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(Abstract) 

In addressing the need for a site specific corrosion 

model for concrete structures, Bazant’s time to first 

cracking model was used as the basis for an experimental 

research study. The theoretical model, which expresses the 

time to first cracking as a function of the corrosion rate 

and physical properties of the reinforced concrete, was 

never experimentally validated. This research study focuses 

on examining Bazant’s model and its validity using 

commercially available corrosion rate measuring devices. 

With validation of the model, the present condition of the 

structure could be assessed, damage rate predicted, and 

repair or rehabilitation methods selected. 

The experimental program examined 18 test blocks and 52 

test slabs constructed to simulate sections of a reinforced 

concrete bridge deck. The test blocks and slabs contained a 

Single layer of electronically isolated steel reinforcement 

embedded below the surface of the specimens. The design 

variables included cover depth, bar spacing, bar diameter,



and corrosion rate. Six chloride concentrations 0.0 to 9.6 

lb/yd? (0.0 to 5.7 kg/m’) added directly to the fresh 

concrete were used to vary the corrosion rate. Two 

environmental conditions were also considered: outdoors in 

Blacksburg, Virginia and indoors with near constant moisture 

and temperature. The slabs were designed with two 

reinforcing mats. The lower mat of fiberglass reinforcement 

was placed in both directions and the upper mat was one 

layer of fiberglass and one layer of steel. Thus, the 

corrosion rate a single layer of electrically isolated steel 

bars was monitored. 

The corrosion rates were monitored from the date of 

casting for approximately one year using the 3LP and Gecor 

corrosion rate devices. The amount of metal loss of the 

bars was determined both destructively and non-destructively 

to allow a comparison between the two. The metal losses 

were compared to the predictions made according to Bazant’s 

equations as well as to other existing time to first 

cracking criteria to determine their validity. Tests were 

performed to verify the chloride contents of the slabs. The 

effect of temperature on the corrosion rate was also 

investigated. Preliminary results indicate that temperature 

strongly influences the corrosion rate. 

To date no cracks have formed in the surface of the 

test specimens. The corrosion rate of the slabs has been



progressing at a maximum rate of 1.24 mils/yr (31.5 

microns/yr) for over one year. The test blocks and slabs 

are to be monitored until cracking occurs at which time 

Bazant’s model will be either validated or adjusted to 

reflect the predictions derived from the commercially 

available corrosion rate devices used in this experimental 

program. Additional tests must also be performed to further 

quantify the effects of temperature and other variables.
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1.0 INTRODUCTION 

1.1 General Background 

The United States has approximately 575,000 bridges on 

the Federal Aid Highway System. According to the United 

States Department of Transportation, 39 percent of the 

bridges are structurally deficient or functionally obsolete 

(1). As a result, it will cost 4.2 billion dollars per year 

to keep up with the rapidly deteriorating infrastructure 

(2). 

Bridges are a crucial link in our transportation 

system. Without them, it would be virtually impossible to 

travel even a short distance without encountering some form 

of obstruction such as a body of water or terrain obstacle. 

Therefore, bridges must be repaired, rehabilitated or 

replaced according to use and degree of deterioration. In 

addition, a preventative maintenance program should be 

implemented to assess deterioration and monitor condition 

changes of the structures. Bridge maintenance, repair, 

rehabilitation and replacement programs would be greatly 

assisted by site specific deterioration prediction models. 

Bridge assessment teams using the prediction models, 

construction data and non-destructive testing methods could 

then routinely analyze and classify the condition of 

specific bridges. The functional service life of a bridge



could be predicted and thus, the bridge could be scheduled 

for maintenance, repair and rehabilitation activities and 

future resources could be allocated. The corrosion 

deterioration model of concrete bridges is the research 

focus of the Structures Research Program within the 

Strategic Highway Research Program (4). 

1.2 The Deterioration Model 

Cady and Weyers (22) have developed an empirical model 

to predict the service life of reinforced concrete bridges. 

The corrosion deterioration model is applicable to concrete 

bridge decks exposed to applications of deicer salts. The 

model has been broken into four major components; chloride 

penetration through cracks and diffusion, corrosion and 

deterioration, see Figure 1. 

The first stage of the model begins upon placement of 

the deck concrete. Construction procedures and 

imperfections typically result in the formation of small 

cracks in the concrete surface. These cracks, typically 

subsidence cracks or plastic shrinkage cracks, exist in some 

portion of the surface area of the deck. With the first 

application of deicer salts in the winter months, the 

subsidence cracks allow chlorides to penetrate to the depth 

of the reinforcing steel. 

The second stage of this model is the diffusion period 

2
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in which the chloride ions slowly penetrate the cover 

concrete to the top mat of steel reinforcement. 

When the chloride concentration reaches the threshold 

level required to break down the passive layer of gamma iron 

oxide, the third stage, or corrosion period begins. The 

corrosion period continues until the expansion of the 

corrosion products creates sufficient pressure to crack the 

concrete. 

As the crack propagates to the surface or between the 

bars, the structure enters the fourth phase of the model, or 

the deterioration phase. In this phase, spalling of the 

cover concrete increases almost linearly until the level of 

physical deterioration significantly impairs the riding 

surface quality. At this point, the bridge has reached the 

end of its functional service life and the structure is 

repaired, rehabilitated or replaced. 

The purpose of this investigation is to further define 

the time between the initiation of corrosion and the time to 

first cracking of the concrete. A theoretical model for the 

time to cracking was developed by Bazant (3). The time to 

cracking is presented as a function of the cover depth, bar 

diameter, bar spacing, corrosion rate, concrete tensile 

strength, modulus of elasticity of the concrete, and 

Poisson’s ratio of the concrete. A sensitivity analysis was 

performed on Bazant’s model to determine the importance of



the variables relative to bridge decks. It was found that 

the corrosion rate was the dominant variable and that above 

0.2 mA/ft* (0.2 uA/cm’) cracking would occur between one and 

two years. However, Bazant’s theoretical equations were 

never experimentally validated (4). To use Bazant’s 

theoretical equations in a field performance model, the 

equations must be validated so that the time to cracking can 

be estimated from field corrosion rate measurements. Field 

corrosion measurement devices must be precise, robust, 

commercially available and simplistic in operation. It is 

hoped that by determining the corrosion rate and the 

diffusion of a specific bridge deck, a time to cracking 

period can be determined. 

1.3. Scope of Study 

The experimental program consists of two test phases: 

T) Preliminary Test Blocks 

II) Primary Test Blocks/Slabs 

The preliminary test blocks were cast with a single steel 

bar and with different chloride concentrations incorporated 

directly into the fresh concrete mixture. These specimens 

were used to determine the appropriate chloride contents to 

be used in the primary test blocks/slabs. 

The primary test blocks were the same as the 

preliminary blocks except for slightly different chloride



concentrations. The primary blocks provided information on 

the polarization area effects on the corrosion rate 

measurements by having a known area of exposed steel. They 

also provided information as to the state of corrosion in 

the slabs as the experimental program progressed. 

The test slabs were designed to simulate segments of a 

typical bridge deck. Corrosion rate measurements are to be 

taken on these slabs until first cracking occurs to 

determine the amount of metal loss required to cause 

corrosion cracking. 

Upon cracking of the specimens, an analysis could be 

performed using the theoretical equations set forth by 

Bazant and these equations would be either validated or 

modified to accept the corrosion rates provided by the 

commercially available devices. 

In the event that cracking of the primary test slabs is 

not achieved, the metal loss determined by the integration 

of the corrosion rate versus time curve will be compared to 

existing time to cracking criteria and to results of 

destructive corrosion assessment techniques to determine the 

accuracy of the devices. All variables influencing the 

corrosion rate such as temperature, exposure condition and 

chloride content will be identified and accounted for.



2.0 BACKGROUND 

2.1 Concrete 

According to Metha, “Portland cement concrete is 

presently the most widely used manufactured material." He 

goes on to state that there are three reasons for the 

overwhelming demand for this product; "First, concrete 

possesses excellent resistance to water..., second is the 

ease with which structural concrete can be formed into a 

variety of shapes and sizes..., third... it is usually the 

cheapest and most readily available material on the job" 

(5). All of these statements help to explain why reinforced 

concrete is a popular choice in bridge design. 

Concrete is basically a mixture of two components: 

aggregates and paste. The paste, comprised of portland 

cement and water, binds the aggregates into a rocklike mass. 

The paste hardens because of chemical reactions between the 

cement and water (6). 

The portland cement included in the paste is a finely 

pulverized combination of about 80 percent carbonated lime 

and 20 percent clay. It develops strength as a result of 

the formation of calcium silicate hydrates in the hydration 

of the cement with the addition of water. These calcium 

Silicate hydrates make up 50 to 60 percent of the total 

volume of the hydrated paste. Also formed are calcium



hydroxide and calcium sulfo-aluminates which constitute 20 

to 25 percent and 15 to 20 percent of the total volume 

respectively (5). 

The word “aggregate" refers to any combination of sand, 

gravel or crushed stone in its natural or processed state 

(7). The term "aggregate" may be broken into two sub-terms: 

fine aggregate and coarse aggregate. Fine aggregate is 

considered to be any material that passes a 3/8 in. (0.953 

cm) sieve, and essentially all of which passes a No. 4 sieve 

(0.187 in. (0.475 cm) square opening) and is predominantly 

retained on the No. 200 sieve (0.0029 in. (0.0053 cm) square 

opening). Coarse aggregate is generally considered to be 

crushed stone or gravel, almost all of which is retained on 

a No. 4 sieve (8). 

