
~ 

ULTIMATE CAPACITY OF OFFSHORE PLATFORM 

CONDUCTOR STRINGS 

by 

David McGowan 

Thesis submitted to the faculty of the 
Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

in 

Civil Engineering 

APPROVED: 

V hal Sob 
 W. Samuel Easterling, Chairman 

Thomas M. Murray? — : (Peatree M. Holzer 

April 1991 

Blacksburg, Virginia 24061



Lp 
5655, 
VESS 
GEL 
h44i4



ULTIMATE CAPACITY OF OFFSHORE PLATFORM 

CONDUCTOR STRINGS 

by 

David McGowan 

Committee Chairman: W. Samuel Easterling 

Civil Engineering 

(ABSTRACT) 

The ultimate capacity of offshore platform conductor strings is studied. 

The unique way in which conductors are loaded is described and the various 

design methods that exist are presented. Previous research in the field of tubular 

member behavior is also reviewed. 

The results of seven experimental tests are evaluated and compared with 

the existing conductor design criteria. The test matrix calls for various amounts of 

lateral loading to be imposed on the conductor system. Axial load, applied to 

simulate the weight of inner casings, is then applied until failure. 

Results indicate that internally applied axial loads do not induce stability 

related failure in the outer conductor. Additionally, the design internal moment, 

which is based on an inner casing being as eccentric as possible, accurately 

represents the upper limit for the bending moment observed in the experimental 

tests. The flexural stiffness of the inner casing serves to strengthen the conductor 

system. Therefore, a design method that considers the strength of the outer 

conductor and the inner casings is recommended.
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CHAPTER | 

INTRODUCTION 

1.1 Offshore Platform Conductor Strings 

Conductor strings in offshore oil platforms are the link between the 

platform and the oil reservoir. Initially, all of the drilling operations are performed 

through the conductor string and ultimately, the conductor string is the pathway 

through which oil is transported to the platform. 

Typically, a conductor string will consist of as many as 5 or 6 concentric 

tubular steel members. The outermost tubular member, referred to as the outer 

conductor, extends from the platform deck into the borehole in the sea floor. The 

outer conductor usually will consist of a 20 or 26 in. diameter steel tube and is the 

first part of the conductor string to be set in place. Between the platform deck 

and the borehole in the sea floor, the outer conductor is laterally supported at 

various points along its length by conductor guide frames (Graff 1981). 

Once the outer conductor is set in place, it serves as a foundation for the 

drilling operation. During drilling, other strings of steel tubes are placed inside of 

the outer conductor. These steel tubes extend deeper into the well and serve the 

purpose of protecting the well line. As the well deepens, its diameter gets smaller 

and the diameter of the protective casing is reduced. A deep well may require 

many strings of protective casing, each placed within the previous, with the last 

casing string extending the entire length of the well. A diagram of a conductor 

string is shown in Fig. 1.1.
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When a casing string is placed inside the outer conductor, it is supported 

at its top by simply hanging that string from the top of the outer conductor. This 

practice results in the inner casing string being in tension due to its own weight, 

while the outer conductor is put into compression by the weight of the inner 

casing. Each subsequent inner casing string is supported in a similar manner, 

simply hanging that casing string from the top of the tubes outside of it. The 

result is that the outer conductor can be subjected to tremendous axial 

compression from the self-weight of the inner casings as well as its own self- 

weight. Depending on the depth of the well, as much as 400 tons of casing can 

be used in a single well. 

The conductor string must resist additional axial compression in the form 

of the blowout preventer stack (BOP). The BOP is placed on top of the outer 

conductor and controlls the pressure in the well while drilling operations are 

taking place. A typical BOP weighs in excess of 20 tons. Between the platform 

and the sea floor, lateral loading comes in the form of wave and current action on 

the conductor string. 

1.2 Literature Survey 

1.2.1 Tubular Member Behavior 

Most current design criteria for structural members have been developed 

from the behavior of hot-rolled, wide-flanged shapes. With the increasing use of 

tubular members in offshore structures as well as multistory buildings, the 

engineer is faced with the problem of choosing a reliable design guide.



Unlike wide-flanged shapes, most tubular members are not hot-rolled, but 

are fabricated from a flat piece of plate material. This flat piece of plate is cold- 

rolled until opposite edges of the plate come together and a cylinder is formed. 

These two edges are then welded together longitudinally to complete the cylinder. 

Fabrication limitations restrict the length of plate that can be cold- rolled. But, 

long sections of pipe can be fabricated by connecting sections of pipe with 

circumferential welds. 

This fabrication process induces both longitudinal and circumferential 

residual stresses in the tube. The cold-rolling of the flat plate and the 

circumferential welds that connect sections of pipe induce circumferential residual 

stresses that vary through the thickness of the pipe. Longitudinal welding of the 

pipe induces longitudinal residual stresses that vary around the circumference of 

the pipe. These residual stresses, combined with possible geometric 

imperfections from the fabrication process, affect the behavior of tubular 

members (Chen and Ross 1977). 

Considerable research has been conducted on both the strength and 

stability of fabricated tubular columns. Chen and Ross (1976) conducted tests to 

determine the axial strength and behavior of cylindrical columns. Included in their 

test was a determination of the distribution of both longitudinal and circumferential 

residual stresses in the pipe. The longitudinal residual stresses were determined 

by the "slicing gage" technique. In this technique, the cross-section of the tubular 

member is divided into longitudinal strips. A Whittemore gage is then used to 

measure the strain in the strips as they are cut from the cross-section of the pipe. 

From the measured data, a distribution of longitudinal residual stresses around 

the cross-section of the pipe is developed. Chen and Ross also conducted tests



on ten fabricated tubular steel columns that varied from 18 ft. to 36 ft. in length. 

Results from these tests were compared to analytical column curves developed 

by the Column Research Council (CRC) and the American Institute of Steel 

Construction (AISC). The curves are referred to as the CRC-AISC curves. The 

comparison indicated that the CRC-AISC ultimate column strength equation gave 

reasonably accurate but slightly conservative predictions of the column strength. 

Wagner et al (1976) conducted studies in which ultimate load capacities of 

tubular steel beam-columns were determined. In their research, a computer 

model was used to generate beam-column response. Of particular interest in 

their computer program was the inclusion of a longitudinal residual stress 

distribution. Moment curvature diagrams were developed for varying amounts of 

axial load; however, no interaction equations were derived. 

Toma and Chen (1979) analyzed the behavior of fabricated tubular 

columns. A computer model that accounted for the effects of out-of-roundness, 

out-of-straightness, and residual stresses in the tube was developed. Verification 

of this computer model was made through comparisons with the experimental 

data collected in the ten full-scale tests reported by Chen and Ross (1976). Using 

this computer model, a column strength curve for tubular members was 

developed and compared with the CRC-AISC column design formulas. The 

computed column strength curve was found to be slightly below the CRC-AISC 

curve. This indicates that the CRC-AISC curve may tend to give slightly 

unconservative results for tubular columns. Also, the computer model showed 

that imperfections, such as out- of-straightness, can greatly influence the strength 

of the column. Modified column strength equations were developed from the 

results of the computer analysis.
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The study (Toma and Chen 1979) included an evaluation of the interaction 

between axial force, P/Py, and bending moment, M/Mp. This interaction curve 

was computed for a tubular cross-section. Residual stress effects, both 

circumferential and longitudinal, as well as cross-section out-of-roundness effects 

were incorporated in the analytical model. It was found that the out-of-roundness 

had very little effect on the strength of the cross-section. Further, the residual 

stresses had no effect whatsoever on the ultimate strength of the tubular cross- 

section. The strength interaction curve developed was verified through 

comparison with previous data. Comparison with strength interaction curves 

developed for wide-flanged shapes indicates that the computed curve tends to be 

slightly above that given by the AISC formula. 

