r� �E�T�L� �1�1�1�0�-�2�-�3�1�2� �(�1�9�8�8�)� �(�s�u�p�e�r�s�e�d�e�d� �a�f�t�e�r� �c�o�m�p�l�e�t�i�o�n� 

�o�f� �t�h�e� �g�u�a�r�d� �w�a�l�l� �b�y� �E�n�g�i�n�e�e�r�i�n�g� �C�i�r�c�u�l�a�r� �E�C� �1�1�1�0�-�2�-�2�6�)�:� 

�1�)� �a�p�p�l�i�e�d� �l�o�a�d� �f�a�c�t�o�r�s� �w�e�r�e� �1�.�5� �a�n�d� �1�.�9� �(�v�s� �1�.�4� �a�n�d� �1�.�7� �i�n� �A�C�I� �3�1�8�-�8�3�)�,� 

�2�)� �s�t�r�a�i�n� �w�a�s� �l�i�m�i�t�e�d� �t�o� �0�.�0�0�1�5� �a�t� �t�h�e� �e�x�t�r�e�m�e� �c�o�m�p�r�e�s�s�i�o�n� �f�i�b�e�r�,� 

�3�)� �a� �d�e�s�i�g�n� �s�t�r�e�s�s� �l�i�m�i�t� �o�f� �f�,� �=� �4�8�,�0�0�0� �p�s�i� �w�a�s� �a�p�p�l�i�e�d� �t�o� �A�S�T�M� �A�6�1�5� 

�G�r�a�d�e� �6�0� �r�e�i�n�f�o�r�c�e�m�e�n�t�.� 

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

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

�t�h�e� �a�l�l�o�w�a�b�l�e� �d�e�s�i�g�n� �s�t�r�e�s�s� �t�o� �0�.�8�5� �t�i�m�e�s� �A�I�S�C� �a�l�l�o�w�a�b�l�e�s�.� 

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

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

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

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

�b�e�n�d�i�n�g� �s�t�r�e�n�g�t�h� �o�f� �r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� �w�a�s� �b�a�s�e�d� �o�n� �f�,� �=� �6�0�,�0�0�0� �p�s�i� �f�o�r� �g�r�a�d�e� �6�0



�7�4� 

�r�e�i�n�f�o�r�c�e�m�e�n�t�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a� �5�0�%� �o�v�e�r�s�t�r�e�s�s� �o�n� �t�h�e� �s�t�e�e�l� �p�i�l�e�s� �w�a�s� �a�l�l�o�w�e�d�.� �F�o�r� 

�t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �l�o�a�d� �c�a�s�e�,� �o�n�l�y� �A�C�I� �a�n�d� �A�I�S�C� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �w�e�r�e� �a�p�p�l�i�e�d� �s�i�n�c�e� 

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

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

�1�)� �n�o�r�m�a�l� �l�o�a�d� �c�a�s�e�,� 

�2�)� �e�x�t�r�e�m�e� �l�o�a�d� �c�a�s�e�,� 

�a�)� �d�r�a�i�n�s� �f�a�i�l�e�d�,� 

�b�)� �s�e�i�s�m�i�c� 

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

�3�)� �c�o�n�s�t�r�u�c�t�i�o�n� �l�o�a�d� �c�a�s�e�.� 

�E�a�c�h� �o�f� �t�h�e� �n�o�r�m�a�l� �a�n�d� �e�x�t�r�e�m�e� �l�o�a�d� �c�a�s�e�s� �(�e�x�c�e�p�t� �2�c�)� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �w�i�t�h� 

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

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

�a�s� �f�o�l�l�o�w�s�:� 

�1�)� �n�o�r�m�a�l� �l�o�a�d� �c�a�s�e�:� 

�F�S�.�=�_�_�_�F�,� �=� �1�.�7�8� �(�8�)� 
�(�0�.�8�5�)�(�0�.�6�6�)�F� 

�y� 

�2�)� �e�x�t�r�e�m�e� �l�o�a�d� �c�a�s�e�:� 

�E�S�.� �=� �1�.�1�9� �(�9�)� 
�y� 

� � �=� �F� 
�(�1�.�5�)�(�0�.�8�5�)�(�0�.�6�6�)�F� 

�3�)� �c�o�n�s�t�r�u�c�t�i�o�n� �l�o�a�d� �c�a�s�e�:



�7�5� 

�F�S�.�=� �F�O� �=�1�5�2� �(�1�0�)� 
�(�0�.�6�6�)�F�_� �y� 

�N�o�r�m�a�l� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �e�f�f�e�c�t�i�v�e� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �f�o�l�l�o�w�s� �A�C�I� �C�o�d�e� 

�e�q�u�a�t�i�o�n� �9�-�7�:� 

�I�,� �=� �(�M�,�,�/�M�,�)�"�I�,� �+� �[�1�-�(�M�,�,�/�M�,�)�"�I�.�,� �(�1�1�)� 

�w�h�e�r�e�:� 

�I�,� �=� �e�f�f�e�c�t�i�v�e� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� 

�M�,�,� �=� �c�r�a�c�k�i�n�g� �m�o�m�e�n�t� �o�f� �c�o�n�c�r�e�t�e� 

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

�I�,� �=� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �o�f� �g�r�o�s�s� �c�o�n�c�r�e�t�e� �s�e�c�t�i�o�n� 

�I�.�,� �=� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �o�f� �c�r�a�c�k�e�d� �s�e�c�t�i�o�n� �c�r� 

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

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

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

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

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

�m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �o�f� 

�T�=� �1�,� �+� �l�e�y� �(�1�2�)� 

�w�i�t�h� �L�e�x�)� �=� �T�e�e�r�)
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�w�h�e�r�e�:� 

�I� �=� �c�o�m�p�o�s�i�t�e� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� 

�I�,� �=� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �f�o�r� �s�t�e�e�l� �p�i�l�e� 

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

�L� �1�)� �=� �M�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �o�f� �g�r�o�s�s� �c�o�n�c�r�e�t�e� �s�e�c�t�i�o�n� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �s�t�e�e�l� �g�(�t�r�)� 

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

�e�f�f�e�c�t�i�v�e� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �i�s� �u�n�c�e�r�t�a�i�n�,� �a� �c�o�n�s�e�r�v�a�t�i�v�e� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �t�o� �s�e�t� �I�q�.�)� 

�e�q�u�a�l� �t�o� �I� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�a�l�y�s�i�s� �w�e�r�e� �t�h�e� �b�a�s�i�s� �f�o�r� �s�i�z�i�n�g� �t�h�e� �s�t�e�e�l� �p�i�l�e�s�.� �a�(�t�r�)�°� 

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

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

�o�f� �i�n�e�r�t�i�a� �o�f� 

�T�=�1�,� �+� �L�a�y� �(�1�2�)� 

�w�i�t�h� �L�e�a�n� �=� �h�e�e�y� 

�w�h�e�r�e�:� 

�I� �=� �m�o�m�e�n�t� �o�f� �i�n�e�r�t�i�a� �o�f� �c�r�a�c�k�e�d� �s�e�c�t�i�o�n� �t�r�a�n�s�f�o�r�m�e�d� �t�o� �s�t�e�e�l� �c�r�(�t�r�)� 

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

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

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

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

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

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

�3�.�2�.�4� �G�u�a�r�d� �W�a�l�l� �P�a�n�e�l� �1�7�8� �D�e�t�a�i�l�s� 

�F�o�r� �t�h�i�s� �d�e�s�i�g�n� �v�e�r�i�f�i�c�a�t�i�o�n�,� �o�n�l�y� �P�a�n�e�l� �1�7�8� �i�n� �t�h�e� �g�u�a�r�d� �w�a�l�l� �w�i�l�l� �b�e� �s�t�u�d�i�e�d�.� 

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

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

�c�o�m�p�l�e�t�e� �e�x�c�a�v�a�t�i�o�n� �u�n�t�i�l� �1�9�9�2�-�1�9�9�3�.� 

�P�a�n�e�l� �1�7�8� �i�s� �l�o�c�a�t�e�d� �n�e�a�r� �t�h�e� �d�o�w�n�s�t�r�e�a�m� �e�n�d� �o�f� �t�h�e� �g�u�a�r�d� �w�a�l�l�.� �I�n� �F�i�g�u�r�e� 

�3�.�3�,� �G�u�a�r�d� �W�a�l�l� �D�e�s�i�g�n� �R�e�g�i�o�n�s�,� �P�a�n�e�l� �1�7�8� �i�s� �l�o�c�a�t�e�d� �i�n� �A�r�e�a� �V� �a�t� �t�h�e� �c�o�r�n�e�r� 

�w�h�e�r�e� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �w�a�l�l� �j�u�m�p�s� �u�p�.� �T�h�i�s� �i�s� �s�e�e�n� �a�g�a�i�n� �i�n� �F�i�g�u�r�e� �3�.�4�,� �A�r�e�a� �V� 

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

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

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

�t�h�e� �l�o�c�k� �c�o�n�s�t�r�u�c�t�i�o�n� �i�s� �c�o�m�p�l�e�t�e�,� �o�c�c�u�r�s� �a�t� �P�a�n�e�l� �1�8�1� �a�t� �t�h�e� �d�o�w�n�s�t�r�e�a�m� �e�n�d� �o�f� 

�A�r�e�a� �V�.� �T�h�e� �e�x�p�o�s�e�d� �h�e�i�g�h�t� �a�t� �P�a�n�e�l� �1�8�1� �w�i�l�l� �b�e� �6�9� �f�e�e�t�,� �f�r�o�m� �e�l�e�v�a�t�i�o�n� �8�1� �t�o� 

�e�l�e�v�a�t�i�o�n� �1�2�.� �B�e�c�a�u�s�e� �t�h�e� �c�h�a�n�n�e�l� �c�o�n�t�i�n�u�e�s� �t�o� �d�e�e�p�e�n� �a�w�a�y� �f�r�o�m� �t�h�e� �w�a�l�l� 