Although concrete is a hard, dense material, it does 

contain pores which are interconnected throughout. This 

extensive network leads to the inherent permeability of the 

concrete to both liquids and gasses (9). Some of these 

pores are comprised of air voids and some, the capillary 

pores, contain the pore water solution of the concrete. 

Although most concrete contains a number of air voids, it is 

sometimes necessary to incorporate additional air by means 

of an air entraining agent. The capillary pores are of 

critical importance because both the initiators (chlorides 

or CO,) and the supporters (such as oxygen) of the corrosion 

8



process diffuse through the concrete capillary pores. 

2.2 Corrosion 

2.2.1 Corrosion Mechanisms of Steel 

Corrosion of metals may exist in many forms and may be 

produced by several mechanisms. The corrosion of steel by 

acid attack or direct oxidation (burning) can occur. 

However, such corrosion is of little concern in terms of 

steel in concrete (10). 

It is well known that the corrosion of base metals in 

aqueous environments proceeds by an electrochemical 

mechanism (11). Brown et al state, "an electrochemical 

reaction involves metals, chemicals, and water that combine 

to form cells capable of generating electricity as a source 

of energy" (12). These cells are comprised of 3 basic 

parts; a reactive metal which oxidizes according to the 

reaction: 

M-~ M®* + ne- (1) 

where, 

M a metal 

n= # of valence electrons 

to form soluble ions, a reducible substance which provides 

the cathodic reactant, and an electrolyte which allows ions 

to move between the anodic and cathodic sites. These cells



operate proportionally to Ohm’s Law which states, "the 

amount of flowing current (corrosion loss) decreases as the 

resistance of the circuit increases and the current flow 

increases as the potential difference between the anode and 

the cathode increases. Thus, the amount of corrosion 

experienced is proportional to the electrolyte’s ability to 

react, the potential difference between the anode and the 

cathode, and the amount of resistance in the external metal 

circuit" (13). 

As mentioned in Ohm’s Law, the electrolyte has a 

profound effect on the rate of corrosion. The electrolyte 

is influenced by such factors as ionization, resistivity, pH 

and temperature. 

The flow of electricity through an electrolyte is 

governed by the presence of tiny charged particles called 

ions which form the basis for the conversion of metals into 

corrosion products. The removal of an electron yields a 

positively charged ion while the addition of an electron 

creates a negative ion. This process is called ionization. 

Resistivity is an electrolyte’s ability to resist the 

flow of electric current. If the resistivity is high, then 

the electrolyte is a poor conductor and the electrical flow 

will be impeded. Low resistivity creates a good conductor 

through which current will flow freely. 

The pH, or the degree of alkalinity or acidity, also 

10



influences the electrolyte. Over the pH range from about 4 

to 10, the corrosion rate of steel or iron in aerated soft 

water is constant at roughly 10 mils (25.4 microns) per year 

(14). As the pH range increases from 10 to 13, the 

corrosion rate decreases by an order of magnitude. 

Temperature effects the electrolyte by lowering its 

resistivity with increasing temperature. 

The potential difference between the anode and the 

cathode determines the likelihood that the cell has to 

corrode. Similar to different size batteries, the potential 

difference tells us the voltage of a cell, but not how much 

current that cell is able to produce. Two identical 

potentials can produce dramatically different corrosion 

rates. The potential is simply a driving force for current 

corrosion. 

The third factor to consider in Ohm’s Law is the 

resistance of the external circuit connecting the anode and 

the cathode. A higher resistance will decrease the rate of 

the current flow so that the corrosion rate is reduced. 

The corrosion process, which has been described, exists 

in many different forms. The two most common forms are 

uniform (or macro-cell) corrosion and pitting or (micro- 

cell) corrosion. Uniform corrosion is a reaction that 

occurs evenly over the entire exposed surface of a large 

area, whereas pitting corrosion is an extremely localized 

11



attack that results in holes in the steel (12). 

2.2.2 Corrosion Mechanisms of Steel in Concrete 

Generally, concrete would be an ideal environment for 

steel to exist within. In uncontaminated concrete, the 

steel is confined in an environment of calcium and different 

alkaline hydroxides with a pH of 13.5 to 13.8 (15). 

According to the thermodynamics of the system, see Figure 2, 

steel in a high pH environment is maintained in a passive 

state because of the formation of a protective layer of 

gamma iron oxide on the surface of the steel (16). 

The kinetics of possible reactions, however, are not 

considered in thermodynamics and it is impossible to predict 

whether any reaction which may be favored by thermodynamics 

will occur in practice. In addition, when applying 

information in a Pourbaix diagram, which presents the 

potential of a metal electrode referenced to the standard 

hydrogen electrode versus the pH of the aqueous solution in 

which corrosion is taking place, it is necessary to assume 

that the aqueous solution in the vicinity of the corroding 

surface is known (11). The interface between a steel 

reinforcing bar and the surrounding concrete produces a 

differential environment which will influence the corrosion 

process. This thermodynamic analysis, regardless of the 

assumptions made, is still the most widely accepted theory 

12
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to date. 

Other authors have put forth theories as to why steel 

may be passive in a concrete medium. Slater theorized on 

the role of the remaining millscale (Fe,0,) in the 

passivation process. Because of the millscale’s electrical 

conductivity and ability to be a good cathode, he speculated 

that it may facilitate initial passivation of bare steel 

(9). Stratfull published evidence showing that salt ingress 

reduced the electrical resistivity of the concrete which 

would affect galvanic corrosion (17). Borgard et al believe 

that the resistance of embedded steel to corrosion is 

probably the result of "..the presence of a protective 

mineral scale which keeps the embedded metal from becoming 

wet" (18). Still others, like Leek and Poole, claimed that 

passivity occurs as a result of both a passive 

oxide/hydroxide film on the metal surface and a 

discontinuous mineral (portlandite) layer (19). 

2.3 Factors Initiating Corrosion 

Regardless of what generates the passive condition of 

steel in concrete, most researchers agree that there are two 

main reasons for the disruption of this passivity; 

carbonation or the presence of chloride (Cl°) ions. 

14



2.3.1 Carbonation 

Carbonation of the concrete occurs as a result of high 

carbon dioxide exposure to either fresh or hardened 

concrete. The following reaction: 

CO, + Ca(OH), ~ CaCO, + HO (2) 

occurs from the diffusion of carbon dioxide through the 

concrete cover to the bar level where it reacts with calcium 

hydroxide. This reaction lowers the pH level of the 

concrete until it disrupts the passivity of the steel. The 

concrete cover acts as a buffer zone against the ingress of, 

and as a chemical absorber of, the carbon dioxide (20). 

This is typically not a problem in the United States in 

terms of concrete damage. 

2.3.2 Chloride Ingress 

Exposure to seawater and the application of deicing 

chemicals result in an increased concentration of Cl” ion 

exposure. These chlorides diffuse through the concrete pore 

water system in accordance with Fick’s law (62). Cady and 

Weyers based their relationship for the time to initiate 

corrosion on Fick’s law and empirical considerations (22). 

The time for initiation of corrosion on a bridge deck due to 

diffusion for typical construction parameters is estimated 

to be: 

15



t = .4918 (L-2 )? (3) 

where, 

t = time to corrosion due to chloride diffusion (yrs) 

L average cover depth of top reinforcement (cm) 

The value of the diffusion constant, D., was assumed to be 

approximately 4.65 10° in’/s (3 x 10° cm’/s). Since the 

diffusion constant varies with the water/cement ratio of the 

concrete and the temperature, a water/cement ratio of 0.45 

by mass was assumed at an ambient temperature of 59 °F (15 

°C) (21). Recent data provided by Weyers indicates that 

the diffusion constant used may be too high and should be 

developed as a site specific variable for each bridge deck 

(22). 

Chlorides may also be incorporated into the concrete 

via chloride contaminated mix water (a serious problem in 

the Middle East), by certain mineral aggregates, or by the 

use of chloride based admixtures used to reduce the initial 

set time of the concrete. These chlorides, since they are 

incorporated directly into the fresh concrete, tend to 

produce a uniform chloride content throughout the concrete 

whereas diffusive chlorides produce a differential chloride 

profile at the surface and throughout the depth of the 

concrete. 

Regardless of what method forces the chloride 

16



contamination, the end result is the same. If the chloride 

concentration at the bar level reaches the threshold level 

required to depassivate the steel, corrosion of the 

reinforcement will begin. However, the threshold level 

required is a point of disagreement among many researchers. 

Since the early 1960’s, different scientists have set forth 

very different values for the threshold chloride 

contamination level. Table 1 presents a summary of the 

literature (33). 

Table 1 - Threshold Chloride Contamination Criteria 

  

  

  

Researchers Year | Acid Soluble Cl Contents 

kg/m lb/yd? 