In 1988, the Structural Stability Research Council (SSRC), formerly the 

Column Research Council, addressed the topic of column strength curves in the 

Guide to Stability Design Criteria _for Metal Structures (Galambos 1988). 

Recognizing the wide range of structural shapes that can be used as columns, 

the SSRC has developed a multiple column curve approach to design that takes 

into account the variables that effect column strength. Accordingly, the SSRC has 

developed a column strength curve for tubular columns. This curve is similar to 

the column curve used by AISC in the Load and Resistance Factor Design (LRFD) 

specification (1986). 

One additional column strength curve to be considered for application to 

tubular columns is a curve denoted as AISI 76 (Stability 1982). This curve was 

developed specifically for tubular members and recognizes that the high residual 

stresses in tubular members greatly influence column strength. Although 

developed for square and rectangular cold-formed hollow sections, the curve
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could be equally applicable to cold-formed cylindrical tubes. The AISI 76 curve 

lies considerably below the AISC-LRFD curve. 

Column strength curves are shown in Fig. 1.2. Strength interaction curves are 

shown in Fig. 1.3. 

1.2.2 Conductor String Behavior 

Currently, the American Petroleum Institute (API) addresses the design of 

structural steel in the publication “API Recommended Practice for Planning, 

Designing, and Constructing Fixed Offshore Platforms" (API 1979). In this 

manual, API essentially adopts those equations given by AISC for structural steel 

design. Given this information, the design of the outer conductor requires that it 

meet the AISC requirements for cylindrical members subjected to axial 

compression and bending. The outer conductor is subjected to axial 

compression from the weight of the inner casings and the BOP stack, and 

bending from the lateral current and wave loading as well as eccentricity of the 

axial load. According to AISC plastic design, the outer conductor would need to 

satisfy the interaction equations for both strength and stability given by equations 

N4-2 and N4-3 in the AISC allowable stress design specification (Specification 

1989). These equations are: 

  

,—m 2-10 (Stability) (1-1) 
Per (1-—£) My 

PE 

m +=K 7 <1.0 M<Mp (Strength) (1-2)



Stahl and Baur (1980) addressed the design of offshore platform 

conductors. Design equations were developed for conductors. These equations 

were modified versions of the AISC equations. The modifications proposed by 

Stahl and Baur were based upon the fundamental principle that axial loads and 

bending moments on the conductor due to the weight of the inner casings 

produce no buckling tendencies in the outer conductor. Based upon this 

fundamental principle, Stahl and Baur modified Eq. (1-1) to the form shown below. 

P Cy, (M:+M_) 
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The major difference between Eq. (1-3) and Eq. (1-1) is that the axial load term 

and the moment term are separated into internally applied terms (due to weight of 

inner casings) and externally applied terms (due to BOP stack and environmental 

loadings). In Eq. (1-3), the internally applied loads are represented by axial load, 

Pi, and bending moment, Mi (due to eccentricity of inner casings). Based on the 

premise that internally applied axial loads do not induce buckling, the internal axial 

load term is divided by a yield load, Py, rather than a buckling load, Pcr. 

Additionally, the critical buckling load for the external axial load has been modified 

to account for the fact that the pipe is at a higher level of stress due to the internal 

axial loads. 

In their example design problem, Stahl and Baur analyzed the outer 

conductor and those inner casings that were in compression as a composite 

conductor system. For their example design, only the next inner casing was in 

compression. This next inner casing was grouted along its entire length to the 

outer conductor; however, only section properties for the steel alone were 
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computed. In the example, the authors showed how the modified design 

equations can result in significant financial savings (millions of dollars) for a typical 

platform. A computer model was used to verify the author’s design method and 

an alternative interaction equation was presented for use with tubular members 

(Stahl and Baur 1983). This interaction equation is shown in Fig. 1.3. 

In presenting their fundamental principle that internal casing string loads 

produce no buckling tendencies in the outer conductor, Stahl and Baur used 

energy considerations to show how these loads do not lead to buckling. This 

principle was also applied to the design of prestressed concrete compression 

members. Lin and Burns (1981) showed how prestressed elements in concrete 

can induce buckling in the concrete. It was shown that for the case where the 

prestressing element is in direct contact with the concrete all along its length, 

there will be no buckling tendencies due to the prestressing. 

It was pointed out that if an annulus were present between the prestressing 

element and the concrete, the concrete would behave as a column. However, the 

column behavior is limited. The concrete in compression, due to the 

prestressing, will tend to deflect laterally. At first, this deflection will not affect the 

prestressing element. But should the concrete deflect enough to come into 

contact with the prestressing element, the two would begin to deflect together. 

Stahl and Baur account for this effect in their modified design equations by 

assuming the axial load is eccentric by an amount proportional to the annulus 

separating the outer conductor and the inner casing. 

Manley (1985) developed a design procedure slightly different than the 

Stahl and Baur approach for the design of tieback conductor systems. Tieback 

conductor systems differ from standard conductor systems in that the conductors 
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are "tied into" existing wellheads on the sea floor. In these systems, additional 

moments (called tieback overshot moments) are imposed upon the system due 

to misalignment of the conductor and the wellhead. Manley found that it was 

inconsistent to consider a composite section only involving those strings that 

were in compression. Large discontinuities in the interaction ratio could result 

depending upon whether an internal casing string was either slightly in 

compression or slightly in tension. 

Manley’s revised design methodology calls for a strength check to be 

performed for each internal casing. While performing this strength check, a 

reserve moment capacity is computed for the internal casing string. This reserve 

moment capacity is then added to the moment capacity of the outer conductor 

when performing a stability check for the outer conductor. Stability of the inner 

casings is not an issue, according to Manley, because lateral support is provided 

by the outer conductor. 

Manley restates the basic premise of Stahl and Baur that internal casing 

string loads do not induce buckling tendencies. However, his design differs from 

Stahl and Baur in that he considers the effect of all the inner casings on the 

strength and stability of the system (Manley 1985). 

Imm and Stahl (1988) also addressed the design of platform conductors, 

specifically, the design of deepwater conductor systems. In their design 

procedure, the inner casings are considered when determining the effect of the 

external load applied at the top of the conductor. In deepwater conductor 

systems, the outer conductor may be long enough in relation to the inner casings 

to justify examining how the external load is distributed to both the outer 

conductor and the inner casings. In such cases, the application of the external 
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weight at the top of the conductor system can have the effect of reducing the 

internal axial load on the outer conductor. 

Although not directly modeled after conductor strings, the lateral stability of 

piles in ungrouted jacket legs may offer some insight into conductor behavior. 

Flick and Green (1983) evaluate the strength of piles that are driven inside of 

lightly stressed jacket legs. If there is no annulus between the pile and the jacket 

leg, the capacity of the column would simply be the sum of the capacities of the 

pile and jacket leg. However, the presence of an annulus between the pile and 

the jacket leg weakens the system. Still, the jacket leg does provide some lateral 

resistance to the pile and serves some strengthening functions. Though not 

directly applicable to the behavior of conductor strings, some parallels may be 

drawn between the analysis processes for this system and the conductor string 

system. 

Designers of offshore platform conductor strings are confronted with 

differing design procedures. Presently, no experimental research has been done 

to evaluate the varying design methods. It is the purpose of this study to evaluate 

the procedures experimentally and to assess their accuracy in predicting the 

ultimate capacity of offshore platform conductor strings. 

1.3 Scope of Research 

The purpose of this research is to study the behavior of conductor string 

systems. In the experimental phase of the research, an outer conductor is 

simulated with a 6-5/8 in. diameter pipe while an inner casing is modeled with a 3- 

1/2 in. diameter pipe. Axial compression is placed upon the outer conductor by 

tensioning the inner casing with hydraulic rams. Dead weight is used to load the 
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conductor system laterally to model the environmental loading on a conductor 

due to current and wave action. By varying the amount of lateral loading, the 

behavior of a conductor system under combined internal axial loads and external 

lateral loading is evaluated. Results are then used to evaluate the various design 

methods that exist for offshore platform conductor strings. 