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

�c�h�a�n�n�e�l� �a�n�d� �s�u�p�p�o�r�t� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �r�e�t�a�i�n�i�n�g� �w�a�l�l�s� �o�n� �e�a�c�h� �s�i�d�e�.� �A�t� �t�h�e� �g�u�a�r�d
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�w�a�l�l�,� �t�h�e� �b�a�s�e� �o�f� �t�h�i�s� �s�t�r�u�c�t�u�r�e� �i�s� �a�t� �e�l�e�v�a�t�i�o�n� �-�1�3� �a�t� �i�t�s� �l�o�w�e�s�t� �p�o�i�n�t� �a�l�o�n�g� �t�h�e� �w�a�l�l�.� 

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

�t�h�e� �d�r�y�.� 

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

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

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

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

�a�n� �1�1�-�s�t�r�a�n�d� �t�e�n�d�o�n�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �s�p�a�c�i�n�g� �o�f� �t�i�e�b�a�c�k�s� �w�a�s� �s�e�t� �a�t� �8� �f�e�e�t�,� 

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

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

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

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

�b�a�s�e�.� 

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

�t�h�e� �c�o�n�c�r�e�t�e� �a�c�t�i�n�g� �a�s� �l�a�g�g�i�n�g�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �r�e�i�n�f�o�r�c�e�m�e�n�t� �s�e�l�e�c�t�e�d� 
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�d�i�s�p�l�a�c�e�m�e�n�t�s� �o�f� �P�a�n�e�l� �1�7�8�.� �V�i�b�r�a�t�i�n�g� �w�i�r�e� �s�t�r�a�i�n� �g�a�g�e�s� �h�a�v�e� �b�e�e�n� �l�o�c�a�t�e�d� �o�n� �t�h�e� 

�i�n�n�e�r� �f�a�c�e� �o�f� �b�o�t�h� �f�l�a�n�g�e�s� �o�f� �p�i�l�e� �B�1�7�8�.� �T�h�e� �s�t�r�a�i�n� �g�a�g�e�s� �w�e�r�e� �l�o�c�a�t�e�d� �t�o� �c�o�r�r�e�l�a�t�e� 

�w�i�t�h� �t�h�e� �t�i�e�b�a�c�k� �a�n�c�h�o�r� �l�o�c�a�t�i�o�n�s�.� �O�n�e� �p�a�i�r� �o�f� �s�t�r�a�i�n� �g�a�g�e�s� �(�o�n�e� �o�n� �e�a�c�h� �f�l�a�n�g�e�)� 

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

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

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

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

�3�.�1�.� �T�h�e� �a�s�-�b�u�i�l�t� �l�o�c�a�t�i�o�n�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �p�i�l�e� �B�1�7�8� �w�a�s� �p�l�a�c�e�d� �1�.�8� �f�e�e�t� �l�o�w�e�r� �t�h�a�n� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�7�5� �f�e�e�t�.� 

�T�h�e� �t�w�o� �p�i�e�z�o�m�e�t�e�r�s� �l�o�c�a�t�e�d� �n�e�a�r� �P�a�n�e�l� �1�7�8� �a�r�e� �Z�-�4�0� �(�4�0� �f�e�e�t� �s�o�u�t�h�)� �a�n�d� �Z�-� 

�2�9� �(�6�5� �f�e�e�t� �s�o�u�t�h�)�.� �P�i�e�z�o�m�e�t�e�r� �Z�-�4�0� �w�a�s� �i�n�a�d�v�e�r�t�e�n�t�l�y� �g�r�o�u�t�e�d� �i�n� �m�i�d�-�N�o�v�e�m�b�e�r� 

�1�9�9�0�.� �Z�-�2�9� �w�a�s� �d�e�s�t�r�o�y�e�d� �o�n� �3�0� �J�a�n�u�a�r�y� �1�9�8�9�.� �T�h�e� �l�a�s�t� �r�e�a�d�i�n�g�s� �f�r�o�m� �Z�-�4�0� 

�i�n�d�i�c�a�t�e�d� �t�h�e� �w�a�t�e�r� �t�a�b�l�e� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�l�e�v�a�t�i�o�n� �3�0� �a�n�d� �d�r�o�p�p�i�n�g�.� �T�h�i�s� 

�p�l�a�c�e�s� �t�h�e� �h�y�d�r�o�s�t�a�t�i�c� �l�o�a�d� �t�o� �P�a�n�e�l� �1�7�8� �w�e�l�l� �b�e�l�o�w� �t�h�e� �e�x�c�a�v�a�t�i�o�n� �l�e�v�e�l� �a�t� �t�h�a�t� 

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

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

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

�3�.�3�.� �S�l�u�r�r�y� �C�o�n�s�t�r�u�c�t�i�o�n� �P�r�o�c�e�s�s� 

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

�N�a�v�i�g�a�t�i�o�n� �L�o�c�k�,� �a�t� �l�e�a�s�t� �t�w�o� �m�a�j�o�r� �p�r�o�b�l�e�m�s� �w�e�r�e� �a�p�p�a�r�e�n�t�.� �O�n�e� �w�a�s� �t�h�e� �c�l�o�s�e� 

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

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

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

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

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

�r�o�c�k� �f�i�l�l� �i�n� �t�h�e� �1�9�4�0�s�.� �O�n�e� �o�p�t�i�o�n� �t�h�a�t� �d�i�d� �l�o�o�k� �v�i�a�b�l�e� �w�a�s� �t�h�e� �s�l�u�r�r�y� �c�o�n�s�t�r�u�c�t�i�o�n� 

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

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

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

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

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

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

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

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

�m�a�y� �O�r� �m�a�y� �n�o�t� �c�o�n�t�a�i�n� �c�o�n�c�r�e�t�e�.� 

�T�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �a� �d�i�a�p�h�r�a�g�m� �w�a�l�l� �(�s�e�e� �F�i�g�u�r�e� �3�.�6�)� �c�a�n� �h�a�v�e� �m�a�n�y� 

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

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

�c�l�a�m�s�h�e�l�l� �w�i�l�l� �e�x�c�a�v�a�t�e� �a� �v�e�r�t�i�c�a�l� �s�l�o�t� �k�n�o�w�n� �a�s� �a� �"�p�a�n�e�l�"� �(�F�i�g�u�r�e� �3�.�6�A�)�.� �A�s� �t�h�e� 

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

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

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

�h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �o�n� �t�h�e� �s�i�d�e� �w�a�l�l�s� �o�f� �t�h�e� �p�a�n�e�l�.� �S�t�o�p� �e�n�d� �t�u�b�e�s� �(�F�i�g�u�r�e� �3�.�6�B�)� �a�r�e� 

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

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

�l�o�w�e�r�e�d� �i�n�t�o� �t�h�e� �s�l�o�t� �a�n�d� �d�o�g�g�e�d� �o�f�f� �i�n�t�o� �p�l�a�c�e� �(�F�i�g�u�r�e� �3�.�6�C�)�.� �A� �t�r�e�m�i�e� �p�i�p�e� �i�s� �t�h�e�n� 

�d�i�r�e�c�t�e�d� �t�o� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �p�a�n�e�l� �a�n�d� �c�o�n�c�r�e�t�e� �p�l�a�c�e�m�e�n�t� �b�e�g�i�n�s� �(�F�i�g�u�r�e� �3�.�7�D�)�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�T�h�i�s� �t�y�p�e� �o�f� �w�a�l�l� �w�a�s� �u�s�e�d� �a�t� �B�o�n�n�e�v�i�l�l�e� �f�o�r� �t�h�e� �g�u�a�r�d� �w�a�l�l�.� �(�S�e�e� �F�i�g�u�r�e� �3�.�7�)�.� 

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

�b�e�e�n� �f�o�l�l�o�w�e�d� �(�X�a�n�t�h�a�k�o�s�,� �1�9�7�9�)�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �a�r�e� �c�o�n�s�e�r�v�a�t�i�v�e� 

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

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

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

�r�e�i�n�f�o�r�c�e�m�e�n�t�.� �T�h�e� �l�a�p�s� �f�o�r� �t�h�i�s� �p�r�o�j�e�c�t� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �b�y� �a� �f�a�c�t�o�r� �o�f� �1�.�8�,� �w�h�i�c�h� �w�a�s� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �l�e�n�g�t�h�.� 

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

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

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

�m�i�n�i�m�i�z�e�d�.� �T�h�e�r�e�f�o�r�e�,� �s�p�a�c�i�n�g� �o�f� �r�e�i�n�f�o�r�c�e�m�e�n�t� �s�h�o�u�l�d� �b�e� �m�a�x�i�m�i�z�e�d�.� �F�o�r� �v�e�r�t�i�c�a�l
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�r�e�i�n�f�o�r�c�e�m�e�n�t�,� �t�h�e� �m�i�n�i�m�u�m� �s�p�a�c�i�n�g� �r�e�c�o�m�m�e�n�d�e�d� �i�s� �6� �i�n�c�h�e�s� �a�n�d� �p�r�e�f�e�r�a�b�l�y� �9� 

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

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

�f�l�o�w�a�b�i�l�i�t�y� �i�s� �i�t�s� �s�l�u�m�p�.� �A� �s�l�u�m�p� �o�f� �7� �t�o� �8� �i�n�c�h�e�s� �m�i�n�i�m�u�m� �i�s� �r�e�c�o�m�m�e�n�d�e�d�.� �S�l�u�m�p�s� 

�o�f� �9� �t�o� �1�0� �i�n�c�h�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �c�o�n�c�r�e�t�e� �p�l�a�c�e�m�e�n�t� �i�n� �t�h�e� �D�i�a�p�h�r�a�g�m� �W�a�l�l�s� 

�c�o�n�t�r�a�c�t�.� �S�p�a�c�i�n�g� �o�f� �t�h�e� �r�e�i�n�f�o�r�c�e�m�e�n�t� �a�l�s�o� �m�u�s�t� �a�l�l�o�w� �f�o�r� �i�n�s�e�r�t�i�o�n� �o�f� �a� �6�-� �t�o� �1�0�-� 