Lewis (23) 1962 0.7 1.2 

Schaschl & Marsh (24) 1963 1.3 2.2 

Haussmann (25) 1967 0.2 - 2.8 0.3 - 4.7 

Clear & Hay (26) 1973 | 0.6 - 0.9 1.0 - 1.5 

Clear (27) 1974 0.66 1.12 

Stratfull et al (28) 1975 0.66 1.12 

Clear (29) 1975 0.7 1.2 

Cady (30) 1978 | 0.6 - 1.3 1.0 - 2.0 

Browne (31) 1982 1.33 2.24 

Pfeifer et al (32) 1986 0.5 - 1.3 0.9 - 1.5             
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�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �c�h�l�o�r�i�d�e� �t�h�r�e�s�h�o�l�d� �c�o�r�r�o�s�i�o�n� �t�h�e�o�r�y�,� 

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

�a� �r�a�t�i�o� �o�f� �c�h�l�o�r�i�d�e� �t�o� �h�y�d�r�o�x�i�d�e� �i�o�n�s� �(�C�l�1�°�/�O�H�)� �i�n� �t�h�e� �p�o�r�e� 

�s�o�l�u�t�i�o�n� �(�9�)�.� �O�t�h�e�r�s� �b�e�l�i�e�v�e� �t�h�a�t� �i�t� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �m�a�n�y� 

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

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

�a�t�m�o�s�p�h�e�r�i�c� �c�o�n�d�i�t�i�o�n�s� �i�n�v�o�l�v�e�d� �(�3�4�)�.� 

�I�t� �i�s� �g�e�n�e�r�a�l�l�y� �a�c�c�e�p�t�e�d� �i�n� �t�h�e� �i�n�d�u�s�t�r�y� �t�h�a�t� �t�h�e� �1�.�2� 

�l�b�/�y�d�?� �C�l �� �(�0�.�7� �k�g�/�m ��)� �v�a�l�u�e� �p�u�b�l�i�s�h�e�d� �b�y� �n�u�m�e�r�o�u�s� 

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

�(�6�3�)�.� �B�e�l�o�w� �t�h�i�s� �t�h�r�e�s�h�o�l�d� �l�e�v�e�l�,� �t�h�e� �s�t�e�e�l� �c�o�r�r�o�d�e�s� �a�t� �a�n� 

�i�n�s�i�g�n�i�f�i�c�a�n�t�l�y� �s�l�o�w� �r�a�t�e�,� �a�b�o�u�t� �3�.�9� �x� �1�0�°� �i�n�/�y�r� �(�0�.�1� 

�p�u�m�/�y�r�)� �(�6�6�)�.� �O�n�c�e� �t�h�e� �t�h�r�e�s�h�o�l�d� �l�i�m�i�t� �h�a�s� �b�e�e�n� �r�e�a�c�h�e�d�,� �a� 

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

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

�t�h�e� �c�o�r�r�o�s�i�o�n� �p�r�o�c�e�s�s�.� 

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

�o�c�c�u�r� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�t�e�e�l�:� 

�A�n�o�d�e� �R�e�a�c�t�i�o�n�:� �F�e� �-� �F�e�*�?� �+� �2�e�7� �(�4�)� 

�a�n�d� 

�C�a�t�h�o�d�e� �R�e�a�c�t�i�o�n�:� �0�,� �+� �2�H�,�0� �+� �4�e�°� �~� �4�0�H!"� �(�5�)� 

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

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

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

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

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

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �f�o�l�l�o�w�i�n�g�:� 

�F�e�*�*�?� �+� �2�0�H �� �+� �F�e�(�O�H�)�,� �(�6�)� 

�a�n�d� 

�F�e�(�O�H�)�,� �+� �2�H�,�0� �+� �O�,� �>� �4�F�e�(�O�H�)�,� �(�7�)� 

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

�c�o�r�r�o�s�i�o�n� �p�r�o�c�e�s�s� �w�h�i�c�h� �m�u�s�t� �o�c�c�u�p�y� �a�s� �m�u�c�h� �a�s� �6� �t�i�m�e�s� �t�h�e� 

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

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

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

�c�o�n�c�r�e�t�e� �c�o�v�e�r�.� 

�B�e�f�o�r�e� �t�h�e� �c�o�n�c�r�e�t�e� �c�r�a�c�k�s�,� �t�h�e�r�e� �a�r�e� �m�a�n�y� �f�a�c�t�o�r�s� �t�h�a�t� 

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

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

�t�h�e� �r�a�t�e� �o�f� �c�o�r�r�o�s�i�o�n�.� �T�h�e� �t�r�i�-�c�a�l�c�i�u�m� �a�l�u�m�i�n�a�t�e� �(�C�,�A�)� 

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

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

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

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

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

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

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

�t�h�a�t� �o�f� �M�o�n�f�o�r�e� �a�n�d� �R�o�b�e�r�t�s�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a�s� �m�u�c�h� �a�s� �7�5� �t�o� 

�9�0� �p�e�r�c�e�n�t� �o�f� �t�h�e� �c�h�l�o�r�i�d�e� �p�r�e�s�e�n�t� �e�x�i�s�t�s� �i�n� �t�h�e� �p�a�s�t�e� �i�n� 

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

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

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

�p�r�o�c�e�s�s� �a�p�p�l�i�e�s� �t�o� �b�o�t�h� �i�n�t�e�r�n�a�l� �(�a�d�d�e�d�)� �a�n�d� �e�x�t�e�r�n�a�l� 

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

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

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

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

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

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

�d�e�c�r�e�a�s�e�s� �(�3�5�)�.� �T�h�i�s� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �C�,�A� 

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

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

�p�r�o�n�o�u�n�c�e�d� �a�s� �t�h�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� �l�e�v�e�l� �i�n�c�r�e�a�s�e�s� �(�3�6�)�.� �I�n� 

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

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

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

�t�h�e� �s�y�s�t�e�m�.� �W�h�e�n� �t�h�e� �C�,�A� �i�s� �u�s�e�d� �u�p� �b�y� �t�h�e� �r�e�a�c�t�i�o�n�,� �t�h�e� 

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

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

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

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

�b�e�c�o�m�e�s� �c�o�n�s�t�a�n�t� �a�b�o�u�t� �t�h�r�e�e� �d�a�y�s� �a�f�t�e�r� �m�i�x�i�n�g� �(�3�7�)�.� 

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

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

�s�u�r�f�a�c�e� �(�3�8�)�.� �T�h�i�s� �r�e�s�u�l�t�s� �f�r�o�m� �l�e�f�t�o�v�e�r� �c�a�l�c�i�u�m� �a�l�u�m�i�n�a�t�e� 

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

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

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

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

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

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

�t�h�e� �c�h�l�o�r�i�d�e� �t�o� �h�y�d�r�o�x�i�d�e� �r�a�t�i�o� �(�C�l�°�/�O�H�)�.� �H�a�u�s�m�a�n�n� 

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

�h�y�d�r�o�x�i�d�e� �s�o�l�u�t�i�o�n� �a�t� �a� �p�H� �a�r�o�u�n�d� �1�2�.�5� �w�i�t�h� �a� �C�l�°�/�O�H� �r�a�t�i�o� 

�o�f� �0�.�6� �(�2�5�)�.� �D�i�a�m�o�n�d� �h�o�w�e�v�e�r� �s�t�a�t�e�d� �t�h�a�t� �c�o�n�c�r�e�t�e� �p�o�r�e� 

�w�a�t�e�r� �s�y�s�t�e�m�s� �m�a�i�n�t�a�i�n�e�d� �a� �p�H� �l�e�v�e�l� �c�l�o�s�e�r� �t�o� �1�3�.�3� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �a� �C�l� �/�O�H� �r�a�t�i�o� �o�f� �0�.�3� �w�a�s� �m�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� 

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

�o�f� �c�o�r�r�o�s�i�o�n� �w�h�i�c�h� �m�a�y� �b�e� �e�x�p�e�c�t�e�d� �(�3�9�)�.� 

�D�e�c�r�e�a�s�i�n�g� �t�h�e� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �a�n�d� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

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

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

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

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

�(�4�0�)�.� �D�e�c�r�e�a�s�i�n�g� �t�h�e� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �m�a�k�e�s� �t�h�e� �c�o�n�c�r�e�t�e� 

�2�1



�l�e�s�s� �p�e�r�m�e�a�b�l�e� �(�4�0�)�,� �a�n�d� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�v�e�r� �d�e�p�t�h�,� �t�h�e� 

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

�b�a�r� �s�u�r�f�a�c�e� �i�s� �i�n�c�r�e�a�s�e�d� �(�2�1�)�.� �I�n� �f�a�c�t�,� �b�y� �c�h�a�n�g�i�n�g� �t�h�e�s�e� 

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

�l�i�f�e� �o�f� �s�o�m�e� �s�t�r�u�c�t�u�r�e�s� �c�o�u�l�d� �b�e� �e�f�f�e�c�t�i�v�e�l�y� �t�r�i�p�l�e�d� �(�4�1�)�.� 

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

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

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

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

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

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

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

�i�m�p�o�r�t�a�n�t�.� �I�n� �t�h�e� �h�i�g�h� �p�H� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �c�o�n�c�r�e�t�e�,� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�2�2



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

�r�e�s�i�s�t�i�v�i�t�y� �o�f� �4� �x� �1�0�°� �O�h�m�-�i�n� �(�1� �x� �1�0�°� �O�h�m�-�c�m�)� �d�o�e�s� �n�o�t� 

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

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

�w�i�t�h� �a� �r�e�s�i�s�t�i�v�i�t�y� �o�f� �4� �x� �1�0�°� �O�h�m�-�i�n� �(�1� �x� �1�0�*� �O�h�m�-�c�m�)� �(�1�5�)�.� 

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

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

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

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

�R�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a� �4�1� �°�F� �(�5� �°�C�)� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n� �b�y� �5�0� 

�p�e�r�c�e�n�t� �o�v�e�r� �t�h�e� �o�r�i�g�i�n�a�l� �r�a�t�e� �(�4�2�)�.� �W�i�t�h� �a�t�m�o�s�p�h�e�r�i�c� 

�t�e�m�p�e�r�a�t�u�r�e�s� �f�l�u�c�t�u�a�t�i�n�g� �b�y� �m�o�r�e� �t�h�a�n� �1�0�4� �°�F� �(�4�0� �°�C�)� �o�v�e�r� 