Also included in the research program are two small scale model 

conductor tests. In these tests, an outer conductor is modeled with a 1-1/4 in. 

diameter schedule 40 steel tube while an inner casing is modeled with a 1-1/8 in. 

diameter steel rod. A universal testing machine is used to tension the inner 

casing. 

Additionally, an attempt is made to investigate the distribution of 

longitudinal residual stresses in the 6-5/8 in. diameter pipe used in the full scale 

tests. These results are then compared with other available research on the 

distribution of residual stresses. Finally, stress-strain relationships are found for 

both the 6-5/8 in. and the 3-1/2 in. diameter pipes used in the tests. 

1.4 Overview of Research 

In Chapter Il of this report, the set ups and procedures used in the 

experimental research program are described. In addition to the full-scale tests, 

details are given for the stub column tests, tensile coupon tests, residual stress 

test and model conductor tests. 

In Chapter Ill, the results of the experimental tests performed are given. 

Included in the test results are highlights of the tests as well as any observations 

that may be significant to the analysis of the results. 
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Chapter IV is an interpretation of the results of the experimental research. 

Here, the data collected from the experimental tests is evaluated and analyzed. 

Current design methods are compared with the observed test results. Conductor 

string behavior is analyzed and explained. 

Finally, in Chapter V, the research project is summarized and conclusions 

and recommendations on the design of offshore platform conductor strings are 

presented. Possible future work in the area is also recommended. 

In this study, those tests where the outer conductor is a 1-1/4 in. diameter 

schedule 40 steel tube are referred to as model tests. Tests where the outer 

conductor is a 6-5/8 in. diameter steel tube are referred to as full scale tests. In 

actuality, both of these are model conductor systems. 
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CHAPTER Il 

EXPERIMENTAL DETAILS 

2.1 Stub Column Details 

Stub column tests were performed on specimens cut from the 6-5/8 in. 

diameter pipes used to model the outer conductor in the full size tests. The 

purpose of these tests was to develop the compression stress-strain relationship 

for the pipe section. The behavior of welded steel tubing in compression is largely 

affected by the residual stresses in the pipe that result from the forming process. 

These residual stresses cause the stress-strain curve to exhibit a gradual yielding 

of the cross-section instead of a sharp yield plateau. 

The specimens used in the stub column tests were cold-sawed from a 

stock piece. The length of the stub column was not less than 20 in. @ x 

diameter), and not greater than 45.5 in. (20 x radius of gyration), as prescribed by 

SSRC (Galambos 1988). The actual lengths of the specimens tested varied, but 

all were between 20 and 22 in. in length. The ends of the columns were milled to 

be perpendicular to the longitudinal axis of the column. 

Electrical resistance strain gages measured strains during testing. Four 

strain gages were used on each stub column and were placed at mid-height, at 

quarter points around the circumference of the pipe as recommended by the 

SSRC (Galambos 1988). 

The stub column was tested in a 300 kip capacity universal testing 

machine. Bearing plates provided flat surfaces at each end of the stub column. 

The testing procedure called for the axial load on the stub column to be increased 
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�T�h�e� �m�e�t�h�o�d� �o�f� �s�e�c�t�i�o�n�i�n�g� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e�s�e� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s�.� �I�n� 

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

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

�s�e�c�t�i�o�n�.� 

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

�w�e�r�e� �m�i�l�l�e�d� �s�q�u�a�r�e�.� �T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �t�h�e� �p�i�p�e� �w�a�s� �t�h�e�n� �d�i�v�i�d�e�d� �i�n�t�o� �3�/�4� �i�n�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�w�a�s� �d�e�t�e�r�m�i�n�e�d�.� 

�2�.�4� �M�o�d�e�l� �T�e�s�t� �D�e�t�a�i�l�s� 

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

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

�a�n�a�l�y�z�e� �c�o�n�d�u�c�t�o�r� �s�t�r�i�n�g� �b�e�h�a�v�i�o�r�.� �A� �s�e�c�t�i�o�n� �o�f� �1�-�1�/�4� �i�n�.� �s�c�h�e�d�u�l�e� �4�0� �s�t�e�e�l� �p�i�p�e� 

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

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

�w�i�t�h� �a� �s�e�c�t�i�o�n� �o�f� �1�-�1�/�8� �i�n�.� �A�3�6� �s�t�e�e�l� �r�o�d�.� 

�A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �t�e�s�t� �s�e�t� �u�p� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�.� �2�.�1�.� �T�h�e� �s�p�e�c�i�m�e�n� �w�a�s� 

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

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

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

�w�e�i�g�h�t� �o�f� �i�n�n�e�r� �c�a�s�i�n�g� �s�t�r�i�n�g�s�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�.� �2�.�1�,� �t�h�e� �1�-�1�/�4� �i�n�.� �o�u�t�e�r� 

�c�o�n�d�u�c�t�o�r� �i�s� �s�u�p�p�o�r�t�e�d� �a�t� �i�t�s� �b�a�s�e� �b�y� �a� �b�a�s�e� �p�l�a�t�e� �t�h�a�t� �r�e�s�t�s� �o�n� �a� �f�i�x�e�d� �c�r�o�s�s�h�e�a�d� 
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�o�f� �t�h�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e�.� �T�h�e� �1�-�1�/�8� �i�n�.� �i�n�n�e�r� �c�a�s�i�n�g� �i�s� �a�t�t�a�c�h�e�d� �t�o� �a� �c�a�p� �p�l�a�t�e� �a�t� �t�h�e� 

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

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

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

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

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

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

�f�o�u�r� �a�t� �e�a�c�h� �q�u�a�r�t�e�r� �p�o�i�n�t� �o�f� �t�h�e� �p�i�p�e� �a�t� �9�0� �d�e�g�r�e�e� �i�n�t�e�r�v�a�l�s� �a�r�o�u�n�d� �t�h�e� �c�r�o�s�s�-� 

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

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

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

�1�3� �k�i�p�s� �t�o� �b�e� �p�l�a�c�e�d� �o�n� �t�h�e� �s�y�s�t�e�r�n�.� �T�h�e� �l�o�a�d� �t�h�e�n� �i�n�c�r�e�a�s�e�d� �i�n� �o�n�e� �k�i�p� 

�i�n�c�r�e�m�e�n�t�s� �u�p� �t�o� �a� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �3�1� �k�i�p�s�.� �I�n� �m�o�d�e�l� �t�e�s�t� �2�,� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� 

�i�n� �o�n�e� �k�i�p� �i�n�c�r�e�m�e�n�t�s� �u�p� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�4� �k�i�p�s�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �s�m�a�l�l�e�r� 

�i�n�c�r�e�m�e�n�t�s� �o�f� �l�o�a�d� �w�e�r�e� �a�p�p�l�i�e�d� �u�n�t�i�l� �t�h�e� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �3�2�.�0�5� �k�i�p�s� �w�a�s� 

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

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

�s�t�a�b�i�l�i�z�e�d�.� 

�2�.�5� �F�u�l�l� �S�i�z�e� �T�e�s�t� �D�e�t�a�i�l�s� 

�2�.�5�.�1� �F�u�l�l� �S�i�z�e� �S�p�e�c�i�m�e�n� �D�e�t�a�i�l�s� 

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

�w�e�r�e� �6�-�5�/�8� �i�n�.� �A�5�3� �G�r�a�d�e� �B�-�E� �s�t�e�e�l� �p�i�p�e� �w�i�t�h� �a� �w�a�l�l� �t�h�i�c�k�n�e�s�s� �o�f� �0�.�1�8�8� �i�n�.� �T�h�e� 