�i�n�c�h� �t�r�e�m�i�e� �p�i�p�e� �b�e�t�w�e�e�n� �b�a�r�s�.� �S�o�m�e� �c�o�n�t�r�a�c�t�o�r�s� �h�a�v�e� �s�a�i�d� �j�o�i�n�t�s� �o�n� �t�h�e� �t�r�e�m�i�e� �p�i�p�e� 

�m�a�y� �b�e� �o�v�e�r�s�i�z�e�d� �a�n�d� �m�a�y� �r�e�q�u�i�r�e� �u�p� �t�o� �1�4� �i�n�c�h�e�s� �o�f� �s�p�a�c�e�,� �b�u�t� �t�h�i�s� �w�a�s� �n�o�t� 

�o�b�s�e�r�v�e�d�.� 

�3�.�4� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �C�B�E�A�M�C� �M�o�d�e�l�s�,� �P�a�n�e�l� �1�7�8� 

�T�w�o� �C�B�E�A�M�C� �m�o�d�e�l�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �t�h�e� �s�t�u�d�y� �p�r�e�s�e�n�t�e�d� �h�e�r�e�.� �T�h�e� �f�i�r�s�t� 

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

�t�i�m�e�.� �T�h�e� �s�e�c�o�n�d� �m�o�d�e�l� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�s�-�b�u�i�l�t� �c�o�n�d�i�t�i�o�n�s� �o�f� �P�a�n�e�l� �1�7�8�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�3�.�1�,� �C�B�E�A�M�C� �M�o�d�e�l�,� �P�-�Y� �c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �s�o�i�l� 

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

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

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

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



�9�1� 

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

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

�S�t�a�g�e� �o�n�l�y�.� �T�h�i�s� �s�t�a�g�e�,� �S�t�a�g�e� �6�,� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�t�a�g�e� �a�t� �w�h�i�c�h� �t�h�e� �g�r�e�a�t�e�s�t� �a�m�o�u�n�t� �o�f� 

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

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

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

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

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

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

�3�.�4�.�1� �O�r�i�g�i�n�a�l� �D�e�s�i�g�n� �M�o�d�e�l� 

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

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

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

�3�.�8� �s�h�o�w�s� �t�h�e� �p�i�l�e� �e�m�b�e�d�d�e�d� �t�o� �e�l�e�v�a�t�i�o�n� �-�2�5�.� �T�h�e� �s�o�i�l� �b�e�h�i�n�d� �t�h�e� �w�a�l�l� �i�s� �R�S�D� 

�t�o� �e�l�e�v�a�t�i�o�n� �+�4�,� �c�h�a�n�g�i�n�g� �t�o� �W�e�i�g�l�e� �(�T�,�,�)�.� �B�o�t�h� �s�i�d�e�s� �o�f� �t�h�e� �w�a�l�l� �a�r�e� �d�e�w�a�t�e�r�e�d� 

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

�m�o�i�s�t� �R�S�D�,� �s�i�m�i�l�a�r� �t�o� �P�a�n�e�l� �6� �i�n� �t�h�e� �C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n�.



�9�2� 

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

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

�+�7�9� �a�n�d� �t�h�e� �m�o�n�o�l�i�t�h� �a�t� �e�l�e�v�a�t�i�o�n� �+�1�0�.� �T�h�e�r�e�f�o�r�e�,� �a�n�a�l�y�s�e�s� �w�e�r�e� �r�u�n� �i�g�n�o�r�i�n�g� 

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

�3�.�4�.�2� �A�s�-�B�u�i�l�t� �M�o�d�e�l� 

�T�h�e� �"�a�s�-�c�o�n�s�t�r�u�c�t�e�d�"� �P�a�n�e�l� �1�7�8� �i�s� �e�m�b�e�d�d�e�d� �t�o� �e�l�e�v�a�t�i�o�n� �-�3�8�.�7�.� �F�r�o�m� 

�e�x�c�a�v�a�t�i�o�n� �r�e�c�o�r�d�s�,� �W�e�i�g�l�e� �i�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �f�r�o�m� �e�l�e�v�a�t�i�o�n� �-�2�9� �t�o� �-�3�7� �w�h�e�r�e� �t�h�e� 

�p�a�n�e�l� �e�m�b�e�d�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �f�e�e�t� �i�n�t�o� �B�o�n�n�e�y� �r�o�c�k� �(�F�i�g�u�r�e� �3�.�9�)�.� �T�h�e� �o�r�i�g�i�n�a�l� 

�w�a�l�l� �d�e�s�i�g�n� �s�p�e�c�i�f�i�e�d� �W�3�3� �x� �3�8�7� �p�i�l�e�s� �s�p�a�c�e�d� �a�t� �4� �f�o�o�t� �c�e�n�t�e�r�s� �w�i�t�h� �4�0�0�0� �p�s�i� 

�c�o�n�c�r�e�t�e�.� �T�h�e� �a�s�-�b�u�i�l�t� �w�a�l�l� �c�o�n�t�a�i�n�s� �W�3�3� �x� �2�4�1� �w�i�t�h� �1�"� �x� �1�7�"� �c�o�v�e�r� �p�l�a�t�e�s� �a�n�d� �7�0�0�0� 

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

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

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

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

�B�e�i�n�g� �a�n� �a�s�-�b�u�i�l�t� �m�o�d�e�l�,� �t�h�e� �p�r�e�d�i�c�t�e�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �P�a�n�e�l� �1�7�8� �s�h�o�u�l�d� 

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

�m�e�a�s�u�r�e�d� �r�e�s�u�l�t�s�.
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�F�i�g�u�r�e� �3�.�9� �P�a�n�e�l� �1�7�8�,� �A�s�-�b�u�i�l�t� �M�o�d�e�l�,� �S�t�a�g�e� �6�.



�9�5� 

�3�.�4�.�3� �C�o�n�s�t�r�u�c�t�i�o�n� �S�t�a�g�e�s� 

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

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

�t�h�a�n� �2� �f�e�e�t� �b�e�l�o�w� �t�h�e� �n�e�x�t� �r�o�w� �o�f� �t�i�e�b�a�c�k�s� �t�o� �b�e� �i�n�s�t�a�l�l�e�d�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� 

�3�.�8� �a�n�d� �3�.�9�,� �a� �t�i�e�b�a�c�k� �a�t� �e�l�e�v�a�t�i�o�n� �+�2�2� �i�s� �n�e�x�t� �t�o� �b�e� �i�n�s�t�a�l�l�e�d�.� �T�h�e�r�e�f�o�r�e�,� 

�e�x�c�a�v�a�t�i�o�n� �s�t�o�p�p�e�d� �a�t� �e�l�e�v�a�t�i�o�n� �+�2�0�.� �I�t� �i�s� �d�u�r�i�n�g� �t�h�i�s� �w�a�i�t�i�n�g� �p�e�r�i�o�d� �f�o�r� �a� �t�i�e�b�a�c�k� 

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

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

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

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

�C�B�E�A�M�C� �f�i�l�e�s� �m�o�d�e�l�i�n�g� �e�a�c�h� �s�t�a�g�e�,� �a�n�d� �t�h�e� �d�a�t�e� �o�f� �r�e�a�d�i�n�g� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t�s� 

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

�S�h�o�w�n� �i�n� �t�h�e� �a�s�-�b�u�i�l�t� �c�o�l�u�m�n� �a�r�e� �f�i�l�e�s� �S�Q�6�N�E�,� �S�Q�6�D�E�,� �a�n�d� �S�Q�6�T�E�,� �a�l�l� 

�m�o�d�e�l�i�n�g� �S�t�a�g�e� �6�.� �S�Q�6�N�E� �i�s� �t�h�e� �a�s�-�b�u�i�l�t� �m�o�d�e�l� �w�i�t�h� �1�,� �=� �1�8� �p�c�i�,� �(�1�,� �x� �1�)�,� �t�h�e� 

�s�a�m�e� �a�s� �u�S�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�s�.� �S�Q�6�D�E� �u�s�e�s� �a� �d�o�u�b�l�e�d� �s�o�i�l� �s�t�i�f�f�n�e�s�s�,� 

�1�,� �x� �2�,� �a�n�d� �S�Q�6�T�E� �u�s�e�s� �a� �t�r�i�p�l�e�d� �s�o�i�l� �s�t�i�f�f�n�e�s�s�,� �|�,� �x� �3�.
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�3�.�5� �V�e�r�i�f�i�c�a�t�i�o�n� �R�e�s�u�l�t�s� 

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

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

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

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

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

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

�t�o� �m�a�k�e� �s�u�r�e� �t�h�e� �r�e�s�u�l�t�s� �m�a�k�e� �s�e�n�s�e�.� 

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

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

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

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

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

�c�o�n�c�r�e�t�e� �r�e�m�a�i�n�s� �u�n�c�r�a�c�k�e�d�,� �t�h�e�n� �c�a�l�c�u�l�a�t�i�o�n�s� �s�h�o�w� �t�h�a�t� �t�h�e� �c�o�n�c�r�e�t�e� �c�a�r�r�i�e�s� �5�5�%� �o�f� 

�t�h�e� �m�o�m�e�n�t� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�e� �m�e�m�b�e�r�,� �a�n�d� �t�h�e� �s�t�e�e�l� �p�i�l�e�s� �c�a�r�r�y� �4�5�%�.� �F�o�r� �d�i�r�e�c�t� 

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

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

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

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

�3�.�5�.�1� �O�r�i�g�i�n�a�l� �M�o�d�e�l� �R�e�s�u�l�t�s� 

�F�i�g�u�r�e� �3�.�1�0� �s�h�o�w�s� �t�h�e� �d�e�f�l�e�c�t�i�o�n�s� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�s�,� 

�S�E�Q�3� �t�h�r�o�u�g�h� �S�E�Q�6�.� �S�E�Q�3� �r�e�p�r�e�s�e�n�t�s� �S�t�a�g�e� �3� �o�f� �t�h�e� �w�a�l�l� �e�x�c�a�v�a�t�e�d� �t�o� �e�l�e�v�a�t�i�o�n� 