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

�a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�.� 

�2�.�4� �D�e�t�e�r�m�i�n�i�n�g� �C�o�r�r�o�s�i�o�n� �R�a�t�e�s� �o�f� �S�t�e�e�l� �i�n� �C�o�n�c�r�e�t�e� 

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

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

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

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

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

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

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

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

�2�3



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

�r�e�p�a�i�r�e�d� �e�a�s�i�l�y�.� �N�o�n�-�d�e�s�t�r�u�c�t�i�v�e� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �v�i�r�t�u�a�l�l�y� 

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

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

�2�.�4�.�1� �D�e�s�t�r�u�c�t�i�v�e� �P�r�o�c�e�d�u�r�e�s� 

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

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

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

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

�c�o�r�r�o�d�e�d� �b�a�r� �a�n�d� �c�l�e�a�n�i�n�g� �i�t� �a�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� �G�-�1� �S�t�a�n�d�a�r�d� 

�P�r�a�c�t�i�c�e� �f�o�r� �P�r�e�p�a�r�i�n�g�,� �C�l�e�a�n�i�n�g� �a�n�d� �E�v�a�l�u�a�t�i�n�g� �C�o�r�r�o�s�i�o�n� 

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

�s�e�c�t�i�o�n� �o�f� �s�t�e�e�l�,� �t�h�e� �m�e�t�a�l� �l�o�s�s� �m�a�y� �b�e� �d�e�t�e�r�m�i�n�e�d� �(�4�3�)�.� 

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

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

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

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

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

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

�2�.�4�.�2� �S�e�m�i�-�D�e�s�t�r�u�c�t�i�v�e� �P�r�o�c�e�d�u�r�e�s� 

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

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

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

�2�4



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

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

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

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

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

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

�w�a�t�e�r�.� 

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

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

�a� �r�a�p�i�d� �a�n�a�l�y�s�i�s� �p�r�o�p�o�s�e�d� �b�y� �H�e�n�r�y� �(�4�4�)�,� �t�h�e� �A�S�T�M� �C�1�1�4�-�8�8� 

�S�t�a�n�d�a�r�d� �t�e�s�t� �M�e�t�h�o�d�s� �f�o�r� �C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s� �o�f� �H�y�d�r�a�u�l�i�c� 

�C�e�m�e�n�t� �(�4�5�)�,� �o�r� �t�h�e� �A�S�T�M� �C�1�2�1�8�-�9�2� �S�t�a�n�d�a�r�d� �T�e�s�t� �M�e�t�h�o�d� �f�o�r� 

�t�h�e� �A�n�a�l�y�s�i�s� �W�a�t�e�r� �S�o�l�u�b�l�e� �C�h�l�o�r�i�d�e�s� �i�n� �C�o�n�c�r�e�t�e� �(�4�6�)�.� �T�h�e� 

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

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

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

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

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

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

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

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

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

�C�1�1�4� �M�e�t�h�o�d� �a�l�s�o� �d�i�g�e�s�t�s� �t�h�e� �s�a�m�p�l�e� �i�n� �a�n� �a�c�i�d�.� �I�t� �i�s� �t�h�e�n� 

�f�i�l�t�e�r�e�d� �a�n�d� �t�i�t�r�a�t�e�d� �a�g�a�i�n�s�t� �a� �s�i�l�v�e�r� �n�i�t�r�a�t�e� �(�A�g�N�O�,�)� 

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

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

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

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

�a�c�c�u�r�a�t�e�l�y� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�2�.�4�.�3� �N�o�n�-�D�e�s�t�r�u�c�t�i�v�e� �P�r�o�c�e�d�u�r�e�s� 

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

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

�T�h�e� �A�S�T�M� �C�8�7�6� �m�e�t�h�o�d� �f�o�r� �H�a�l�f�-�C�e�l�l� �P�o�t�e�n�t�i�a�l�s� �o�f� �R�e�i�n�f�o�r�c�i�n�g� 

�S�t�e�e�l� �i�n� �C�o�n�c�r�e�t�e� �(�4�7�)� �h�a�s� �b�e�e�n� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �i�n� �t�h�e� 

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

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

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

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

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

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

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

�E�o�o�r�r� �<� �7�-�3�5� �g�r�e�a�t�e�r� �t�h�a�n� �9�0�%� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �c�o�r�r�o�s�i�o�n� 

�E�o�o�r�r� �>� �2�2�0� �g�r�e�a�t�e�r� �t�h�a�n� �9�0�%� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �n�o� �c�o�r�r�o�s�i�o�n� 

�-�.�2� �t�o� �-�.�3�5� �c�o�r�r�o�s�i�o�n� �a�c�t�i�v�i�t�y� �u�n�c�e�r�t�a�i�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�S�e�v�e�r�a�l� �d�e�v�i�c�e�s� �p�r�e�s�e�n�t�l�y� �e�x�i�s�t� �t�o� �n�o�n�-�d�e�s�t�r�u�c�t�i�v�e�l�y� 

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

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

�i�n� �t�h�i�s� �p�a�p�e�r�.� �T�h�e�y� �a�r�e� �t�h�e� �K�.� �C�.� �C�l�e�a�r� �3�L�P� �d�e�v�i�c�e� �a�n�d� �t�h�e� 

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

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

�a�c�t�i�v�i�t�y�.� 

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

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

�a�c�c�o�r�d�i�n�g� �t�o� �F�a�r�a�d�a�y ��s� �l�a�w�:� �(�6�7�)� 

�R�=�k�t�I� �(�8�)� �c�o�r�r� 
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�w�h�e�r�e�,� 

�R� �R�a�t�e� �o�f� �c�o�r�r�o�s�i�o�n� �(�g�r�a�m�s�/�s�e�c�)� 

�k� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �E�q�u�i�v�a�l�e�n�t� �(�g�r�a�m�s�/�c�o�u�l�o�m�b�)� 

�l�o�r� �=� �C�O�Y�r�r�o�s�i�o�n� �c�u�r�r�e�n�t� �(�a�m�p�e�r�e�s�)� 

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

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

�t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�s�i�s�t�a�n�c�e� �a�s� �(�4�8�,�4�9�)�:� 

�R� �>�=� �(�a�3� �(�o�h�m�c�m�?�)� �(�9�)� 
�r�d� 

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

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

�c�u�r�r�e�n�t� �(�I�,�,�,�,�)� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�s�i�s�t�a�n�c�e� 

�t�h�r�o�u�g�h� �t�h�e� �S�t�e�r�n�-�G�e�a�r�y� �e�q�u�a�t�i�o�n�:� 

�-� �B�,� �B�.� 
�l�o�o�r�r� �=� �S�s� �(�B�,� �+� �B�.�)� 

�(�1�0�)� 

� � 

�~�t�.�8� 
�R�y� �R�p� 

�w�h�e�r�e�,� 

�6�,� �=� �a�n�o�d�i�c� �t�a�f�e�l� �s�l�o�p�e� 

�B�,� 

�B� �=� �S�t�e�r�n�-�G�e�a�r�y� �c�o�n�s�t�a�n�t� 

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

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

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�e�l�l� �a�n�d� �g�e�n�e�r�a�l�l�y� �r�a�n�g�e�s� �f�r�o�m� �1�3� �t�o� �5�2� �m�v� 

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

�p�o�l�a�r�i�z�a�t�i�o�n� �a�r�e� �b�a�s�e�d� �o�n� �b�o�t�h� �t�h�e� �S�t�e�r�n�-�G�e�a�r�y� �e�q�u�a�t�i�o�n� �a�n�d� 

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

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

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

�e�x�p�r�e�s�s�e�d� �a�s�:� 

�R�m�e�a�s�u�r�e�d� �=� �R�s� �+� �R�p� �(�1�1�)� 

�w�h�e�r�e�,� 

�R�,� �=� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�s�i�s�t�a�n�c�e� 

�R�,� �=� �c�o�n�c�r�e�t�e� �r�e�s�i�s�t�a�n�c�e� 

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

�u�s�i�n�g� �e�l�e�c�t�r�o�n�i�c� �t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s� �I�R� �a�d�j�u�s�t�m�e�n�t� �o�r� �c�u�r�r�e�n�t� 

�i�n�t�e�r�r�u�p�t�.� 

�R�i�e�a�s�u�r�e�a� �1�S� �G�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �3�L�P� �a�n�d� �G�e�c�o�r� �d�e�v�i�c�e� �i�n� 

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

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

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

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

�u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �c�o�u�n�t�e�r� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �r�e�f�e�r�e�n�c�e� 

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

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

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

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

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

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

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

�2�9



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

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

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

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

�R�,�,� �o�r� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �r�e�s�i�s�t�a�n�c�e�.� 

�T�h�e� �3�L�P� �d�e�v�i�c�e� �u�s�e�s� �t�h�e� �t�h�r�e�e� �e�l�e�c�t�r�o�d�e� �s�y�s�t�e�m� �w�i�t�h�o�u�t� 

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

�b�a�r� �i�s� �p�o�l�a�r�i�z�e�d� �t�o� �1�2� �m�v�.� �I�t� �i�s� �t�h�e�n� �d�e�p�o�l�a�r�i�z�e�d� �t�o� �w�i�t�h�i�n� 

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

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

�e�l�e�c�t�r�o�d�e� �6�.�7�5� �i�n�.� �(�1�7�.�1�5� �c�m�)� �l�o�n�g� �a�n�d� �c�o�n�t�a�i�n�e�d� �i�n� �a� �s�p�o�n�g�e� 