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

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

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

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

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

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

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

�3�-�1�/�2� �i�n�.� �g�r�a�d�e� �X�8�0� �s�t�e�e�l� �p�i�p�e� �w�i�t�h� �a� �w�a�l�l� �t�h�i�c�k�n�e�s�s� �o�f� �0�.�2�5�0� �i�n�.� �T�h�e� �s�p�e�c�i�f�i�e�d� 

�m�i�n�i�m�u�m� �y�i�e�l�d� �s�t�r�e�s�s� �f�o�r� �t�h�i�s� �p�i�p�e� �w�a�s� �8�0� �k�s�i�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�i�s� �p�i�p�e� 

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

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

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

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

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

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

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

�t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�l�a�t�i�o�n�s�h�i�p�.� 

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

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

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

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

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

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

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

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

�g�i�v�e�n� �l�o�c�a�t�i�o�n� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 
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�T�a�b�l�e� �2�.�1� �O�u�t�e�r� �C�o�n�d�u�c�t�o�r� �S�p�e�c�i�m�e�n� �D�e�t�a�i�l�s� 
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�L�e�n�g�t�h� 
�T�e�s�t� �(�f�t�.�)� �F�y� �(�k�s�i�)� �D�/�L�*� 

�F�S�-�1� �1�5�.�1�7� �4�6�.�3� �1�/�1�6�2�5� 

�F�S�-�2� �1�5�.�0�0� �4�8�.�1� �1�/�6�4�3� 

�F�S�-�3� �1�3�.�9�2� �4�6�.�3� �1�/�2�6�5�0� 

�F�S�-�4� �1�3�.�0�0� �4�8�.�1� �1�/�1�1�3�0� 

�F�S�-�5� �1�3�.�0�0� �4�7�.�9� �1�/�1�1�8�2� 

�F�S�-�6� �1�3�.�0�0� �4�7�.�9� �1�/�1�5�7�5� 

�F�S�-�7� �1�6�.�0�0� �4�6�.�0� �1�/�1�4�0�1� 
� � 

�*�|�n�i�t�i�a�l� �o�u�t�-�o�f�-�s�t�r�a�i�g�h�t�n�e�s�s� 

�2�3� 

� 



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

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

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

�t�h�e� �p�i�p�e�.� �T�h�i�s� �p�r�o�c�e�s�s� �w�a�s� �u�s�e�d� �f�o�r� �a�l�l� �t�e�s�t�s� �e�x�c�e�p�t� �F�S�-�1�,� �w�h�e�r�e� �t�h�e� �w�i�r�e�s� �w�e�r�e� 

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

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

�T�a�b�l�e� �2�.�1�.� �R�e�f�e�r� �t�o� �t�h�e� �a�p�p�e�n�d�i�c�e�s� �f�o�r� �m�o�r�e� �s�p�e�c�i�f�i�c� �d�a�t�a� �r�e�g�a�r�d�i�n�g� �t�h�e� �l�o�c�a�t�i�o�n�s� 

�o�f� �s�t�r�a�i�n� �g�a�g�e�s�.� 

�2�.�5�.�2� �F�u�l�l� �S�c�a�l�e� �T�e�s�t� �S�e�t� �U�p� 

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

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

�t�e�s�t�s� �F�S�-�1� �t�h�r�o�u�g�h� �F�S�-�3�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� �t�e�s�t�e�d� �i�n� �a� �v�e�r�t�i�c�a�l� �p�o�s�i�t�i�o�n� �(�s�e�e� 

�F�i�g�.� �2�.�2�)�.� �F�o�r� �t�e�s�t�s� �F�S�-�4� �t�h�r�o�u�g�h� �F�S�-�7�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� �t�e�s�t�e�d� �i�n� �a� 

�h�o�r�i�z�o�n�t�a�l� �p�o�s�i�t�i�o�n� �(�s�e�e� �F�i�g�.� �2�.�3�)�.� 

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

�c�o�n�d�u�c�t�o�r� �(�s�e�e� �F�i�g�.� �2�.�4�)�.� �T�h�i�s� �s�u�p�p�o�r�t� �f�r�a�m�e� �a�l�l�o�w�e�d� �t�h�e� �3�-�1�/�2� �i�n�.� �i�n�n�e�r� �c�a�s�i�n�g� �t�o� 

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

�s�u�p�p�o�r�t� �f�r�a�m�e� �b�y� �t�w�o� �p�l�a�t�e�s�.� �T�h�e� �f�i�r�s�t� �w�a�s� �a� �9�"�x�9�"�x�1�/�2�"� �b�a�s�e� �p�l�a�t�e� �t�h�a�t� �w�a�s� 

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

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

�f�r�a�m�e� �w�a�s� �a� �2�0�"�x�1�8�"�x�1�/�2�"� �s�u�p�p�o�r�t� �p�l�a�t�e� �t�h�a�t� �w�a�s� �w�e�l�d�e�d� �t�o� �t�h�e� �s�i�d�e� �o�f� �t�h�e� �o�u�t�e�r� 

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

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

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

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

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

�o�u�t�e�r� �c�o�n�d�u�c�t�o�r�.� �E�x�c�e�p�t� �f�o�r� �F�S�-�3�,� �t�h�e� �i�n�n�e�r� �c�a�s�i�n�g� �w�a�s� �c�e�n�t�e�r�e�d� �i�n� �t�h�e� �o�u�t�e�r� 

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

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

�i�n� �t�h�e� �s�u�p�p�o�r�t� �f�r�a�m�e�.� 

�T�h�e� �i�n�n�e�r� �c�a�s�i�n�g� �w�a�s� �t�e�n�s�i�o�n�e�d� �b�y� �t�w�o� �1�2�0� �k�i�p� �c�a�p�a�c�i�t�y� �h�y�d�r�a�u�l�i�c� �r�a�m�s� 

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

�c�o�n�n�e�c�t�e�d� �i�n� �s�e�r�i�e�s� �w�i�t�h� �a� �5�0�0� �k�i�p� �l�o�a�d� �c�e�l�l�,� �w�e�r�e� �p�l�a�c�e�d� �b�e�t�w�e�e�n� �t�h�e� �l�o�a�d� �b�e�a�m� 

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

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

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

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

�w�e�r�e� �a�l�l� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �p�o�s�i�t�i�o�n� �(�s�e�e� �F�i�g�.� �2�.�3�)�.� �I�n� �t�h�e�s�e� �t�e�s�t�s�,� �t�h�e� 

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

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

�f�r�o�m� �t�h�e� �c�a�p� �p�l�a�t�e� �o�f� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r�.� �T�e�s�t� �F�S�-�7� �w�a�s� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� 

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

�t�e�s�t� �F�S�-�7� �d�i�f�f�e�r�e�d� �f�r�o�m� �t�h�e� �o�t�h�e�r� �h�o�r�i�z�o�n�t�a�l� �t�e�s�t�s� �b�e�c�a�u�s�e� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� 

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

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

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

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

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

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

�2�.�5�.�3� �F�u�l�l� �S�c�a�l�e� �T�e�s�t� �P�r�o�c�e�d�u�r�e�s� 

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

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

�w�h�e�r�e� �o�n�l�y� �a�x�i�a�l� �l�o�a�d�s� �w�e�r�e� �a�p�p�l�i�e�d� �(�F�S�-�1�,� �F�S�-�2�,� �F�S�-�3�,� �F�S�-�7�)�,� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� 

�l�o�a�d� �(�l�e�s�s� �t�h�a�n� �5� �k�i�p�s�)� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� �p�i�p�e�,� �a�n�d� �t�h�e�n� �r�e�l�e�a�s�e�d�,� �t�o� �s�e�a�t� �t�h�e� 

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

�I�n� �t�h�o�s�e� �t�e�s�t�s� �i�n� �w�h�i�c�h� �l�a�t�e�r�a�l� �l�o�a�d� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �(�F�S�-�4�,� �F�S�-�5�,� 