�+�4�7� �w�i�t�h� �t�i�e�b�a�c�k�s� �i�n�s�t�a�l�l�e�d� �a�t� �e�l�e�v�a�t�i�o�n�s� �+�7�9�,� �+�6�9�,� �a�n�d� �+�5�9� �(�T�a�b�l�e� �3�.�3�)�.� �S�E�Q�4� 

�r�e�p�r�e�s�e�n�t�s� �S�t�a�g�e� �4�,� �S�E�Q�5� �r�e�p�r�e�s�e�n�t�s� �S�t�a�g�e� �5�,� �a�n�d� �S�E�Q�6� �r�e�p�r�e�s�e�n�t�s� �S�t�a�g�e� �6� �w�i�t�h� 

�e�x�c�a�v�a�t�i�o�n� �t�o� �e�l�e�v�a�t�i�o�n� �+�2�0� �a�n�d� �t�i�e�b�a�c�k�s� �i�n�s�t�a�l�l�e�d� �f�r�o�m� �e�l�e�v�a�t�i�o�n�s� �+�7�9� �t�o� �+�3�0�.� 

�T�h�e� �d�e�f�l�e�c�t�i�o�n�s� �f�o�r� �S�t�a�g�e�s� �3�,� �4�,� �a�n�d� �S� �s�h�o�w� �a� �g�r�a�d�u�a�l� �i�n�c�r�e�a�s�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� 

�e�x�p�e�c�t�e�d� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �e�x�p�o�s�e�d� �w�a�l�l� �h�e�i�g�h�t�.� �H�o�w�e�v�e�r�,� �S�E�Q�6� �i�n�d�i�c�a�t�e�s� �a� 

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

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

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

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

�d�e�f�l�e�c�t�i�o�n� �t�o� �e�x�c�a�v�a�t�e�d� �h�e�i�g�h�t� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �m�o�d�e�l� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�"�/�6�0 �� �o�r� 

�1�"�/�7�2�0�"�.� �T�h�i�s� �i�s� �0�.�1�3�9�%� �a�n�d� �i�s� �c�o�m�p�a�r�a�b�l�e� �t�o� �r�a�t�i�o�s� �m�e�n�t�i�o�n�e�d� �b�y� �M�o�s�h�e�r� �a�n�d� 

�K�n�o�w�l�e�s�.
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�F�i�g�u�r�e� �3�.�1�0� �P�i�l�e� �B�1�7�8� �O�r�i�g�i�n�a�l� �D�e�s�i�g�n� �D�e�f�l�e�c�t�i�o�n�s�.



�1�0�0� 

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

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

�p�a�r�e�n�t�h�e�s�i�s�)�.� �A�s� �i�n�d�i�c�a�t�e�d� �i�n� �S�E�Q�3�,� �S�E�Q�4�,� �a�n�d� �S�E�Q�%�S�,� �l�a�t�e�r�a�l� �d�e�f�l�e�c�t�i�o�n�s� �t�r�e�n�d� 

�t�o�w�a�r�d� �t�h�e� �e�x�c�a�v�a�t�i�o�n�.� �T�h�e�n�,� �a�s� �p�r�e�d�i�c�t�e�d� �i�n� �S�E�Q�6�,� �t�h�e� �l�a�t�e�r�a�l� �m�o�v�e�m�e�n�t� �i�s� �a�w�a�y� 

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

�a�n�d� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�v�e�m�e�n�t�s� �e�x�i�s�t�.� �F�i�r�s�t�,� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�v�e�m�e�n�t�s� �d�o� �n�o�t� �h�a�v�e� 

�t�h�e� �s�a�m�e� �n�e�g�a�t�i�v�e� �d�e�f�l�e�c�t�i�o�n� �i�n� �t�h�e� �t�o�p� �V�s� �o�f� �t�h�e� �w�a�l�l�.� �O�n�l�y� �t�h�e� �t�o�p� �5� �f�e�e�t� �o�f� �t�h�e� 

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

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

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

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

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

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

�e�x�p�e�r�i�e�n�c�e�s� �a� �l�a�r�g�e�,� �n�e�g�a�t�i�v�e� �m�o�m�e�n�t� �o�f� �a�l�m�o�s�t� �3�0�0� �f�o�o�t�-�k�i�p�s�,� �f�o�l�l�o�w�e�d� �b�y� �a� 

�s�m�a�l�l�e�r�,� �p�o�s�i�t�i�v�e� �m�o�m�e�n�t�.� �S�e�c�o�n�d�,� �f�o�r� �a�l�l� �s�t�a�g�e�s�,� �t�h�e� �t�o�p� �2�0� �f�e�e�t� �e�x�p�e�r�i�e�n�c�e�d� 

�n�e�g�a�t�i�v�e� �m�o�m�e�n�t�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �5�0� �t�o� �1�0�0� �f�o�o�t�-�k�i�p�s�.� �F�i�n�a�l�l�y�,� �a�s� �e�a�c�h� �t�i�e�b�a�c�k� 

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

�t�i�e�b�a�c�k�s�.� 

�I�n� �F�i�g�u�r�e� �3�.�1�3�,� �t�h�e� �m�e�a�s�u�r�e�d� �m�o�m�e�n�t�s� �s�h�a�r�e� �t�w�o� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e� �p�r�e�d�i�c�t�e�d� �m�o�m�e�n�t�s�.� �F�i�r�s�t�,� �t�h�e� �t�o�p� �2�0� �f�e�e�t� �e�x�p�e�r�i�e�n�c�e�d� �m�e�a�s�u�r�e�d� �n�e�g�a�t�i�v�e
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�D�e�f�l�e�c�t�i�o�n�s� �(�i�n�)� 

 ��-� �2�4� �O�c�t� �9�0� �(�S�E�Q�3�)� 
 �� �-� �2�7� �N�o�v� �9�0� �(�S�E�Q�4�)� 
 �� �1�4� �J�a�n� �9�1� �(�S�E�Q�S�5�)� 
�-�+� �+� �3�0� �J�a�n� �9�1� �(�S�E�Q�6�)� 

�F�i�g�u�r�e� �3�.�1�1� �P�i�l�e� �B�1�7�8� �M�e�a�s�u�r�e�d� �D�e�f�l�e�c�t�i�o�n�s�.
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 �� �S�E�Q�4� 
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 ��-� �S�E�Q�6� 

�F�i�g�u�r�e� �3�.�1�2� �P�i�l�e� �B�1�7�8� �O�r�i�g�i�n�a�l� �D�e�s�i�g�n� �M�o�m�e�n�t�s�.



�1�0�3� 

�m�o�m�e�n�t�s� �w�h�i�c�h� �a�g�r�e�e� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�e�d� �v�a�l�u�e�s� �o�f� �5�0� �t�o� �1�0�0� �f�o�o�t�-�k�i�p�s�.� �S�e�c�o�n�d�l�y�,� 

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

�t�i�e�b�a�c�k�s�.� 

�T�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �o�b�s�e�r�v�a�t�i�o�n� �i�n� �F�i�g�u�r�e� �3�.�1�3� �i�s� �t�h�e� �l�a�c�k� �o�f� �a� �t�e�n�d�e�n�c�y� �f�o�r� 

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

�t�h�e� �e�x�c�a�v�a�t�i�o�n� �l�e�v�e�l�,� �v�e�r�y� �l�i�t�t�l�e� �t�r�e�n�d� �i�s� �e�x�h�i�b�i�t�e�d�.� �S�t�a�g�e�s� �4�,� �5�,� �a�n�d� �6� �h�a�d� �s�m�a�l�l� 

�p�o�s�i�t�i�v�e� �m�o�m�e�n�t�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �e�l�e�v�a�t�i�o�n� �+�2�0� �t�o� �-�5�,� �b�u�t� �t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� 

�n�o�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s�.� 

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

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

�r�e�a�s�o�n�a�b�l�e�.� 

�3�.�5�.�2� �A�s�-�b�u�i�l�t� �M�o�d�e�l� �R�e�s�u�l�t�s� 

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

�w�a�l�l� �d�i�m�e�n�s�i�o�n�s�,� �m�a�t�e�r�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �e�t�c�.� �a�n�d� �S�t�a�g�e� �6� �e�x�c�a�v�a�t�i�o�n� �f�o�r� 

�s�i�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �g�r�e�a�t�e�s�t� �e�x�p�o�s�e�d� �w�a�l�l� �h�e�i�g�h�t�.� �F�i�g�u�r�e� �3�.�1�4� �c�o�m�p�a�r�e�s� �t�h�e� 

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

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

�l�i�k�e� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�.� �H�o�w�e�v�e�r�,� �r�a�t�h�e�r� �t�h�a�n� �m�o�r�e� �c�l�o�s�e�l�y� �m�a�t�c�h�i�n�g� �t�h�e
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 ��4�0� 

�- ��6�0� � � � � � � � � � � � � � � � � � � � � 
�-�4�0�0� �-�3�0�0� �-�2�0�0� �-�1�0�0� �0� �1�0�0� �2�0�0� �3�0�0� �4�0�0� 

�M�o�m�e�n�t� �(�f�t ��k�/�f�t�)� 

 ��  ��-� �2�0� �S�e�p� �9�0� 
 � �� �2�6� �N�o�v� �9�0� 

�-�-�-�+� �Q�7� �J�a�n� �9�1� 
 ��-� �1�5� �J�a�n� �9�1� 

�F�i�g�u�r�e� �3�.�1�3� �P�i�l�e� �B�1�7�8� �M�o�m�e�n�t�s�,� �B�a�s�e�d� �o�n� �M�e�a�s�u�r�e�d� �S�t�r�a�i�n�s�.
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�1�0�6� 

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

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

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

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

�b�e�d�r�o�c�k� �i�s� �f�o�u�n�d�e�d� �a�t� �e�l�e�v�a�t�i�o�n� �-�2�9� �r�a�t�h�e�r� �t�h�a�n� �a�t� �+�4�.� �A�l�s�o�,� �t�h�e� �a�s�-�b�u�i�l�t� �p�i�l�e� 

�l�e�n�g�t�h� �i�s� �1�2�0� �f�e�e�t� �i�n�s�t�e�a�d� �o�f� �t�h�e� �1�0�6� �f�e�e�t� �u�s�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�.� 