�o�f� �7�.�2�5� �i�n�.� �(�1�8�.�4�2� �c�m�)� �l�e�n�g�t�h�.� 

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

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

�g�u�i�d�e�l�i�n�e�s� �f�o�r� �t�h�e� �3�L�P� �d�a�t�a� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �(�5�0�)�:� 

�l�o�o�r�r� �<� �0�.�2� �m�M�A�/�f�t�?� �(�0�.�1�9� �p�A�/�c�m ��)� �N�o� �c�o�r�r�o�s�i�o�n� 

�0�.�2� �<� �i�n� �<� �1�.�0� �m�A�/�f�t�?� �(�0�.�1�9� �-� �0�.�9�3� �p�A�/�c�m ��)� �D�a�m�a�g�e� �p�o�s�s�i�b�l�e� 

�1�0� �-� �1�5� �y�r�s� 

�1�.�0� �<� �i�n�.� �<� �1�0� �m�A�/�f�t�?� �(�0�.�9�3� �-� �9�.�2�9� �y�A�/�c�m ��)� �D�a�m�a�g�e� �e�x�p�e�c�t�e�d� 

�i�n� �2� �-�1�0� �y�r�s� 

�l�e�o�r�r� �>� �1�0� �m�A�/�f�t�?� �(�9�.�2�9� �p�A�/�c�m ��)� �D�a�m�a�g�e� �e�x�p�e�c�t�e�d� 

�2� �y�r�s� �o�r� �l�e�s�s� 

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

�c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �o�v�e�r� �t�i�m�e�.� �T�h�e� �3�L�P� �d�e�v�i�c�e� �i�s� �p�o�r�t�a�b�l�e� �a�n�d� 

�3�0



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

�i�t�s� �p�r�o�b�l�e�m�s�.� �D�u�e� �t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e�,� �m�o�i�s�t�u�r�e� 

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

�e�x�t�r�e�m�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �a� �f�i�e�l�d� �s�i�t�u�a�t�i�o�n� �(�5�1�)�.� �T�h�e� 

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

�s�i�t�u�a�t�i�o�n�s� �(�5�2�)�.� 

�T�h�e� �3�L�P� �d�e�v�i�c�e� �i�s� �a�l�s�o� �s�e�n�s�i�t�i�v�e� �t�o� �o�p�e�r�a�t�o�r� �v�a�r�i�a�n�c�e�.� 

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

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

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

�r�e�a�d�i�n�g� �e�x�a�c�t�l�y�.� 

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

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

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

�P�e�n�n�s�y�l�v�a�n�i�a� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �d�e�v�i�c�e� 

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

�c�a�l�c�u�l�a�t�e�d� �(�5�3�)�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �s�o�m�e�w�h�a�t� 

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

�d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �p�o�t�e�n�t�i�o�s�t�a�t�.� �T�h�e� �3�L�P� �c�o�r�r�o�s�i�o�n� �r�a�t�e�s�,� 

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

�a�c�t�i�v�i�t�y�.� 

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

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

�p�r�o�b�l�e�m�s� �t�h�a�t� �w�e�r�e� �e�n�c�o�u�n�t�e�r�e�d� �w�i�t�h� �t�h�e� �3�L�P� �d�e�v�i�c�e�.� �I�t� 

�u�t�i�l�i�z�e�s� �a� �g�u�a�r�d� �r�i�n�g� �(�G�E�)� �t�o� �c�o�n�f�i�n�e� �t�h�e� �p�o�l�a�r�i�z�e�d� �a�r�e�a� 

�3�1



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

�e�f�f�e�c�t�i�v�e� �t�o�o�l� �f�o�r� �d�e�f�i�n�i�n�g� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �a�r�e�a� �(�5�3�)�.� �T�h�e� 

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

�r�a�t�e� �o�f� �c�o�r�r�o�s�i�o�n�,� �a�n�d� �t�h�u�s� �r�e�d�u�c�e�s� �o�p�e�r�a�t�o�r� �e�r�r�o�r� �(�5�4�)�.� 

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

�r�a�t�e� �o�n� �t�h�e� �m�a�r�k�e�t� �(�5�3�)�.� 

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

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

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

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

�t�h�e� �o�u�t�p�u�t�.� �T�h�e� �c�r�i�t�e�r�i�a� �a�r�e� �a�s� �f�o�l�l�o�w�s� �(�5�4�)�:� 

�l�o�s�r�r� �>� �0�.�2�2� �m�A�/�f�t�?� �(�0�.�2� �p�A�/�c�m ��)� �-� �A�c�t�i�v�e� �c�o�r�r�o�s�i�o�n� 

�l�o�u�v�r�e� �<� �0�.�1�1� �m�A�/�f�t�?� �(�0�.�1� �p�A�/�c�m ��)� �-� �N�e�g�l�i�g�i�b�l�e� �c�o�r�r�o�s�i�o�n� 

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

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

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

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

�H�o�w�e�v�e�r�,� �i�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �o�n�l�y� �t�h�e� �t�o�p� �h�a�l�f� �o�f� �t�h�e� �b�a�r� 

�i�s� �p�o�l�a�r�i�z�e�d� �b�y� �t�h�e� �c�o�u�n�t�e�r� �e�l�e�c�t�r�o�d�e� �(�5�3�)�.� �T�h�i�s� �m�a�y� �r�e�s�u�l�t� 

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

�h�a�n�d�.� 

�2�.�5� �T�i�m�e� �t�o� �C�r�a�c�k�i�n�g� �C�r�i�t�e�r�i�a� 

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

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

�3�2



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

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

�p�r�o�d�u�c�t�s� �c�a�n� �b�e� �s�e�e�n� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �(�5�5�)�.� 

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

�t�e�n�s�i�l�e� �f�o�r�c�e�s� �w�i�t�h�i�n� �t�h�e� �c�o�n�c�r�e�t�e�.� �S�i�n�c�e� �c�o�n�c�r�e�t�e� �t�e�n�s�i�l�e� 

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

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

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

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

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

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

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

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

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

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

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

�c�o�n�d�i�t�i�o�n�s�,� �s�e�e� �T�a�b�l�e� �2�.� 

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

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

�s�p�e�c�i�m�e�n�s� �w�i�t�h� �a� �7�/�8� �i�n�c�h� �(�2�.�2�2� �c�m�)� �c�o�v�e�r� �d�e�p�t�h�.� �T�h�e�i�r� 

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

�1� �m�i�l� �(�2�5�.�4� �p�w�)� �o�f� �m�e�t�a�l� �l�o�s�s�.� �T�h�e� �a�v�e�r�a�g�e� �b�a�r� �l�o�s�s� �i�n� �t�h�i�s� 

�e�x�p�e�r�i�m�e�n�t� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5� �m�i�l�s� �(�8�8�9� �»�)� �w�i�t�h� �a� �m�a�x�i�m�u�m� 

�o�f� �1�3�8� �m�i�l�s� �(�3�5�0�5� �y�w�)� �o�f� �l�o�s�s� �o�u�t� �o�f� �t�h�e� �4�1� �s�p�e�c�i�m�e�n�s� �t�e�s�t�e�d� 

�(�5�5�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �y�e�a�r�,� �a� �f�i�e�l�d� �s�t�u�d�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �1�6� 
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�T�a�b�l�e� �2� �-� �E�x�i�s�t�i�n�g� �C�r�i�t�e�r�i�a� �f�o�r� �M�e�t�a�l� �L�o�s�s� 
� � 

�C�r�a�c�k�i�n�g� 

�L�a�b�o�r�a�t�o�r�y� �E�x�p�e�r�i�m�e�n�t� 

�E�x�i�s�t�i�n�g� �I�n�f�o�r�m�a�t�i�o�n� �o�f� �M�e�t�a�l� �L�o�s�s� �R�e�q�u�i�r�e�d� �f�o�r� 

�S�p�e�l�l�m�a�n� �a�n�d� �S�t�r�a�t�f�u�l�l� �(�5�5�)� �0�.�1� �m�i�l�s� 
�(�2�.�5�4� �p�)� 

� � 

�S�p�e�l�l�m�a�n� �a�n�d� �S�t�r�a�t�f�u�l�l� �(�5�6�)� �u�p� �t�o� �2�9� �m�i�l�s� 

� � 

� � 

�F�i�e�l�d� �E�x�p�e�r�i�m�e�n�t� �(�7�3�4� �p�p�)� 

�K�e�n�n�e�t�h� �C�l�e�a�r� �(�6�1�)� �3�.�7� �m�i�l�s� 
�I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �R�e�s�u�l�t�s� �(�9�4� �p�L�)� 

�Z�d�e�n�e�k� �B�a�z�a�n�t� �(�3�)� �0�.�3� �m�i�l�s� 
�I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �E�q�u�a�t�i�o�n�s� �(�7�.�8�7� �p�L�)� 
� � 

�C�l�e�m�e�n�t�a� �e�t� �a�l� �(�5�7�)� 
�I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �R�e�s�u�l�t�s� 

�6�0�0� �t�o� �1�2�0�0� �m�i�l�s� 
�(�1�5�2�4�0� �t�o� �3�0�4�8�0� �,�:�)� 

� � 

�H�l�a�d�k�y� �e�t� �a�l� �(�5�8�)� �0�.�6�3� �t�o� �1�.�2�6� �m�i�l�s� � � � � �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �R�e�s�u�l�t�s� �(�1�6� �t�o� �3�2� �p�z�)� 
� � � � 
�b�r�i�d�g�e�s� �i�n� �C�a�l�i�f�o�r�n�i�a�.� �T�h�e� �m�e�a�n� �o�f� �t�h�e� �m�a�x�i�m�u�m� �m�e�t�a�l� �l�o�s�s� 