�F�S�-�6�)�,� �t�h�e� �l�a�t�e�r�a�l� �l�o�a�d�s� �w�e�r�e� �i�m�p�o�s�e�d� �o�n� �t�h�e� �c�o�n�d�u�c�t�o�r� �a�s� �t�e�s�t�i�n�g� �b�e�g�a�n�,� �p�r�i�o�r� �t�o� 

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

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

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

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

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

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

�I�n� �g�e�n�e�r�a�l�,� �a�x�i�a�l� �l�o�a�d�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �i�n� �1�0� �k�i�p� �i�n�c�r�e�m�e�n�t�s� �i�n�i�t�i�a�l�l�y�.� �T�h�e�s�e� 

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

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

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

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

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

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

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �e�a�c�h� �f�u�l�l� �s�c�a�l�e� �t�e�s�t� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�2�.� 
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�L�e�n�g�t�h� �L�a�t�e�r�a�l� �L�a�t�e�r�a�l� �M�a�p�p�l�i�e�d�/� �M�p� 
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�F�S�-�1� �1�5�.�1�7� �~� �V�e�r�t�i�c�a�l� �N�o� �-�-� �-�-� 

�F�S�-�2� �1�5�.�0�0� �V�e�r�t�i�c�a�l� �N�o� �-�-� �-�-� 

�F�S�-�3� �1�3�.�9�2� �V�e�r�t�i�c�a�l� �N�o� �-�-� �-� 

�F�S�-�4� �1�3�.�0�0� �H�o�r�i�z�o�n�t�a�l�*� �Y�e�s� �9�2�0� �0�.�4�4� 

�F�S�-�5� �1�3�.�0�0� �H�o�r�i�z�o�n�t�a�l�*� �Y�e�s� �1�7�2�0� �0�.�7�8� 

�F�S�-�6� �1�3�.�0�0� �H�o�r�i�z�o�n�t�a�l�*� �Y�e�s� �4�8�1� �0�.�2�6� 

�F�S�-�7� �1�6�.�0�0� �H�o�r�i�z�o�n�t�a�l�*�*� �N�o� �-�-� �-�-� 
� � 

�*�S�i�m�p�l�e� �C�a�n�t�i�l�e�v�e�r� 
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� 



�C�H�A�P�T�E�R� �I�l� 

�E�X�P�E�R�I�M�E�N�T�A�L� �R�E�S�U�L�T�S� 

�3�.�1� �G�e�n�e�r�a�l� 

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

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

�d�e�r�i�v�e�d� �f�o�r� �t�h�e� �m�a�t�e�r�i�a�l�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �0�.�2�%� �o�f�f�s�e�t� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �y�i�e�l�d� 

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

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

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

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

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

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

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

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

�t�e�s�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�n� �F�S�-�4�,� �F�S�-�5�,� �a�n�d� �F�S�-�6�,� �t�h�e� �m�e�t�h�o�d� �p�r�o�d�u�c�e�d� �b�e�n�d�i�n�g� 

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

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

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

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

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

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

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

�b�e�n�d�i�n�g� �m�o�m�e�n�t�s� �a�r�e� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �a�t� �v�a�r�i�o�u�s� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �o�f� �t�h�e� �p�i�p�e�.� 
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�M�l�~ � ��_�.�s�T�R�A�I�N� �G�A�G�E�S� 
� � 

�M�e� �M�4� 

� � � � 
� � 

�M�3� 

�1�2� �F�o�r� �a� �g�i�v�e�n� �l�o�a�d� �p�o�i�n�t�,� �c�o�n�v�e�r�t� �m�e�a�s�u�r�e�d� �s�t�r�a�i�n�s� �(�M�l�  �� �M�4�)� �i�n�t�o� �s�t�r�e�s�s�e�s� 
�(�S�i� �-� �$�4�)� �u�s�i�n�g� �m�a�t�e�r�t�a�l ��s� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�l�a�t�i�o�n�s�h�i�p� 

�2�)� �A�v�e�r�a�g�e� �t�h�e� �4� �s�t�r�e�s�s�e�s� �t�o� �o�b�t�a�i�n� �t�h�e� �s�t�r�e�s�s� �d�u�e� �t�o� �a�x�i�a�l� �l�o�a�d� 

�(�S�$�1�+�S�2�+�S�3�4�+�3�4�)�/�4� �=� �S� �a�x�t�a�l� 

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

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

�B�l� �=� �S�i� �-� �S�C�a�x�i�a�l�d� 
�B�e� �=� �$�2� �-� �S�a�x�i�a�l�d� 
�B�3� �=� �$�3� �-� �S�t�C�a�x�i�a�l�d� 
�B�4� �=� �$�4� �-� �S�C�a�x�i�a�l�d� 

�4�)� �D�e�t�e�r�m�i�n�e� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�s�s� �d�u�e� �t�o� �b�e�n�d�i�n�g� �a�t� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �b�y� 

�2� �2� �I� �e�e�  �� �[�s�e�-�8�|� �=� �S�t�m�a�x�)� 

�5�)�?� �C�o�n�v�e�r�t� �S�(�m�a�x�)� �t�o� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �b�y� 
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�S�o�m�e� �o�f� �t�h�e� �t�e�r�m�i�n�o�l�o�g�y� �u�s�e�d� �i�n� �t�h�e� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �t�h�e� �t�e�s�t� �r�e�s�u�l�t�s� �s�h�o�u�l�d� 

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

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

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

�u�n�d�e�r� �a� �s�e�r�v�i�c�e� �l�o�a�d�.� �S�t�a�b�i�l�i�t�y�,� �a�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �S�S�R�C� �(�G�a�l�a�m�b�o�s� �1�9�8�8�)�,� �i�s� �"�t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�t�a�b�i�l�i�t�y�.� 

�3�.�2� �S�t�u�b� �C�o�l�u�m�n� �R�e�s�u�l�t�s� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�t�u�b� �c�o�l�u�m�n� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �6�-�5�/�8� �i�n�.� �o�u�t�e�r� 

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

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

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

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

�2�0�1� �k�i�p�s� �a�n�d� �2�1�0� �k�i�p�s�.� 

�3�.�3� �T�e�n�s�i�l�e� �C�o�u�p�o�n� �R�e�s�u�l�t�s� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�e�n�s�i�l�e� �c�o�u�p�o�n� �t�e�s�t�s� �o�f� �t�h�e� �6�-�5�/�8� �i�n�.� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�e�r�e� 

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

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

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

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

�O�b�s�e�r�v�e�d� �v�a�l�u�e�s� �o�f� �t�h�e� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y� �r�a�n�g�e�d� �f�r�o�m� �2�9�5�4�0� �k�s�i� �t�o� �3�2�8�2�0� �k�s�i�.� 

�T�e�n�s�i�l�e� �c�o�u�p�o�n� �t�e�s�t�s� �o�n� �t�h�e� �3�-�1�/�2� �i�n�.� �i�n�n�e�r� �c�a�s�i�n�g� �s�h�o�w�e�d� �t�h�a�t� �i�t� �h�a�d� �a� 

�m�u�c�h� �s�h�a�r�p�e�r� �y�i�e�l�d� �p�o�i�n�t� �t�h�a�n� �t�h�e� �6�-�5�/�8� �i�n�.� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r�.� �A� �t�y�p�i�c�a�l� �s�t�r�e�s�s�-� 

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

�y�i�e�l�d� �p�o�i�n�t� �o�b�s�e�r�v�e�d� �w�i�t�h� �t�h�e� �3�-�1�/�2� �i�n�.� �p�i�p�e� �w�a�s� �e�x�p�e�c�t�e�d� �s�i�n�c�e� �t�h�e� �p�i�p�e� �w�a�s� �h�o�t�-� 