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

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

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

�B�o�t�h� �S�E�Q�6�,� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�,� �a�n�d� �S�Q�6�N�E�,� �t�h�e� �a�s�-�b�u�i�l�t� �m�o�d�e�l�,� �u�s�e� 

�1�,� �=� �1�8� �p�c�i� �(�1�,� �x� �1�)� �f�o�r� �m�o�d�e�l�i�n�g� �t�h�e� �s�o�i�l� �s�t�i�f�f�n�e�s�s�.� �D�e�f�l�e�c�t�i�o�n� �t�o�w�a�r�d�s� �t�h�e� 

�e�x�c�a�v�a�t�i�o�n� �p�r�e�d�i�c�t�e�d� �b�y� �S�E�Q�6� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �f�o�u�r� �t�i�m�e�s� �t�h�e� �m�e�a�s�u�r�e�d� 

�d�e�f�l�e�c�t�i�o�n�s�.� �D�e�f�l�e�c�t�i�o�n� �p�r�e�d�i�c�t�e�d� �b�y� �S�Q�6�N�E� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �f�i�v�e� �t�i�m�e�s� �t�h�e� 

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

�F�i�g�u�r�e� �3�.�1�5� �m�o�r�e� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �p�r�e�d�i�c�t�e�d� 

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�5� �f�e�e�t� �f�r�o�m� �t�h�e� �t�o�p� �o�f� �t�h�e� �w�a�l�l�,� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�u�l�t�s� �d�i�f�f�e�r� �i�n� �b�o�t�h� 

�m�a�g�n�i�t�u�d�e� �a�n�d� �s�i�g�n� �f�r�o�m� �t�h�e� �p�r�e�d�i�c�t�e�d� �r�e�s�u�l�t�s�.
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�1�0�8� 

�T�h�e� �a�s�-�b�u�i�l�t� �m�o�d�e�l� �c�o�m�p�a�r�e�s� �w�e�l�l� �w�i�t�h� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l�.� �S�Q�6�N�E� 

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

�m�o�m�e�n�t� �c�a�r�r�i�e�d� �b�y� �t�h�e� �s�t�e�e�l� �p�i�l�e�s� �i�s� �p�l�o�t�t�e�d� �t�o� �c�o�m�p�a�r�e� �w�i�t�h� �S�E�Q�6� �a�n�d� �t�h�e� 

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

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

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

�A�s� �w�a�s� �d�o�n�e� �b�y� �M�u�n�g�e�r�,� �J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n�,� �a�n�d� �b�y� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s�,� �t�h�e� 

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

�d�e�s�i�g�n� �o�f� �t�h�e� �g�u�a�r�d� �w�a�l�l� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �1�,� �=� �1�8� �p�c�i� �f�o�r� �m�o�i�s�t� �R�S�D�.� �A�f�t�e�r� �t�h�e� 

�C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n� �s�t�u�d�y� �w�a�s� �c�o�m�p�l�e�t�e�,� �a� �n�e�w� �r�e�c�o�m�m�e�n�d�e�d� �v�a�l�u�e� �f�o�r� �s�o�i�l� 

�s�t�i�f�f�n�e�s�s� �w�a�s� �1�,� �=� �3�6� �p�c�i� �(�I�,� �x� �2�)�.� �A�n� �i�n�c�r�e�a�s�e� �t�o� �1�,� �=� �5�4� �p�c�i� �(�1�,� �x� �3�)� �w�a�s� 

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

�t�i�e�b�a�c�k� �w�a�l�l� �d�e�s�i�g�n� �d�i�d� �n�o�t� �c�o�n�t�r�o�l� �t�h�e� �f�i�n�a�l� �d�e�s�i�g�n�;� �t�h�e�r�e�f�o�r�e�,� �1�,� �=� �1�8� �p�c�i� �h�a�d� �n�o�t� 

�b�e�e�n� �c�h�a�n�g�e�d� �i�n� �a�n�y� �S�E�Q� �f�i�l�e�s�.� 

�F�i�g�u�r�e� �3�.�1�6� �s�h�o�w�s� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �d�e�f�l�e�c�t�i�o�n�s� �o�f� �t�h�e� �a�s�-�b�u�i�l�t� �m�o�d�e�l� �w�i�t�h� �1�,� �x� 

�1�,� �1�,� �x� �2�,� �a�n�d� �1�,� �x� �3�,� �s�o�i�l� �s�t�i�f�f�n�e�s�s� �i�n�c�r�e�a�s�e�s�.� �A�l�s�o�,� �t�h�e� �m�e�a�s�u�r�e�d� �d�e�f�l�e�c�t�i�o�n� �i�s� 

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

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

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

�l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e�.� �H�o�w�e�v�e�r�,� �0�.�5� �i�n�c�h� �p�r�e�d�i�c�t�e�d� �d�e�f�l�e�c�t�i�o�n� �c�o�m�p�a�r�e�d� �t�o� �0�.�2� �i�n�c�h



�1�0�9� 

�m�e�a�s�u�r�e�d� �d�e�f�l�e�c�t�i�o�n� �i�n� �a� �6�0�-�f�o�o�t� �e�x�p�o�s�e�d� �w�a�l�l� �h�e�i�g�h�t� �i�s� �a� �g�o�o�d� �c�o�m�p�a�r�i�s�o�n�.� �T�h�e� 

�r�a�t�i�o� �o�f� �d�e�f�l�e�c�t�i�o�n� �t�o� �e�x�c�a�v�a�t�e�d� �w�a�l�l� �h�e�i�g�h�t� �f�o�r� �t�h�e� �m�e�a�s�u�r�e�d� �r�e�s�u�l�t�s� �i�s� �0�.�0�2�6�%�.� 

�T�h�e� �r�a�t�i�o�s� �f�o�r� �t�h�e� �p�r�e�d�i�c�t�e�d� �r�e�s�u�l�t�s� �a�r�e� �0�.�1�4�7�%�,� �0�.�0�9�3�%�,� �a�n�d� �0�.�0�6�9�%� �f�o�r� �n�o� 

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

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�g�u�r�e� �3�.�1�7� �s�h�o�w�s� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�o�m�e�n�t�s� �f�o�r� �i�n�c�r�e�a�s�e�d� �s�o�i�l� 

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

�r�e�d�u�c�t�i�o�n� �i�n� �m�a�x�i�m�u�m� �m�o�m�e�n�t�s� �b�y� �2�9�%�.� �T�h�e� �t�r�i�p�l�e�d� �s�o�i�l� �s�t�i�f�f�n�e�s�s� �i�n�d�i�c�a�t�e�s� �a� 

�r�e�d�u�c�t�i�o�n� �i�n� �m�a�x�i�m�u�m� �m�o�m�e�n�t� �b�y� �4�2�%� �f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �s�o�i�l� �s�t�i�f�f�n�e�s�s� �m�o�d�e�l�.� �A�s� 

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

�3�.�6� �C�o�n�c�l�u�s�i�o�n�s� 

�(�1�)� �T�h�e� �d�e�s�i�g�n� �o�f� �P�a�n�e�l� �1�7�8� �a�s� �a� �t�i�e�d�-�b�a�c�k� �w�a�l�l� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� 

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

�a�v�a�i�l�a�b�l�e� �d�u�r�i�n�g� �t�h�i�s� �s�t�u�d�y�,� �s�t�a�g�e� �5� �(�S�E�Q�S�5�)� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �d�e�s�i�g�n� �m�o�d�e�l� 

�p�r�e�d�i�c�t�e�d� �t�h�e� �h�i�g�h�e�s�t� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �o�f� �2�9�6� �f�o�o�t�-�k�i�p�s�.� �T�h�e� �l�a�r�g�e�s�t� �m�o�m�e�n�t� 

�b�a�s�e�d� �o�n� �s�t�r�a�i�n� �i�n� �t�h�e� �s�t�e�e�l� �p�i�l�e�s� �i�s� �1�1�0� �f�o�o�t�-�k�i�p�s�,� �s�l�i�g�h�t�l�y� �m�o�r�e� �t�h�a�n� �%� �t�h�e� 

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

�m�e�a�s�u�r�e�d� �a�t� �s�l�i�g�h�t�l�y� �m�o�r�e� �t�h�a�n� �0�.�2� �i�n�c�h� �i�n�t�o� �t�h�e� �e�x�c�a�v�a�t�i�o�n�.� �T�h�i�s� �i�s� �f�a�r� �l�e�s�s
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�~�2�0� �/� �t�y� �j�e� 
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�D�e�f�l�e�c�t�i�o�n�s� �(�i�n�)� 
 ��-� �3�0� �J�a�n� �9�1� 
 �� �~� �S�Q�6�N�E� �(�L�h� �x� �1�)� 
 �� �S�Q�6�D�E� �(�L�h� �x� �2�)� 

�-� �+�+� � �S�Q�6�T�E� �(�L�h� �x� �3�)� 

�F�i�g�u�r�e� �3�.�1�6� �P�i�l�e� �B�1�7�8� �D�e�f�l�e�c�t�i�o�n� �v�s� �S�o�i�l� �S�t�i�f�f�n�e�s�s�.
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�1�0�0� 

�8�0� �+�/�9� 

�~� �|� �+�6�9� 

�6�0� �+�5� 

 ��T� �+�4�9� 

�4�0� �+�3�9� 
�:� �{�+�3�0� 

�2�0� �+� 

�0� 

 ��2�0� �f� 

�-�4�0� 

�-�6�0� 
�-�4�0�0� �-�3�0�0� �-�2�0�0� �-�1�0�0� �0� �1�0�0� �2�0�0� �3�0�0� �4�0�0� 

�M�o�m�e�n�t� �(�f�t ��k�/�f�t�)� 

 ��-�~� �1�5� �J�a�n� �9�1� 

 �� �~�-� �S�Q�6�N�E� �(�L�h� �x� �1�)� 
 � �� �S�Q�6�D�E� �(�L�h� �x� �2�)� 
�-�+�+� �S�Q�6�T�E� �(�L�h� �x� �3�)� 

�F�i�g�u�r�e� �3�.�1�7� �P�i�l�e� �B�1�7�8� �M�o�m�e�n�t� �v�s� �S�o�i�l� �S�t�i�f�f�n�e�s�s�.