�f�o�u�n�d� �f�o�r� �e�a�c�h� �l�i�n�e�a�r� �f�o�o�t� �o�f� �t�h�e� �#�4� �b�a�r�s� �w�a�s� �a�b�o�u�t� �2�9� �m�i�l�s� 

�(�7�3�.�7� �2�)�.� �T�h�i�s� �m�e�t�a�l� �l�o�s�s� �w�a�s� �m�o�r�e� �t�h�a�n� �e�n�o�u�g�h� �t�o� �c�a�u�s�e� 

�m�a�j�o�r� �c�r�a�c�k�i�n�g� �a�n�d� �s�p�a�l�l�i�n�g� �p�r�o�b�l�e�m�s� �(�5�6�)�.� 

�C�l�e�m�e�n�t�a� �e�t� �a�l� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �t�h�r�e�s�h�o�l�d� �m�e�t�a�l� �l�o�s�s� 

�r�a�n�g�e�d� �f�r�o�m� �3� �t�o� �6� �p�e�r�c�e�n�t� �b�y� �w�e�i�g�h�t� �o�f� �t�h�e� �b�a�r� �(�5�7�)�,� �w�h�i�c�h� 

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

�t�h�e� �t�h�r�e�s�h�o�l�d� �d�e�p�t�h�s� �o�f� �a�t�t�a�c�k� �o�f� �0�.�6�3� �t�o� �1�.�2�6� �m�i�l�s� �(�1�6� �t�o� 

�3�2� �H�B�)� 

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

�r�e�p�o�r�t�e�d� �b�y� �H�l�a�d�k�y� �e�t� �a�l�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �i�n� 

�a�t�t�a�c�k� �r�e�p�o�r�t�e�d� �e�a�r�l�i�e�r� �b�y� �t�h�e� �s�a�m�e� �r�e�s�e�a�r�c�h�e�r�s� �(�5�8�)�.� 

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

�f�r�o�m� �K�.�C�.� �C�l�e�a�r ��s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n�s� �o�f� �c�o�r�r�o�s�i�o�n� �r�a�t�e� �m�e�a�s�u�r�e�d� 
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�w�i�t�h� �t�h�e� �3�L�P� �d�e�v�i�c�e� �(�5�0�)�.� �A�s�s�u�m�i�n�g� �a� �c�o�n�s�t�a�n�t� �c�o�r�r�o�s�i�o�n� 

�r�a�t�e� �o�v�e�r� �t�h�e� �m�e�a�n� �t�i�m�e� �p�e�r�i�o�d�,� �3�.�7� �m�i�l�s� �(�9�4� �y�w�)� �a�r�e� �r�e�q�u�i�r�e�d� 

�t�o� �c�a�u�s�e� �d�a�m�a�g�e�.� 

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

�c�o�n�c�r�e�t�e� �e�x�p�o�s�e�d� �t�o� �s�e�a�w�a�t�e�r� �(�3�)�.� �T�h�e� �m�o�d�e�l� �d�e�s�c�r�i�b�e�s�:� �[�1�]� 

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

�t�h�e� �c�o�n�c�r�e�t�e� �c�o�v�e�r�;� �[�2�]� �d�i�f�f�u�s�i�o�n� �o�f� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �n�e�a�r� 

�s�t�e�e�l� �s�u�r�f�a�c�e�;� �[�3�]� �t�h�e� �d�e�p�a�s�s�i�v�a�t�i�o�n� �o�f� �s�t�e�e�l� �d�u�e� �t�o� 

�c�r�i�t�i�c�a�l� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�;� �[�4�]� �t�h�e� �c�a�t�h�o�d�i�c� �a�n�d� �a�n�o�d�i�c� 

�e�l�e�c�t�r�i�c� �p�o�t�e�n�t�i�a�l�s�;� �[�5�]� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s�;� 

�[�6�]� �t�h�e� �f�l�o�w� �o�f� �e�l�e�c�t�r�i�c� �c�u�r�r�e�n�t� �t�h�r�o�u�g�h� �t�h�e� �e�l�e�c�t�r�o�l�y�t�e�;� 

�[�7�]� �t�h�e� �m�a�s�s� �s�i�n�k�s� �o�r� �s�o�u�r�c�e�s� �o�f� �o�x�y�g�e�n�,� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e�,� 

�a�n�d� �h�y�d�r�a�t�e�d� �r�e�d� �r�u�s�t� �n�e�a�r� �t�h�e� �e�l�e�c�t�r�o�d�e�s�;� �a�n�d� �[�8�]� �t�h�e� �r�u�s�t� 

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

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

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

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

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

�c�o�e�f�f�i�c�i�e�n�t�)� �(�3�)�.� �W�e�y�e�r�s� �e�t� �a�l� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� 

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

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

�S�p�a�c�i�n�g� �a�n�d� �c�o�r�r�o�s�i�o�n� �r�a�t�e� �(�4�)�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

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

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

�0�.�2� �m�A�/�f�t�*� �(�0�.�2� �p�A�/�c�m ��)�,� �t�h�e� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� �w�a�s� �l�e�s�s� �t�h�a�n� 
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�o�n�e� �y�e�a�r�.� �A�t� �c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �l�e�s�s� �t�h�a�n� �0�.�2� �m�A�/�f�t ��*� �(�0�.�2� 

�A�/�c�m ��)�,� �c�o�r�r�o�s�i�o�n� �r�a�t�e� �m�e�a�s�u�r�e�m�e�n�t�s� �m�u�s�t� �b�e� �e�x�t�r�e�m�e�l�y� 

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

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

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

�a�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �0�.�2� �m�A�/�f�t�?� �(�0�.�2� �p�A�/�c�m ��?�)� �a�n�d� �B�a�z�a�n�t ��s� 

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

�w�i�t�h�i�n� �o�n�e� �y�e�a�r�.� 

�B�a�z�a�n�t ��s� �e�q�u�a�t�i�o�n�s� �a�s�s�u�m�e�d� �t�h�a�t� �c�o�r�r�o�s�i�o�n� �t�a�k�e�s� �p�l�a�c�e� 

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

�d�i�s�t�r�i�b�u�t�i�o�n� �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� �b�a�r�.� �I�n� 

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

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

�a�p�p�l�y�i�n�g� �B�a�z�a�n�t ��s� �e�q�u�a�t�i�o�n�s� �t�o� �l�a�b�o�r�a�t�o�r�y� �s�i�t�u�a�t�i�o�n�s�.� 
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�3�.�0� �E�X�P�E�R�I�M�E�N�T�A�L� �D�E�S�I�G�N� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� �t�o� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� 

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

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

�d�e�v�e�l�o�p�e�d� �t�o� �e�v�a�l�u�a�t�e� �B�a�z�a�n�t ��s� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� �e�q�u�a�t�i�o�n�s�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �C�a�d�y� �&� �W�e�y�e�r�s� �(�2�2�)�,� �a�s� �d�e�i�c�i�n�g� �s�a�l�t�s� �a�r�e� 

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

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

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

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

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

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

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

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

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

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

�&� �W�e�y�e�r�s� �m�o�d�e�l� �(�2�2�)�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�,� �i�s� �s�h�o�w�n� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�2� �l�b�s�/�y�d �� �C�l �� �(�0�.�7� �k�g�/�m� �C�l�"�)� �i�s� �r�e�q�u�i�r�e�d� �t�o� 
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�i�n�i�t�i�a�t�e� �c�o�r�r�o�s�i�o�n� �(�2�9�)�.� 

�B�a�z�a�n�t ��s� �t�h�e�o�r�e�t�i�c�a�l� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� 

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

�f�o�r� �B�a�z�a�n�t ��s� �e�q�u�a�t�i�o�n�s�,� �t�h�e� �r�a�t�e� �o�f� �c�o�r�r�o�s�i�o�n� �i�s� �t�h�e� 

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

�c�r�a�c�k�i�n�g�.� 

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

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

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

�c�o�r�r�o�s�i�o�n� �r�a�t�e� �d�e�v�i�c�e�s�,� �t�h�e� �3�L�P� �a�n�d� �t�h�e� �G�e�c�o�r�.� �T�e�s�t� �s�l�a�b�s� 

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

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

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

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

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

�r�e�q�u�i�r�e�d� �t�o� �c�r�a�c�k� �t�h�e� �c�o�n�c�r�e�t�e�.� 

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

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

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

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

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

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

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

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

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

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

�3�8



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

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

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

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

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

�a�c�c�e�p�t�e�d� �t�h�r�e�s�h�o�l�d� �l�e�v�e�l� �o�f� �1�.�2� �l�b�s�/�y�d ��®� �(�0�.�7� �k�g�/�m ��)�.� 

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

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

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

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

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

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

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

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

�m�a�t�r�i�x� �(�3�5�)�.� �A�l�s�o�,� �c�h�l�o�r�i�d�e� �c�o�n�t�e�n�t� �t�e�s�t�s� �u�s�i�n�g� �b�o�t�h� �w�a�t�e�r� 

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

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

�s�t�e�e�l�.� 

�3�.�2� �S�e�n�s�i�t�i�v�i�t�y� �A�n�a�l�y�s�i�s� 

�A�c�c�o�r�d�i�n�g� �t�o� �B�a�z�a�n�t ��s� �m�o�d�e�l�,� �t�h�e� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g�,� �o�n�c�e� 

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

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

�[�D�*�d�]� 
�C� �c�o�r�r� �=�P� �[�S�*�J�,�]�}� �(�1�2�)� 

�w�h�e�r�e�,� 
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�t�e�r� �=� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� 