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

�3�.�4� �R�e�s�i�d�u�a�l� �S�t�r�e�s�s� �D�e�t�e�r�m�i�n�a�t�i�o�n� 

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

�t�h�e� �i�n�s�i�d�e� �a�n�d� �o�u�t�s�i�d�e� �s�u�r�f�a�c�e�s� �o�f� �a� �s�e�c�t�i�o�n� �o�f� �6�-�5�/�8� �i�n�.� �p�i�p�e�.� �T�h�e� �g�a�g�e�s� �w�e�r�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�3�.�5� �M�o�d�e�l� �T�e�s�t� �R�e�s�u�l�t�s� 

�R�e�s�u�l�t�s� �o�f� �m�o�d�e�l� �t�e�s�t� �1� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�5� �a�n�d� �F�i�g�.� �3�.�6�.� �M�o�d�e�l� �t�e�s�t� �2� 

�r�e�s�u�l�t�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�.� �3�.�7� �a�n�d� �F�i�g�.� �3�.�8�.� 

�3�.�5�.�1� �M�o�d�e�l� �T�e�s�t� �1� 

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

�m�o�d�e�l� �c�o�n�d�u�c�t�o�r� �s�y�s�t�e�m� �i�n� �i�n�c�r�e�m�e�n�t�s� �t�o� �a� �m�a�x�i�m�u�m� �l�o�a�d� �o�f� �3�1� �k�i�p�s�.� �T�h�e� �m�o�d�e�l� 

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

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

�a�m�o�u�n�t�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�5�.� �H�o�w�e�v�e�r�,� �a�t� �n�o� �p�o�i�n�t� �d�i�d� �t�h�e� �s�y�s�t�e�m� �a�p�p�e�a�r� �t�o� �b�e� 

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

�o�f� �3�1� �k�i�p�s�.� �T�h�e� �m�a�x�i�m�u�m� �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� �o�f� �t�h�e� �t�i�p� �o�f� �t�h�e� �o�u�t�e�r� 

�c�o�n�d�u�c�t�o�r� �w�a�s� �2�.�2�8� �i�n�.� �T�h�e� �m�a�x�i�m�u�m� �o�b�s�e�r�v�e�d� �v�e�r�t�i�c�a�l� �d�e�f�l�e�c�t�i�o�n� �o�f� �t�h�e� �t�i�p� �o�f� �t�h�e� 

�o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� �0�.�6�8� �i�n�.� 
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�A�s� �s�e�e�n� �i�n� �F�i�g�.� �3�.�6�,� �s�o�m�e� �b�e�n�d�i�n�g� �d�u�e� �t�o� �e�c�c�e�n�t�r�i�c�i�t�y� �o�f� �t�h�e� �a�x�i�a�l� �l�o�a�d� �w�a�s� 

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

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

�a�x�i�a�l� �l�o�a�d� �w�a�s� �e�c�c�e�n�t�r�i�c� �b�y� �s�o�m�e� �d�i�s�t�a�n�c�e�.� �T�h�e� �d�o�t�t�e�d� �l�i�n�e� �i�n� �F�i�g�.� �3�.�6� �r�e�p�r�e�s�e�n�t�s� 

�t�h�e� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �a�x�i�a�l� �l�o�a�d� �b�e�i�n�g� �0�.�1�2�8� �i�n�.� �e�c�c�e�n�t�r�i�c�.� �T�h�i�s� 

�d�i�s�t�a�n�c�e� �(�0�.�1�2�8� �i�n�.�)� �i�s� �t�h�e� �a�n�n�u�l�u�s� �t�h�a�t� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �t�h�e� �1�-�1�/�4� �i�n�.� �s�c�h�e�d�u�l�e� 

�4�0� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �p�i�p�e� �a�n�d� �t�h�e� �1�-�1�/�8� �i�n�.� �i�n�n�e�r� �c�a�s�i�n�g� �r�o�d�.� �B�e�c�a�u�s�e� �t�h�e� �b�e�n�d�i�n�g� 

�m�o�m�e�n�t�,� �c�o�m�p�u�t�e�d� �f�r�o�m� �m�e�a�s�u�r�e�d� �s�t�r�a�i�n�s�,� �e�x�c�e�e�d�s� �t�h�e� �v�a�l�u�e� �0�.�1�2�8�P� �a�t� �s�o�m�e� 

�p�o�i�n�t�s�,� �t�h�e� �a�x�i�a�l� �l�o�a�d� �m�u�s�t� �b�e� �e�c�c�e�n�t�r�i�c� �b�y� �a� �d�i�s�t�a�n�c�e� �g�r�e�a�t�e�r� �t�h�a�n� �0�.�1�2�8� �i�n�.� 

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

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

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

�A�s� �s�e�e�n� �i�n� �F�i�g�.� �3�.�6�,� �t�h�e� �m�e�a�s�u�r�e�d� �b�e�n�d�i�n�g� �m�o�m�e�n�t�s� �o�n� �t�h�e� �o�u�t�e�r� 

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

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

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

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

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

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

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

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

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

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

�A�n�y� �f�u�r�t�h�e�r� �l�a�t�e�r�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �n�e�c�e�s�s�i�t�a�t�e�d� �t�h�e� �d�e�f�l�e�c�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �i�n�n�e�r� 
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�3�.�5�.�2� �M�o�d�e�l� �T�e�s�t� �2� 

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

�i�n�c�r�e�m�e�n�t�s� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�4� �k�i�p�s�.� �W�i�t�h�i�n� �t�h�i�s� �r�a�n�g�e�,� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� 

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

�t�h�e� �c�o�n�d�u�c�t�o�r� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �a�x�i�a�l� �l�o�a�d� �(�s�e�e� �F�i�g�.� �3�.�7�)�.� �W�i�t�h�i�n� �t�h�i�s� 

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

�i�n�c�r�e�a�s�e�d� �r�o�u�g�h�l�y� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �a�x�i�a�l� �l�o�a�d� �(�s�e�e� �F�i�g�.� �3�.�8�)�.� 

�H�o�w�e�v�e�r�,� �a�f�t�e�r� �r�e�a�c�h�i�n�g� �a�n� �a�x�i�a�l� �l�o�a�d� �o�f� �2�4�.�5�2� �k�i�p�s� �a�t� �l�o�a�d� �p�o�i�n�t� �2�6�,� �t�h�e� 

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

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

�c�o�n�d�u�c�t�o�r� �d�r�o�p�p�e�d� �a�f�t�e�r� �l�o�a�d� �p�o�i�n�t� �2�6�,� �t�h�e� �c�o�m�p�u�t�e�d� �b�e�n�d�i�n�g� �m�o�m�e�n�t�s� �i�n� �t�h�e� 

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

�c�o�n�d�u�c�t�o�r� �b�u�c�k�l�e�d� �l�a�t�e�r�a�l�l�y�.� 

�A�f�t�e�r� �t�h�e� �a�x�i�a�l� �l�o�a�d� �d�r�o�p�p�e�d� �t�o� �2�3�.�7�8� �k�i�p�s�,� �t�h�e� �c�o�n�d�u�c�t�o�r� �s�y�s�t�e�m� �b�e�g�a�n� �t�o� 

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

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

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

�t�h�e� �t�e�s�t� �w�a�s� �s�t�o�p�p�e�d� �a�t� �a� �l�o�a�d� �o�f� �3�2�.�0�5� �k�i�p�s�.� 

�3�.�6� �F�u�l�l� �S�c�a�l�e� �T�e�s�t� �R�e�s�u�l�t�s� 

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

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

�-� �m�a�t�e�r�i�a�l� �s�t�r�e�s�s�-�s�t�r�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� 

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

�-� �l�o�a�d� �v�s�.� �c�o�m�p�u�t�e�d� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �p�l�o�t�s� 
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�3�.�6�.�1� �T�e�s�t� �F�S�-�1� 