�(�2�)� 

�(�3�)� 

�1�1�2� 

�t�h�a�n� �t�h�e� �0�.�2� �f�o�o�t� �(�2�.�4� �i�n�c�h�e�s�)� �m�a�x�i�m�u�m� �a�l�l�o�w�e�d�.� �B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� 

�s�t�u�d�y� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �g�u�a�r�d� �w�a�l�l� �a�t� �P�a�n�e�l� �1�7�8� �u�s�i�n�g� �t�h�e� �a�p�p�l�i�e�d� �o�r�i�g�i�n�a�l� 

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

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

�(�F�i�g�u�r�e� �3�.�1�0�)� �w�i�t�h� �t�h�e� �m�e�a�s�u�r�e�d� �d�e�f�l�e�c�t�i�o�n�s� �(�F�i�g�u�r�e� �3�.�1�1�)�,� �a�n�d� �t�h�e� �r�e�l�a�t�i�v�e�l�y� 

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

�|�,� �X� �3� �a�n�d� �t�h�e� �m�e�a�s�u�r�e�d� �d�e�f�l�e�c�t�i�o�n�s� �(�F�i�g�u�r�e� �3�.�1�6�)� �i�n�d�i�c�a�t�e� �t�h�e� �C�B�E�A�M�C� 

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

�p�a�n�e�l�s� �a�s� �a� �t�i�e�b�a�c�k� �w�a�l�l� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �b�a�s�e�d� �o�n� �C�B�E�A�M�C� �u�s�i�n�g� �I�,� �x� �3� �o�r� 

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

�T�h�e� �s�l�i�g�h�t� �d�e�c�r�e�a�s�e� �i�n� �d�e�f�l�e�c�t�i�o�n� �a�t� �s�t�a�g�e� �6� �o�f� �e�x�c�a�v�a�t�i�o�n� �w�a�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� 

�t�h�e� �d�e�c�r�e�a�s�e� �i�n� �v�e�r�t�i�c�a�l� �s�p�a�c�i�n�g� �o�f� �t�i�e�b�a�c�k�s� �b�e�g�i�n�n�i�n�g� �w�i�t�h� �t�h�e� �e�l�e�v�a�t�i�o�n� �+�3�0� 

�t�i�e�b�a�c�k�s�.� �A�l�s�o�,� �l�e�s�s� �e�x�c�a�v�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �i�n� �p�r�e�p�a�r�a�t�i�o�n� �f�o�r� �t�h�e� �+�2�2� 

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

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



�(�4�)� 

�(�5�)� 

�1�1�3� 

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

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

�t�h�e� �s�t�u�d�i�e�d� �w�a�l�l�.� 

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

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

�b�y� �t�h�e� �s�t�e�e�l� �p�i�l�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �(�s�e�e� �p�a�r�a�g�r�a�p�h� �3�.�5�)�.� �M�o�m�e�n�t�s� �i�n� �t�h�e� �t�o�p� 

�2�0� �f�e�e�t� �o�f� �t�h�e� �w�a�l�l� �a�g�r�e�e�d� �f�a�i�r�l�y� �w�e�l�l� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�i�n�g� �m�o�d�e�l�s�.� �B�y� �b�a�c�k�-� 

�c�a�l�c�u�l�a�t�i�o�n�,� �t�h�o�s�e� �m�o�m�e�n�t�s� �i�n� �t�h�e� �t�o�p� �2�0� �f�e�e�t� �o�f� �t�h�e� �e�x�i�s�t�i�n�g� �w�a�l�l�,� �a�s� �w�e�l�l� �a�s� 

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

�m�o�m�e�n�t� �o�f� �M�,�,� �=� �1�3�5� �k�-�f�t�/�f�t�.� �T�h�e�r�e�f�o�r�e�,� �p�r�o�p�o�r�t�i�o�n�i�n�g� �t�h�e� �m�o�m�e�n�t� �t�o� �t�h�e� 

�s�t�e�e�l� �p�i�l�e� �(�4�5�%�)� �a�n�d� �t�h�e� �c�o�n�c�r�e�t�e� �(�5�5�%�)� �t�o� �a�n�a�l�y�z�e� �t�h�e� �f�u�l�l�y� �c�o�m�p�o�s�i�t�e� 

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

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

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

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

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

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

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

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



�(�6�)� 

�1�1�4� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



�1�1�5� 

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

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

�m�e�a�s�u�r�e�m�e�n�t�s� �b�e�l�o�w� �t�h�e� �e�x�c�a�v�a�t�i�o�n� �l�e�v�e�l�s� �f�o�r� �F�i�g�u�r�e� �3�.�1�3�.



�C�H�A�P�T�E�R� �I�V� 

�S�E�N�S�I�T�I�V�I�T�Y� �S�T�U�D�Y� 

�4�.�1� �G�e�n�e�r�a�l� 

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

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

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

�p�r�e�d�i�c�t�e�d� �m�o�m�e�n�t�s�.� �T�h�r�e�e� �s�t�u�d�i�e�s� �r�e�v�i�e�w�e�d�,� �K�e�r�r� �a�n�d� �T�a�m�a�r�o� �(�1�9�9�0�)�;� �M�u�n�g�e�r�,� 

�J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n� �(�1�9�9�0�)�;� �a�n�d� �M�o�s�h�e�r� �a�n�d� �K�n�o�w�l�e�s� �(�1�9�8�9�)� �i�n�d�i�c�a�t�e� �d�i�f�f�e�r�e�n�t� 

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

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

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

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

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

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

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

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

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

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

�T�h�e� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �f�o�r� �t�h�e�i�r� �s�t�u�d�y� �w�a�s� �b�a�s�e�d� �o�n� �f�c� �=� �3�0�0�0� �p�s�i�.� �T�h�e� �q�u�a�l�i�t�y� 

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

�a�t� �l�e�a�s�t� �P�c� �=� �1�0�,�3�0�0� �p�s�i�.� �B�a�s�e�d� �o�n� �A�C�I�-�3�1�8�,� �s�e�c�t�i�o�n� �8�.�5�.�1�:� 

�E�c� �=� �5�7�,�0�0�0�(�f�c�)�' �� �p�s�i� �(�1�3�)� 

�T�h�e�r�e�f�o�r�e�,� �a�s�-�b�u�i�l�t�,� �P�a�n�e�l� �6� �h�a�s� �a�n� �E�c� �=� �8�3�3�,�0�0�0� �k�s�f�,� �1�.�9� �t�i�m�e�s� �t�h�a�t� �u�s�e�d� �i�n� �t�h�e� 

�C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n� �s�t�u�d�y� �(�4�5�0�,�0�0�0� �k�s�f�)�.� �E�i�t�h�e�r� �a�n� �i�n�c�r�e�a�s�e� �i�n� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �o�r� �a�n� 

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

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

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

�o�f� �t�h�e� �s�o�i�l�.� 

�W�i�t�h� �t�h�e� �s�a�m�e� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �a�s� �u�s�e�d� �f�o�r� �t�h�e� �C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n�,� �b�u�t� �u�s�i�n�g� 

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

�i�n�i�t�i�a�l� �t�a�n�g�e�n�t� �s�o�i�l� �m�o�d�u�l�u�s� �r�e�s�u�l�t�e�d� �i�n� �a�n� �i�n�c�r�e�a�s�e� �o�f� �6�5�%� �i�n� �d�e�f�l�e�c�t�i�o�n�s� �a�n�d� �4�0�%� 

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

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

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

�i�n� �t�h�e�i�r� �s�t�u�d�y�.� 

�C�l�o�u�g�h�,� �W�e�b�e�r� �a�n�d� �L�a�m�o�n�t� �(�1�9�7�2�)� �i�n�d�i�c�a�t�e�d� �i�n� �t�h�e�i�r� �F�E�A� �s�t�u�d�y� �o�f� �a� �d�i�a�p�h�r�a�g�m� 

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

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



�1�1�8� 

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

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

�T�i�m�o�s�h�e�n�k�o� �(�1�9�5�6�)� �s�h�o�w�e�d� �a� �m�e�t�h�o�d� �o�f� �p�r�a�c�t�i�c�l�e� �u�s�e� �f�o�r� �b�e�a�m�s� �o�n� �e�l�a�s�t�i�c� 

�f�o�u�n�d�a�t�i�o�n�s� �(�B�O�E�F�)� �o�r�i�g�i�n�a�l�l�y� �d�e�v�e�l�o�p�e�d� �b�y� �W�i�n�k�l�e�r� �(�1�8�6�7�)�.� �I�n� �t�h�i�s� �d�e�v�e�l�o�p�m�e�n�t�,� 

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

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

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

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

�r�e�s�u�l�t�s� �o�f� �C�B�E�A�M�C� �a�n�a�l�y�s�i�s�.� �A�l�s�o�,� �p�r�e�d�i�c�t�i�o�n�s� �b�y� �u�s�e� �o�f� �T�i�m�o�s�h�e�n�k�o ��s� �m�e�t�h�o�d�s� �w�i�l�l� 

�b�e� �p�r�o�v�i�d�e�d�.� 

�4�.�2� �S�t�u�d�y� �M�o�d�e�l� 

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

�t�h�a�t� �r�e�a�s�o�n�,� �t�h�i�s� �s�t�u�d�y� �c�h�o�s�e� �S�t�a�g�e� �6� �o�f� �P�a�n�e�l� �1�7�8�,� �a� �m�u�l�t�i�p�l�e� �r�o�w� �t�i�e�b�a�c�k� �w�a�l�l�,� �a�s� �t�h�e� 

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

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

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

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

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



�1�1�9� 

�T�a�b�l�e� �4�.�1� �S�e�l�e�c�t�e�d� �W�a�l�l� �S�t�i�f�f�n�e�s�s�e�s� 

� � 

�D�a�t�a� �W�a�l�l� �f ��c� �E�I� 
�P�o�i�n�t� �T�y�p�e� �(�p�s�i�)� �P�i�l�e� �(�k�-�f�t ��/�f�t�)� 