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

�D� �=� �b�a�r� �d�i�a�m�e�t�e�r� 

�d� �=� �i�n�c�r�e�a�s�e� �i�n� �b�a�r� �d�i�a�m�e�t�e�r� �d�u�e� �t�o� �r�u�s�t�i�n�g� 

�S� �=� �h�o�r�i�z�o�n�t�a�l� �s�p�a�c�i�n�g� 

�J�.� �=� �c�o�r�r�o�s�i�o�n� �r�a�t�e� 

�T�h�e� �v�a�r�i�a�b�l�e� �"�d�a�"� �i�n� �e�q�u�a�t�i�o�n� �1�2� �i�s� �d�e�p�e�n�d�a�n�t� �o�n� �t�h�e� 

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

�f�r�o�m�:� 

�=� �2�*�f�,�*�L� �(�1�3�)� 
�D�t�k� 

�w�h�e�r�e�,� 

�f�,� �=� �m�o�d�u�l�u�s� �o�f� �r�u�p�t�u�r�e� �o�f� �c�o�n�c�r�e�t�e� 

�L� �=� �d�e�p�t�h� �o�f� �c�o�v�e�r� 

�k� �=� �b�a�r� �h�o�l�e� �f�l�e�x�i�b�i�l�i�t�y� 

�F�o�r� �f�r�a�c�t�u�r�e� �c�r�a�c�k�i�n�g� �(�d�e�l�a�m�i�n�a�t�i�o�n�s�)�,� �"�d�"� �i�s� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m�:� 

�d�=�£�,� �2�k� �(�1�4�)� 

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

�s�i�z�e�,� �c�o�n�c�r�e�t�e� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s�,� �P�o�i�s�s�o�n ��s� �r�a�t�i�o�,� �a�n�d� �a� �c�r�e�e�p� 

�c�o�e�f�f�i�c�i�e�n�t�.� 

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

�a�p�p�l�i�c�a�t�i�o�n�,� �E�q�u�a�t�i�o�n� �1�2� �w�a�s� �e�v�a�l�u�a�t�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

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

�c�o�n�s�i�d�e�r�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g�:� 

�1�.� �C�o�r�r�o�s�i�o�n� �R�a�t�e� �b�e�t�w�e�e�n� �0�.�0� �a�n�d� �2�.�0� �m�A�/�f�t�?� 

�(�0�.�0� �a�n�d� �1�.�9� �p�A�/�c�m ��)� 

�2�.� �C�o�v�e�r� �D�e�p�t�h� �b�e�t�w�e�e�n� �1�.�0� �a�n�d� �3�.�5� �i�n�.� 

�(�2�.�5�4� �a�n�d� �8�.�8�9� �c�m�)� 

�3�.� �H�o�r�i�z�o�n�t�a�l� �S�p�a�c�i�n�g� �o�f� �4� �a�n�d� �6� �i�n�.� 

�(�1�0�.�1�6� �a�n�d� �1�5�.�2�4� �c�m�)� 

�4�.� �C�o�m�p�r�e�s�s�i�v�e� �S�t�r�e�n�g�t�h� �b�e�t�w�e�e�n� �3� �a�n�d� �6� �k�s�i� 

�(�2�0�.�6�8� �a�n�d� �4�1�.�3�7� �M�P�a�)� 

�T�h�e� �c�o�n�c�r�e�t�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �w�a�s� �t�a�k�e�n� �a�t� �7�.�5� �t�i�m�e�s� �t�h�e� 

�s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �(�6�4�)�.� 

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

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

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

�C�o�r�r�o�s�i�o�n� �r�a�t�e�s� �a�b�o�v�e� �0�.�2� �m�A�/�f�t�?� �(�0�.�1�8�6� �p�A�/�c�m ��)� �p�r�o�d�u�c�e�d�,� 

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

�o�n�e� �y�e�a�r�.� �B�e�l�o�w� �0�.�2� �m�A�/�f�t�?� �(�0�.�1�8�6� �y�A�/�c�m ��*�)�,� �t�h�e� �e�s�t�i�m�a�t�e�d� 

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

�c�o�r�r�o�s�i�o�n� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.� 

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

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

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

�s�i�z�e� �(�#�5� �o�r� �#�6�)� �f�o�r� �a� �h�o�r�i�z�o�n�t�a�l� �s�p�a�c�i�n�g� �o�f� �4� �i�n� �(�1�0�.�1�6� �c�m�)�,� 

�d�e�l�a�m�i�n�a�t�i�o�n� �c�r�a�c�k�i�n�g� �g�o�v�e�r�n�s� �a�t� �a� �c�o�v�e�r� �d�e�p�t�h� �o�f� �2� �i�n� �(�5�.�0�8� 

�c�m�)�,� �w�h�i�l�e� �f�o�r� �6� �i�n� �(�1�5�.�2�4� �c�m�)� �o�f� �h�o�r�i�z�o�n�t�a�l� �s�p�a�c�i�n�g�,� 
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�d�e�l�a�m�i�n�a�t�i�o�n� �c�r�a�c�k�i�n�g� �g�o�v�e�r�n�s� �a�t� �a� �d�e�p�t�h� �o�f� �3� �i�n� �(�7�.�6�2� �c�m�)�.� 

�(�W�h�i�l�e� �n�o�t� �e�x�p�l�i�c�i�t�l�y� �d�e�t�e�r�m�i�n�e�d�,� �o�n�c�e� �d�e�l�a�m�i�n�a�t�i�o�n� �c�r�a�c�k�i�n�g� 

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

�i�m�p�a�c�t� �o�n� �t�h�e� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g�.�)� �I�n� �a�d�d�i�t�i�o�n�,� �f�o�r� �a� �g�i�v�e�n� 

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

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

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

�F�o�r� �c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �b�e�t�w�e�e�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�0�4� �a�n�d� �0�.�1�2� 

�m�A�/�f�t�?� �(�0�.�0�3�7� �a�n�d� �0�.�1�1�1� �p�A�/�f�t�*�?�)� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �s�p�a�c�i�n�g� �o�f� �6� 

�i�n� �(�1�5�.�2�4� �c�m�)�,� �t�h�e� �e�s�t�i�m�a�t�e�d� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� �d�i�f�f�e�r�s� �b�y� �a� 

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

�y�e�a�r�s�.� 

�T�h�e� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �o�f� �E�q�u�a�t�i�o�n� �1�2� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

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

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

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

�t�h�a�n� �0�.�2� �m�A�/�f�t�?� �(�0�.�1�8�6� �p�A�/�c�m ��?�)�,� �a�n�d� �E�q�u�a�t�i�o�n� �1�2� �i�s� �a� 

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

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

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

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

�l�i�t�t�l�e� �w�o�u�l�d� �b�e� �g�a�i�n�e�d� �b�y� �t�h�e� �f�i�e�l�d� �i�n�f�o�r�m�a�t�i�o�n�)�.� �O�n� �t�h�e� 

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

�t�h�a�n� �0�.�2� �m�A�/�f�t�*� �(�0�.�1�8�6� �y ��A�/�c�m ��)�,� �a� �v�e�r�y� �a�c�c�u�r�a�t�e� �m�e�a�s�u�r�e�m�e�n�t� 

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

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

�v�a�r�i�a�b�l�e�s�,� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�i�d�a�t�i�o�n� �o�f� �E�q�u�a�t�i�o�n� �1�2� �m�u�s�t� �b�e� 

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

�i�n�f�l�u�e�n�c�e� �t�h�e� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g�.� �Y�e�t� �E�q�u�a�t�i�o�n� �1�2�,� �w�h�i�l�e� 

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

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

�3�.�3�.� �M�a�t�e�r�i�a�l�s� 

�3�.�3�.�1� �C�o�a�r�s�e� �a�n�d� �F�i�n�e� �A�g�g�r�e�g�a�t�e�s� 

�T�h�e� �c�o�a�r�s�e� �a�g�g�r�e�g�a�t�e� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� �a� �#�5�7� 

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

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

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

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

�3�.�3�.�2� �C�e�m�e�n�t� 

�F�o�r� �a�l�l� �c�o�n�c�r�e�t�e� �t�e�s�t� �s�p�e�c�i�m�e�n�s�,� �T�y�p�e� �I� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� 

�f�r�o�m� �T�a�r�m�a�c� �C�e�m�e�n�t� �C�o�.� �i�n� �R�o�a�n�o�k�e�,� �V�i�r�g�i�n�i�a�,� �w�a�s� �u�s�e�d�.� �T�h�e� 

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

�m�a�n�u�f�a�c�t�u�r�e�r� �r�a�n�g�e�d� �f�r�o�m� �9�.�5� �t�o� �1�1�.�0� �p�e�r�c�e�n�t�.� 

�3�.�3�.�3� �C�h�e�m�i�c�a�l� �A�d�m�i�x�t�u�r�e�s� 

�I�n� �o�r�d�e�r� �t�o� �a�t�t�a�i�n� �t�h�e� �r�e�q�u�i�r�e�d� �f�r�e�e�z�e�-�t�h�a�w� 

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

�a�i�r� �e�n�t�r�a�i�n�i�n�g� �a�d�m�i�x�t�u�r�e�,� �D�a�r�a�v�a�i�r� �f�r�o�m� �W�.� �R�.� �G�r�a�c�e� �&� �C�o�.�,� 

�w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�r�e�s�h� �c�o�n�c�r�e�t�e�.� �T�o� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� 
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�T�a�b�l�e� �3� �-� �A�g�g�r�e�g�a�t�e� �P�r�o�p�e�r�t�i�e�s� 