�D�e�t�a�i�l�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�e�s�t� �F�S�-�1� �a�r�e� �f�o�u�n�d� �i�n� �A�p�p�e�n�d�i�x� �A�.� �T�h�e� �o�u�t�e�r� 

�c�o�n�d�u�c�t�o�r� �s�p�e�c�i�m�e�n� �u�s�e�d� �i�n� �F�S�-�1� �w�a�s� �1�5�.�1�7� �f�t�.� �i�n� �l�e�n�g�t�h� �a�n�d� �w�a�s� �t�e�s�t�e�d� �i�n� �t�h�e� 

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

�l�o�a�d� �w�a�s� �a�p�p�l�i�e�d�.� 

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

�r�e�a�c�h�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9�0� �k�i�p�s�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �l�o�a�d� �w�a�s� �i�n�c�r�e�a�s�e�d� �i�n� �s�m�a�l�l�e�r� 

�i�n�c�r�e�m�e�n�t�s�.� �T�h�e� �s�y�s�t�e�m� �r�e�a�c�h�e�d� �a� �r�e�l�a�t�i�v�e� �m�a�x�i�m�u�m� �l�o�a�d� �o�f� �1�0�7�.�6� �k�i�p�s� �a�t� �l�o�a�d� 

�p�o�i�n�t� �2�6�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �s�y�s�t�e�m� �b�e�g�a�n� �t�o� �l�o�s�e� �i�t�s� �l�o�a�d� �c�a�r�r�y�i�n�g� �c�a�p�a�c�i�t�y�.� �T�h�e� 

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

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

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

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

�b�e�n�d�i�n�g� �m�o�m�e�n�t� �o�v�e�r� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �f�o�r� �l�o�a�d� �p�o�i�n�t� �2�6�,� 

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

�o�b�s�e�r�v�e�d� �i�n� �F�S�-�1� �i�s� �d�e�t�e�r�m�i�n�e�d� �(�s�e�e� �F�i�g�.� �A�.�4�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a�s� �s�e�e�n� �i�n� �p�l�o�t�s� �o�f� 

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

�A�p�p�.� �A�)�,� �t�h�e� �b�e�n�d�i�n�g� �m�o�m�e�n�t� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �l�o�a�d� �d�r�o�p�p�e�d� �a�f�t�e�r� �l�o�a�d� �p�o�i�n�t� �2�6�.� 

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

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

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

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

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

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

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

�a�x�i�a�l� �l�o�a�d� �o�f� �1�4�4�.�6� �k�i�p�s�.� �T�h�e� �t�e�s�t� �w�a�s� �s�t�o�p�p�e�d� �d�u�e� �t�o� �e�x�c�e�s�s�i�v�e� �d�e�f�l�e�c�t�i�o�n�s� �a�n�d� 

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�3�.�9� �i�n�.� 

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

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

�m�o�m�e�n�t� �d�u�e� �t�o� �t�h�e� �a�x�i�a�l� �l�o�a�d� �b�e�i�n�g� �e�c�c�e�n�t�r�i�c� �b�y� �1�.�3�7� �i�n�.� �T�h�e� �v�a�l�u�e� �o�f� �1�.�3�7� �i�n�.� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�n�n�u�l�u�s� �b�e�t�w�e�e�n� �t�h�e� �6�-�5�/�8� �i�n�.� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �a�n�d� �t�h�e� �3�-�1�/�2� �i�n�.� 

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

�(�1�9�8�0�)�,� �t�h�e� �a�x�i�a�l� �l�o�a�d� �t�i�m�e�s� �1�.�3�7� �i�n�.� �(�1�.�3�7� �P�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �d�e�s�i�g�n� �i�n�t�e�r�n�a�l� 

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

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

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

�3�.�6�.�2� �T�e�s�t� �F�S�-�2� 

�D�e�t�a�i�l�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�e�s�t� �F�S�-�2� �a�r�e� �g�i�v�e�n� �i�n� �A�p�p�.� �B�.� �I�n� �t�e�s�t� �F�S�-�2�,� �t�h�e� �o�u�t�e�r� 

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

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

�b�e� �t�h�e� �s�a�m�e� �a�s� �t�e�s�t� �F�S�-�1� �e�x�c�e�p�t� �f�o�r� �c�o�n�d�u�c�t�o�r� �l�e�n�g�t�h�.� 

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

�r�e�l�a�t�i�v�e� �m�a�x�i�m�u�m� �l�o�a�d� �o�f� �1�0�8�.�8� �k�i�p�s� �w�a�s� �r�e�a�c�h�e�d� �a�t� �l�o�a�d� �p�o�i�n�t� �1�4�.� �T�h�i�s� �w�a�s� 

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

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

�c�o�n�d�u�c�t�o�r� �f�o�r� �l�o�a�d� �p�o�i�n�t� �1�4� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t�i�v�e� �l�e�n�g�t�h� �f�o�r� �t�h�e� �b�u�c�k�l�i�n�g� 

�m�o�d�e� �o�f� �F�S�-�2� �(�s�e�e� �F�i�g�.� �B�.�4�)�.� 

�A�f�t�e�r� �r�e�a�c�h�i�n�g� �1�0�8�.�8� �k�i�p�s� �o�f� �a�x�i�a�l� �l�o�a�d� �a�t� �l�o�a�d� �p�o�i�n�t� �1�4�,� �t�h�e� �a�x�i�a�l� �l�o�a�d� �o�n� �t�h�e� 

�o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �d�r�o�p�p�e�d� �o�f�f� �t�o� �1�0�6�.�4� �k�i�p�s�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �h�a�d� 

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

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

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

�T�h�e� �a�x�i�a�l� �l�o�a�d� �o�n� �t�h�e� �s�y�s�t�e�m� �r�e�a�c�h�e�d� �a� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �1�6�8�.�9� �k�i�p�s�,� �a�t� 

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

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

�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� �o�f� �t�h�e� �t�i�p� �o�f� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� �3�3�.�2� �i�n�.� �U�p�o�n� 

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

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

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

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

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

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

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

�3�.�6�.�3� �T�e�s�t� �F�S�-�3� 

�A�p�p�e�n�d�i�x� �C� �c�o�n�t�a�i�n�s� �d�e�t�a�i�l�e�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�e�s�t� �F�S�-�3�.� �T�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� 

�u�s�e�d� �i�n� �t�e�s�t� �F�S�-�3� �w�a�s� �1�3�.�9� �f�t�.� �i�n� �l�e�n�g�t�h� �a�n�d� �w�a�s� �t�e�s�t�e�d� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �p�o�s�i�t�i�o�n�.� 

�A�x�i�a�l� �l�o�a�d� �o�n�l�y� �w�a�s� �a�p�p�l�i�e�d� �i�n� �t�h�i�s� �t�e�s�t�.� �T�e�s�t� �F�S�-�3� �d�i�f�f�e�r�e�d� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �t�w�o� 

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

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

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

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

�c�a�s�i�n�g� �p�a�s�s�e�d�.� 

�U�n�l�i�k�e� �t�e�s�t�s� �F�S�-�1� �a�n�d� �F�S�-�2�,� �t�e�s�t� �F�S�-�3� �d�i�d� �n�o�t� �r�e�a�c�h� �a� �r�e�l�a�t�i�v�e� �m�a�x�i�m�u�m�,� �o�r� 

�f�i�r�s�t� �p�e�a�k�,� �l�o�a�d�.� �H�o�w�e�v�e�r�,� �a�s� �s�e�e�n� �i�n� �F�i�g�.� �C�.�5�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �a�p�p�e�a�r�e�d� �t�o� 

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

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

�f�i�r�s�t� �o�b�s�e�r�v�e�d� �a�t� �l�o�a�d� �p�o�i�n�t� �1�5� �(�P�=�1�1�0�.�4� �k�i�p�s�)�.� �A�d�d�i�t�i�o�n�a�l� �e�v�i�d�e�n�c�e� �t�h�a�t� �s�h�o�w�s� �t�h�e� 