�1� �3�0� �i�n�.� �u�n�c�r�a�c�k�e�d� �3�,�0�0�0� �-�-�-� �$�8�5�,�0�0�0� 
�r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� 

�2� �3�6� �i�n�.� �u�n�c�r�a�c�k�e�d� �3�,�0�0�0� �-�-�-� �1�,�0�1�2�,�0�0�0� 
�r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� 

�3� �s�t�e�e�l� �p�i�l�e�,� �n�o�n�-� �-�-�-� �W�3�3�x�2�4�1� �1�,�2�4�4�,�0�0�0� 
�c�o�m�p�o�s�i�t�e� �o�n� �4�-�f�o�o�t� �w�i�t�h� �1�"�x�1�7�"� 
�c�e�n�t�e�r�s� �c�o�v�e�r� �p�l�a�t�e�s� 

�4� �3�6� �i�n�.� �u�n�c�r�a�c�k�e�d� �1�0�,�0�0�0� �-�-�-� �1�,�8�4�7�,�0�0�0� 
�r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� 

�5� �s�t�e�e�l� �p�i�l�e� �o�n� �4�-�f�o�o�t� �7�,�0�0�0� �W�3�3�x�2�4�1� �2�,�7�9�0�,�0�0�0� 
�c�e�n�t�e�r�s�,� �a�n�d� �3�6� �i�n�.� �w�i�t�h� �1�"�x�1�7�"� 
�c�o�m�p�o�s�i�t�e� �c�o�n�c�r�e�t�e�,� �u�n�c�r�a�c�k�e�d� �c�o�v�e�r� �p�l�a�t�e�s� 
� 



�1�2�0� 

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

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

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

�d�i�a�p�h�r�a�g�m� �w�a�l�l�s�.� 

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

�s�t�i�f�f�n�e�s�s� �o�f� �|�,� �=� �1�8� �p�c�i� �(�|�,� �x� �1�)�.� �T�h�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�v�e� �e�f�f�e�c�t� �o�f� �t�h�e� �s�o�i�l� 

�s�t�i�f�f�n�e�s�s�,� �1�,� �w�a�s� �v�a�r�i�e�d� �b�y� �1�,� �x� �2� �a�n�d� �l�,� �x� �3�.� 

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

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

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

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

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

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

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

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

�Y�i�x�=�o�)� �=� �P�B�/�2�k� �(�1�4�)



�1�2�1� 

�w�h�e�r�e�:� 

�P� �=� �c�o�n�c�e�n�t�r�a�t�e�d� �f�o�r�c�e� 

�p� �=� �[�k�/�4�E�I�}�'�"� 
�k� �=� �s�o�i�l� �s�t�i�f�f�n�e�s�s� 

�E�I� �=� �w�a�l�l� �s�t�i�f�f�n�e�s�s� 

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

�a�n�d� �w�a�l�l� �s�t�i�f�f�n�e�s�s�e�s�,� 

�Y�x�=�0�)� �«� �8�/�k� �(�1�6�)� 

�M�a�o�)� �*� �1�/�8� �(�1�7�)� 

�4�3� �R�e�s�u�l�t�s� 

�4�3�.�1� �M�o�m�e�n�t�s� �i�n� �t�h�e� �W�a�l�l� 

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

�m�a�x�i�m�u�m� �n�e�g�a�t�i�v�e� �m�o�m�e�n�t�s� �a�s� �a�n�a�l�y�z�e�d� �b�y� �C�B�E�A�M�C�.� �T�h�e� �l�a�r�g�e�s�t� �m�o�m�e�n�t� 

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

�(�s�e�e� �F�i�g�u�r�e� �3�.�1�7�)�.� �T�h�e� �p�l�o�t� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �d�o�e�s� �i�n�d�e�e�d� �a�f�f�e�c�t� �t�h�e� 

�m�o�m�e�n�t�s�.� �I�t� �a�l�s�o� �s�h�o�w�s� �t�h�a�t� �t�h�e� �r�e�l�a�t�i�v�e� �e�f�f�e�c�t� �o�f� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �o�n� �m�o�m�e�n�t�s
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�|� �|�  ��1�0�0� �+� �;� 

�|� 
�v� 
�m�o�)� 

�~�2�0�0� �a� �a� 

�|� �»� !"� 

�2� �S�a� �|� �|� �N�S� �m�e� �P�e� 

 ��3�0�0� �|� �p�A� �a� 

�|� �|� �~�e� �a� �!� �:� �a�N� �°� 
�|� �|� �N�N� 

�|� �°� 

�|� 
�|� �|� �m� 

 ��5�0�0� �|� 
�0�.�0� �0�.�5� �1�.�0� �1�.�5� �2�.�0� �2�.�5� 

�W�a�l�l� �E�l�x�1�0�7�6� �(�k ��f�t�*�2�/�f�t�)� 
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�1�2�3� 

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

�C�B�E�A�M�C� �r�e�s�u�l�t�s� �i�n� �T�a�b�l�e� �4�.�2� �i�n�d�i�c�a�t�e� �a� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �i�n�c�r�e�a�s�e� �f�o�r� �a�n� 

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

�b�y� �a� �f�a�c�t�o�r� �o�f� �4�.�7�7�,� �t�o� �b�e� �u�s�e�d� �i�n� �B�O�E�F� �a�n�a�l�y�s�i�s�)�.� �T�h�e� �d�e�g�r�e�e� �o�f� �i�n�c�r�e�a�s�e� �i�n� 

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

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

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

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

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

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

�f�u�n�c�t�i�o�n� �o�f� �t�h�e� �c�h�a�n�g�e� �i�n� �w�a�l�l� �s�t�i�f�f�n�e�s�s�,� �E�I�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�1� �a�n�d� 

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

�b�e�n�d�i�n�g� �m�o�m�e�n�t�s�.� 

�M�o�r�e� �i�n�t�e�r�e�s�t�i�n�g� �a�r�e� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�3�.� �C�B�E�A�M�C� �r�e�s�u�l�t�s� �i�n� 

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

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

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

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

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

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

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

�t�h�r�e�e� �r�e�s�u�l�t�s� �i�n� �t�h�e� �s�a�m�e� �m�o�m�e�n�t�,� �-�2�6�0� �k�-�f�t�/�f�t�.� �T�h�e� �r�e�s�u�l�t�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�b�e�a�m� �o�n� �e�l�a�s�t�i�c� �f�o�u�n�d�a�t�i�o�n� �m�e�t�h�o�d� �v�e�r�i�f�y� �t�h�o�s�e� �f�o�u�n�d� �b�y� �t�h�e� �C�B�E�A�M�C� �a�n�a�l�y�s�i�s�.� 

�4�.�3�.�2� �D�e�f�l�e�c�t�i�o�n�s� �o�f� �t�h�e� �W�a�l�l� 

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

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

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

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

�C�B�E�A�M�C� �r�e�s�u�l�t�s� �i�n� �T�a�b�l�e� �4�.�4� �s�h�o�w� �t�h�a�t� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �w�a�l�l� �s�t�i�f�f�n�e�s�s� �d�e�c�r�e�a�s�e�s� 

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

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

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

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

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

�R�e�s�u�l�t�s� �f�r�o�m� �b�o�t�h� �C�B�E�A�M�C� �a�n�d� �B�O�E�F� �a�n�a�l�y�s�i�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �4�.�5� �a�l�s�o� 

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

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �s�o�i�l� �s�t�i�f�f�n�e�s�s�.� �H�o�w�e�v�e�r�,� �T�a�b�l�e� �4�.�5� �a�l�s�o� �s�h�o�w�s� �t�h�a�t� �c�h�a�n�g�e�s� �i�n� 

�t�h�e� �s�o�i�l� �s�t�i�f�f�n�e�s�s� �h�a�s� �m�o�r�e� �o�f� �a�n� �e�f�f�e�c�t� �o�n� �d�e�f�l�e�c�t�i�o�n�s� �t�h�a�n� �c�h�a�n�g�e�s� �i�n� �w�a�l�l� �s�t�i�f�f�n�e�s�s�.
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�T�a�b�l�e� �4�.�4� �P�e�r�c�e�n�t� �C�h�a�n�g�e� �i�n� �D�e�f�l�e�c�t�i�o�n� �D�u�e� �t�o� �I�n�c�r�e�a�s�e� �i�n� �W�a�l�l� �S�t�i�f�f�n�e�s�s�.� 
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�1�2�9� 

�T�a�b�l�e� �4�.�5� �P�e�r�c�e�n�t� �C�h�a�n�g�e� �i�n� �D�e�f�l�e�c�t�i�o�n�s�,� �C�o�m�p�a�r�i�s�o�n� �o�f� �W�a�l�l� �S�t�i�f�f�n�e�s�s� �E�f�f�e�c�t� 
�v�s� �S�o�i�l� �S�t�i�f�f�n�e�s�s� �E�f�f�e�c�t�.� 
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�E�I� �x� �1�0�°� �D�e�f�l�e�c�t�i�o�n� �(�i�n�)� �D�e�f�l�e�c�t�i�o�n� 
�(�k�-�f�t�?�/�f�t�)� �1�x�1� �1�x�2� �D�e�c�r�e�a�s�e� �(�%�)� 

�1�.�0� �1�.�4�3� �0�.�8�8� �-�3�8�.�5� 
�2�.�0� �1�.�1�8� �0�.�7�4� �-�3�7� �3� 
�D�e�f�l�e�c�t�i�o�n� 
�D�e�c�r�e�a�s�e� �(�%�)� �-�1�7�.�5� �-�1�5�.�9� 

�1�x�1� �1�x�3� 

�0�.�7�5� �1�.�5�6� �0�.�7�1� �~�5�4�.�5� 
�2�.�2�5� �1�.�0�9� �0�.�5�4� �-�5�0�.�5� 
�D�e�f�l�e�c�t�i�o�n� 
�D�e�c�r�e�a�s�e� �(�%�)� �-�3�0�.�1� �-�2�3�.�9� 