�o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �w�a�s� �b�e�g�i�n�n�i�n�g� �t�o� �b�u�c�k�l�e� �a�t� �l�o�a�d� �p�o�i�n�t� �1�5� �i�s� �s�e�e�n� �i�n� �t�h�e� �c�o�m�p�u�t�e�d� 

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

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

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

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

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

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

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

�a�m�o�u�n�t�s� �o�f� �a�x�i�a�l� �l�o�a�d� �u�p� �t�o� �1�7�8�.�7� �k�i�p�s�,� �a�t� �w�h�i�c�h� �p�o�i�n�t� �t�h�e� �t�e�s�t� �w�a�s� �s�t�o�p�p�e�d�.� 

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

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

�c�o�n�d�u�c�t�o�r� �e�x�c�e�e�d�e�d� �4�0� �i�n�.� �w�h�e�n� �t�h�e� �t�e�s�t� �w�a�s� �s�t�o�p�p�e�d�.� 

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

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

�w�a�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �i�n�n�e�r� �c�a�s�i�n�g� �b�e�i�n�g� �e�c�c�e�n�t�r�i�c�.� �T�h�i�s� �i�n�f�l�u�e�n�c�e� �w�a�s� �e�s�p�e�c�i�a�l�l�y� 
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�e�v�i�d�e�n�t� �i�n� �t�h�e� �i�n�i�t�i�a�l� �l�o�a�d�i�n�g� �o�f� �t�h�e� �c�o�n�d�u�c�t�o�r�,� �u�p� �t�o� �l�o�a�d� �p�o�i�n�t� �1�5�.� �U�n�l�i�k�e� �t�e�s�t�s� �F�S�-� 

�1� �a�n�d� �F�S�-�2�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� �o�f� �t�e�s�t� �F�S�-�3� �b�e�g�a�n� �t�o� �d�e�f�l�e�c�t� �l�a�t�e�r�a�l�l�y� �w�h�e�n� �s�m�a�l�l� 

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

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

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

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

�t�h�e� �a�x�i�a�l� �l�o�a�d� �(�S�e�e� �A�p�p�.� �C�)�.� 

�3�.�6�.�4� �T�e�s�t� �F�S�-�4� 

�D�e�t�a�i�l�e�d� �r�e�s�u�l�t�s� �f�o�r� �t�e�s�t� �F�S�-�4� �a�r�e� �f�o�u�n�d� �i�n� �a�p�p�e�n�d�i�x� �D�.� �T�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� 

�u�s�e�d� �i�n� �F�S�-�4� �w�a�s� �1�3� �f�t�.� �i�n� �l�e�n�g�t�h� �a�n�d� �w�a�s� �t�e�s�t�e�d� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �p�o�s�i�t�i�o�n�.� �A� 

�l�a�t�e�r�a�l� �l�o�a�d� �o�f� �0�.�9�2� �k�i�p�s� �w�a�s� �a�p�p�l�i�e�d� �a�t� �t�h�e� �t�i�p� �o�f� �t�h�e� �1�3� �f�t�.� �c�a�n�t�i�l�e�v�e�r�e�d� �o�u�t�e�r� 

�c�o�n�d�u�c�t�o�r�.� 

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

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

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

�s�h�o�w�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� �F�i�g�.� �2�.�3�.� �T�h�e� �m�e�a�s�u�r�e�d� �d�e�f�l�e�c�t�i�o�n�s� �f�o�r� �t�h�e� �o�u�t�e�r� 

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

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

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

�r�o�t�a�t�i�o�n�a�l� �s�p�r�i�n�g�.� 

�A�f�t�e�r� �t�h�e� �0�.�9�2� �k�i�p�s� �o�f� �l�a�t�e�r�a�l� �l�o�a�d� �w�e�r�e� �a�p�p�l�i�e�d�,� �t�h�e� �a�x�i�a�l� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� 

�u�n�t�i�l� �f�a�i�l�u�r�e�.� �A�s� �i�n� �t�e�s�t� �F�S�-�3�,� �a� �r�e�l�a�t�i�v�e� �m�a�x�i�m�u�m� �o�r� �f�i�r�s�t� �p�e�a�k� �i�n� �t�h�e� �a�x�i�a�l� �l�o�a�d� �d�i�d� 

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

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

�a�t� �l�o�a�d� �p�o�i�n�t� �1�5� �(�P�=�8�2�.�7� �k�i�p�s�)�.� �S�o�m�e� �a�n�a�l�y�s�i�s� �r�e�g�a�r�d�i�n�g� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �o�u�t�e�r� 

�c�o�n�d�u�c�t�o�r� �a�t� �l�o�a�d� �p�o�i�n�t� �1�5� �m�a�y� �b�e� �w�a�r�r�a�n�t�e�d�.� 

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

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

�m�a�x�i�m�u�m� �l�o�a�d� �o�f� �1�4�5�.�5� �k�i�p�s� �w�a�s� �r�e�a�c�h�e�d�.� �T�h�e� �t�e�s�t� �w�a�s� �s�t�o�p�p�e�d� �d�u�e� �t�o� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0� �i�n�.� 

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

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

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

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

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

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

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

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

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

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

�b�e�i�n�g� �a�n�a�l�y�z�e�d�.� 

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

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

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

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

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

�3�.�6�.�5� �T�e�s�t� �F�S�-�5� 

�D�e�t�a�i�l�e�d� �r�e�s�u�l�t�s� �f�o�r� �t�e�s�t� �F�S�-�5� �a�r�e� �f�o�u�n�d� �i�n� �a�p�p�e�n�d�i�x� �E�.� �A�s� �i�n� �F�S�-�4�,� �t�h�e� 

�s�p�e�c�i�m�e�n� �f�o�r� �t�e�s�t� �F�S�-�5� �w�a�s� �1�3� �f�t�.� �i�n� �l�e�n�g�t�h� �a�n�d� �w�a�s� �t�e�s�t�e�d� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� 

�p�o�s�i�t�i�o�n�.� �A� �t�o�t�a�l� �l�o�a�d� �o�f� �1�.�7�2� �k�i�p�s� �w�a�s� �h�u�n�g� �f�r�o�m� �t�h�e� �t�i�p� �o�f� �t�h�e� �c�a�n�t�i�l�e�v�e�r�e�d� �o�u�t�e�r� 

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

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

�W�i�t�h� �1�.�7�2� �k�i�p�s� �o�f� �w�e�i�g�h�t� �a�p�p�l�i�e�d� �l�a�t�e�r�a�l�l�y� �t�o� �t�h�e� �c�o�n�d�u�c�t�o�r�,� �t�h�e� �o�u�t�e�r� �c�o�n�d�u�c�t�o�r� 

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

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

�d�e�f�l�e�c�t�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�.�8� �i�n�.� �a�t� �t�h�e� �t�i�p� �o�f� �t�h�e� �c�a�n�t�i�l�e�v�e�r�.� 

�A�f�t�e�r� �t�h�e� �1�.�7�2� �k�i�p�s� �o�f� �l�a�t�e�r�a�l� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d�,� �a�x�i�a�l� �l�o�a�d� �w�a�s� �i�n�c�r�e�m�e�n�t�a�l�l�y� 

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

�o�f� �t�h�e� �i�n�n�e�r� �c�a�s�i�n�g� �u�p� �u�n�t�i�l� �l�o�a�d� �p�o�i�n�t� �1�2� �(�P�=�4�3�.�5� �k�i�p�s�)�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �o�u�t�e�r� 

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

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

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

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

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

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

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

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

�p�o�i�n�t� �2�4� �(�P�=�1�0�0�.�8� �k�i�p�s�)� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�6�.�5� �i�n�.� �A�f�t�e�r� �t�h�e� �l�o�c�a�l� �b�u�c�k�l�e� �h�a�d� 
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