�B�O�E�F�:� �k�=�1� �k�=�2� 

�1�.�0� �0�.�7�1� �0�.�4�2� �-�4�0�.�5� 
�2�.�0� �0�.�5�9� �0�.�3�5� �-�4�0�.�5� 
�D�e�f�l�e�c�t�i�o�n� 
�D�e�c�r�e�a�s�e� �(�%�)� �-�1�5�.�9� �-�1�5�.�9� 

�k�=�1� �k� �=�3� 

�1�.�0� �0�.�7�1� �0�.�3�1� �-�5�6�.�1� 
�3�.�0� �0�.�5�4� �0�.�2�4� �-�5�6�.�1� 
�D�e�f�l�e�c�t�i�o�n� 
�D�e�c�r�e�a�s�e� �(�%�)� �-�2�4�.�0� �-�2�4�.�0� 
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�1�3�0� 

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

�t�o� �3�0� �p�e�r�c�e�n�t�.� �W�h�e�r�e�a�s� �t�r�i�p�l�i�n�g� �t�h�e� �s�o�i�l� �s�t�i�f�f�n�e�s�s� �r�e�d�u�c�e�s� �d�e�f�l�e�c�t�i�o�n�s� �b�y� �5�0� �t�o� �5�5� 

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

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

�4�.�4� 

�s�o�i�l� �s�t�i�f�f�n�e�s�s�.� 

�(�1�)� 

�(�2�)� 

�(�3�)� 

�C�o�n�c�l�u�s�i�o�n�s� 

�F�o�r� �a� �t�i�e�b�a�c�k� �w�a�l�l�,� �s�u�c�h� �a�s� �P�a�n�e�l� �1�7�8� �a�t� �S�t�a�g�e� �6� �o�f� �e�x�c�a�v�a�t�i�o�n�,� �t�h�e� �e�f�f�e�c�t�s� �o�n� 

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

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

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

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

�s�t�i�f�f�n�e�s�s� �b�y� �¥�%�.� 

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

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

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

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

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

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



�1�3�1� 

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

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

�(�4�)� �E�v�e�n� �t�h�o�u�g�h� �t�h�e� �a�b�o�v�e� �c�o�n�c�l�u�s�i�o�n�s� �a�r�e� �d�r�a�w�n� �b�a�s�e�d� �o�n� �t�h�e� �C�B�E�A�M�C� 

�a�n�a�l�y�s�i�s�,� �e�a�c�h� �c�o�n�c�l�u�s�i�o�n� �i�s� �v�e�r�i�f�i�e�d� �b�y� �B�O�E�F� �a�n�a�l�y�s�i�s� �a�s� �d�e�v�e�l�o�p�e�d� �b�y� 

�T�i�m�o�s�h�e�n�k�o�.



�C�H�A�P�T�E�R� �V� 

�S�u�m�m�a�r�y�,� �C�o�n�c�l�u�s�i�o�n�s�,� �a�n�d� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�5�.�1� �S�u�m�m�a�r�y� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�1�3�2



�1�3�3� 

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

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

�f�o�r� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �t�h�e� �C�B�E�A�M�C� �r�e�s�u�l�t�s�.� 

�5�.�2� �C�o�n�c�l�u�s�i�o�n�s� 

�5�.�2�.�1� �D�e�s�i�g�n� �V�e�r�i�f�i�c�a�t�i�o�n� 

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

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

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

�a�d�e�q�u�a�t�e�.� 

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

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

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

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

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

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

�s�o�i�l� �s�t�i�f�f�n�e�s�s� �o�f� �1�,� �=� �5�4� �p�c�i�,� �t�h�r�e�e� �t�i�m�e�s� �t�h�e� �o�r�i�g�i�n�a�l� �s�t�i�f�f�n�e�s�s�,� �o�r� �e�v�e�n� �h�i�g�h�e�r�.



�(�4�)� 

�1�3�4� 

�T�h�i�s� �a�g�r�e�e�s� �w�i�t�h� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �C�B�E�A�M�C� �c�a�l�i�b�r�a�t�i�o�n� �s�t�u�d�y� �b�y� 

�M�u�n�g�e�r�,� �J�o�n�e�s� �a�n�d� �J�o�h�n�s�o�n�.� 

�B�e�l�o�w� �t�h�e� �t�o�p� �2�0� �f�e�e�t� �o�f� �P�a�n�e�l� �1�7�8�,� �t�h�e� �m�o�m�e�n�t�s� �b�a�s�e�d� �o�n� �m�e�a�s�u�r�e�d� �s�t�r�a�i�n�s� 

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

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

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

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

�5�.�2�.�2� �S�e�n�s�i�t�i�v�i�t�y� �S�t�u�d�y� 

�(�1�)� 

�(�2�)� 

�(�3�)� 

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

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

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

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

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

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

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

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

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

�s�t�i�f�f�n�e�s�s�.



�1�3�5� 

�5�3� �R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�5�.�3�.�1� �D�e�s�i�g�n� �V�e�r�i�f�i�c�a�t�i�o�n� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�o�i�l�-�s�t�r�u�c�t�u�r�e� �i�n�t�e�r�a�c�t�i�o�n� �(�S�S�I�)� �p�r�o�g�r�a�m� �u�t�i�l�i�z�i�n�g� �n�o�n�-� 

�l�i�n�e�a�r� �W�i�n�k�l�e�r� �s�p�r�i�n�g�s� �s�u�p�p�o�r�t�s� �i�s� �a� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e� �a�p�p�r�o�a�c�h� �t�o� �a�n�a�l�y�z�i�n�g� 

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

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

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

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �1�]�,� �h�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �i�n�f�l�u�e�n�c�e� �o�n� 

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

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

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

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

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

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

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

�F�i�n�d�i�n�g� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �1�,� �m�a�y� �g�o� �b�e�y�o�n�d� �s�t�u�d�y�i�n�g� �m�u�l�t�i�p�l�e� �r�o�w� �t�i�e�b�a�c�k� 

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

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



�1�3�6� 

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

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

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

�p�u�r�p�o�s�e� �o�f� �f�u�r�t�h�e�r� �s�t�u�d�y�.� 

�5�.�3�.�2�.� �S�e�n�s�i�t�i�v�i�t�y� �S�t�u�d�y� 

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

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

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

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

�t�w�i�c�e� �a�s� �s�e�n�s�i�t�i�v�e� �t�o� �c�h�a�n�g�e�s� �i�n� �s�o�i�l� �s�t�i�f�f�n�e�s�s�.� 
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�A�p�p�e�n�d�i�x� �D� 

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

�1�6�2



�1�6�3� 

�D�i�r�e�c�t�o�r�y� �o�f� �A�s�-�B�u�i�l�t� �M�o�d�e�l�s� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �f�i�r�s�t� �r�u�n�s� �o�f� �A�s�-�B�u�i�l�t� �M�o�d�e�l�s� �w�e�r�e�:� 

�S�Q�6�N�E� 

�S�Q�6�D�E� 

�S�Q�6�T�E� 

�T�h�e� �a�b�o�v�e� �3� �m�o�d�e�l�s� �w�e�r�e� �e�a�c�h� �r�e�f�i�n�e�d� �t�o� �i�d�e�n�t�i�f�y� �a� �"�c�o�r�r�e�c�t�"� �c�o�m�p�o�s�i�t�e� �m�o�m�e�n�t� �o�f� 

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

� � 

�M�o�d�e�l� �R�e�f�i�n�e�d� �M�o�d�e�l�s� �_� �F�i�n�a�l� �M�o�d�e�l� 

�S�Q�6�N�E� �N�,� �T�O�N�,� �N�,� 

�S�Q�6�D�E� �D�,� �T�O� �D�,� �D�,� 

�S�Q�6�T�E� �T�,� �T�O� �T�,� �T�;� 

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



�1�6�4� 

�S�u�m�a�r�i�z�e�d� �R�e�s�u�l�t�s�:� 

�C�o�r�r�e�c�t� �C�o�m�p�o�s�i�t�e� �E�f�f�e�c�t�i�v�e� �M�o�m�e�n�t� �M�o�m�e�n�t� �i�n� 

� � 

�M�o�m�e�n�t� �o�f� �I�n�e�r�t�i�a�,� �o�f� �I�n�e�r�t�i�a� �S�t�e�e�l� �P�i�l�e�,� �D�e�f�l�e�c�t�i�o�n�,� 
�M�o�d�e�l� �]� �L�e�t�t�s�)� �M�,� �d� 

�(�f�t�*�)� �(�f�t�*�)� �(�f�t�-�k�/�f�t�)� �(�i�n�)� 

�S�Q�6�N�E� �0�.�4�9�3� �0�.�1�9�5� �2�5�8�.�6� �1�.�1�3�7� 

�S�Q�6�D�E� �0�.�5�6�1� �0�.�2�6�4� �1�7�4�.�4� �0�.�6�9�5� 

�S�Q�6�T�E� �0�.�6�1�2� �0�.�3�1�4� �1�3�7�.�2� �0�.�5�1�0� 

�D�e�t�e�r�m�i�n�i�n�g� �t�h�e� �C�o�r�r�e�c�t� �C�o�m�p�o�s�i�t�e� �M�o�m�e�n�t� �o�f� �I�n�t�e�r�i�a�,� �I�:� 

�F�r�o�m� �C�B�E�A�M�C� �r�u�n� �o�f� �f�i�l�e�s� �N�,� �t�h�r�o�u�g�h� �N�,�,� �u�s�i�n�g� �a�n� �"�a�s�s�u�m�e�d� �I�"� 

�(�L�a�i�s�s�u�m�e�g�)�>� �d�e�t�e�r�m�i�n�e� �a� �"�c�a�l�c�u�l�a�t�e�d� �I�"� �(�I�.�,�,�.�)� �f�o�r� �e�a�c�h� �r�u�n� �b�a�s�e�d� �o�n� �t�h�e� �c�o�m�p�u�t�e�r� 
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