�A�g�g�r�e�g�a�t�e� �P�r�o�p�e�r�t�i�e�s� 

�C�o�a�r�s�e� �A�g�g�r�e�g�a�t�e�:� �A�S�T�M� �C�3�3� �#�5�7� �C�r�u�s�h�e�d� �L�i�m�e�s�t�o�n�e� 

� � 

� � 

� � 

� � 

� � 

�D�r�y� �R�o�d�d�e�d� �U�n�i�t� �W�e�i�g�h�t� �9�6�.�4� �1�5�4�4�.�2� 
�l�b�s�/�f�t�?� �k�g�/�m�?� 

�V�o�i�d�s� �i�n� �D�r�y� �R�o�d�d�e�d� �U�n�i�t� �A�g�g�r�e�g�a�t�e� �4�4�.�2� �%� �4�4�.�2� �%� 

�B�u�l�k� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �(�D�r�y�)� �0�.�1�0�0� �2�.�7�7� 
�l�b�/�i�n� �g�/�c�m� 

�B�u�l�k� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �(�S�S�D�)� �0�.�1�0�1� �2�.�7�8� 
�l�b�/�i�n �� �g�/�c�m�?� 

�A�p�p�a�r�e�n�t� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �0�.�1�0�2� �2�.�8�1� 
�l�b�/�i�n�?� �g�/�c�m� 

�A�b�s�o�r�p�t�i�o�n� �0�.�6�2� �%� �0�.�6�2� �%� 
� � 

�|� �F�i�n�e� �A�g�g�r�e�g�a�t�e�:� �A�S�T�M� �C�3�3� �S�i�l�i�c�e�o�u�s� �N�a�t�u�r�a�l� �S�a�n�d� 

� � 

� � 

� � 

� � � � � � � � 
�B�u�l�k� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �(�D�r�y�)� �0�.�0�9�4� �2�.�6�0� 

�l�b�/�i�n�?� �g�/�c�m� 

�B�u�l�k� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �(�S�S�D�)� �0�.�0�9�6� �2�.�6�6� 
�l�b�/�i�n�?� �g�/�c�m� 

�A�p�p�a�r�e�n�t� �S�p�e�c�i�f�i�c� �G�r�a�v�i�t�y� �0�.�0�9�6� �2�.�6�6� 
�l�b�/�i�n�®� �g�/�c�m� 

�A�b�s�o�r�p�t�i�o�n� �0�.�3�5� �%� �0�.�3�5� �%� 

�F�i�n�e�n�e�s�s� �M�o�d�u�l�u�s� �2�.�8�1� �2�.�8�1� 
� �  � � � �� 

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

�G�r�a�n�u�l�a�r� �S�o�d�i�u�m� �C�h�l�o�r�i�d�e� �(�U�S�P�/�F�C�C�)�,� 

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

�3�.�3�.�4� �R�e�i�n�f�o�r�c�i�n�g� �S�t�e�e�l� 

�f�r�o�m� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� 

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

�G�r�a�d�e� �6�0�,� �#�4�,� �#�5�,� �a�n�d� �#�6� �b�a�r�s� �m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �R�o�a�n�o�k�e� 

�E�l�e�c�t�r�i�c� �S�t�e�e�l� �C�o�.� �i�n� �R�o�a�n�o�k�e�,� �V�i�r�g�i�n�i�a�.� 

�r�e�s�u�l�t�s� �a�r�e� �l�o�c�a�t�e�d� �i�n� �T�a�b�l�e� �4�.� 

�B�a�t�c�h� �t�e�s�t�i�n�g� 

� 



�T�a�b�l�e� �4� �-� �S�t�e�e�l� �R�e�i�n�f�o�r�c�e�m�e�n�t� �T�e�s�t� �D�a�t�a� 

�Y�i�e�l�d� �a�n�d� �U�l�t�i�m�a�t�e� �S�t�r�e�n�g�t�h�s� �o�f� �S�l�a�b� �R�e�i�n�f�o�r�c�e�m�e�n�t� 
� � 

� � 

�#�6� �B�a�r�s�:� �B�a�t�c�h� �1� �#�5� �B�a�r�s�:� �B�a�t�c�h� �1� �|� 

�Y�i�e�l�d� �P�t�.� �#�1� �7�5�0�0�0� �p�s�i� �|� �Y�i�e�l�d� �P�t�.� �#�1� �6�0�0�0�0� �p�s�i� 

�Y�i�e�l�d� �P�t�.� �#�2� �7�5�5�7�0� �p�s�i� �Y�i�e�l�d� �P�t�.� �#�2� �6�0�3�2�5� �p�s�i� 
� � 

�U�l�t�i�m�a�t�e� �P�t�.� �#�1� �|� �1�1�8�7�5�0� �p�s�i� �|� �U�l�t�i�m�a�t�e� �P�t�.� �#�1�]� �9�1�9�3�5� �p�s�i� 

�U�l�t�i�m�a�t�e� �P�t�.� �#�2� �1�1�9�3�2�0� �p�s�i� �|� �U�l�t�i�m�a�t�e� �P�t�.� �#�2� �9�2�2�6�0� �p�s�i� 
� � 

� � 

� � 

�#�6� �B�a�r�s�:� �B�a�t�c�h� �2� �#�5� �B�a�r�s�:� �B�a�t�c�h� �2� 

�Y�i�e�l�d� �P�t�.� �#�1� �6�2�5�0�0� �p�s�i� �|� �Y�i�e�l�d� �P�t�.� �#�1� �6�5�1�6�0� �p�s�i� 

�Y�i�e�l�d� �P�t�.� �#�2� �6�3�6�3�5� �p�s�i� �|� �Y�i�e�l�d� �P�t�.� �#�2� �6�4�8�4�0� �p�s�i� 
� � 

�U�l�t�i�m�a�t�e� �P�t�.� �#�1� �9�7�7�2�5� �p�s�i� �{�|� �U�l�t�i�m�a�t�e� �P�t�.� �#�1� �|� �1�0�0�3�2�0� �p�s�i� 

�U�l�t�i�m�a�t�e� �P�t�.� �#�2� �9�8�2�9�5� �p�s�i� �|� �U�l�t�i�m�a�t�e� �P�t�.� �#�2� �9�9�5�1�5� �p�s�i� 
� � 

� � 

�#�6� �B�a�r�s�:� �B�a�t�c�h� �3� 
�e�e�e� �e�e�e� �e�e�e� 

�Y�i�e�l�d� �P�t�.� �#�1� �7�2�7�2�5� �p�s�i� 

�Y�i�e�l�d� �P�t�.� �#�2� �7�3�8�6�5� �p�s�i� 

�U�l�t�i�m�a�t�e� �P�t�.� �#�1� �1�1�0�2�2�5� �p�s�i� 

�U�l�t�i�m�a�t�e� �P�t�.� �#�2� �1�1�1�3�6�5� �p�s�i� 
�N�o�t�e�:� �1� �p�s�i� �=� �4�7�.�8�8� �P�a� 

� � 

� � 

� � � � � � � � � � � � � � � � 

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

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

�3�.�4� �S�p�e�c�i�m�e�n� �D�e�s�i�g�n� 

�3�.�4�.�1� �P�r�e�l�i�m�i�n�a�r�y� �T�e�s�t�i�n�g� 

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

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

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

�u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�r�r�o�s�i�o�n� �r�a�t�e� �i�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �3�L�P� 

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

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

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

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

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

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

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

�e�l�e�c�t�r�o�d�e�,� �b�u�t� �t�h�e� �3�L�P� �d�e�v�i�c�e� �d�i�d� �n�o�t� �(�5�3�)�.� �I�n�i�t�i�a�l� �t�r�i�a�l� 

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

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

�s�p�e�c�i�m�e�n�s� �w�e�r�e� �1�1� �i�n�.� �x� �1�2�.�5� �i�n�.� �x� �7� �i�n�.� �(�2�8� �c�m� �x� �3�2� �c�m� �x� �1�8� 

�c�m�)� �b�l�o�c�k�s� �w�i�t�h� �o�n�e� �#�4� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r� �p�l�a�c�e�d� �2�"� �(�5� �c�m�)� 

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

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

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

�t�a�p�e� �a�t� �b�o�t�h� �e�n�d�s� �t�o� �l�e�a�v�e� �1�1� �i�n�c�h�e�s� �(�2�8� �c�m�)� �o�f� �e�x�p�o�s�e�d� 

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

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

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

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

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

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

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

�d�e�s�i�g�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �P�e�n�n�-�D�O�T� �A�-�A� �b�r�i�d�g�e� �d�e�c�k� 

�s�p�e�c�i�f�i�c�a�t�i�o�n�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �5� �(�6�5�)�.� �S�e�v�e�r�a�l� �t�r�i�a�l� 

�b�a�t�c�h�e�s� �w�e�r�e� �m�i�x�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�i�x� �c�o�m�p�o�s�i�t�i�o�n� �t�h�a�t� 
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�5�.�5 �� �5�.�5 �� 

� � � � 

�1�2�.�5�"� 

� � 
� � � � � � � � 
� � �)� �1�7�6� 

� � � � 
� � 

�R�E�B�A�R� 

� � � � � � 
� � 

�E�p�o�x�y� �C�o�a�t�e�d� 

�F�i�g�u�r�e� �4�-�A� �-� �T�e�s�t� �B�l�o�c�k� �D�e�s�i�g�n� �N�o�t�e�:� �1 �� �=� �2�.�5�4� �c�m� 
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�T�a�b�l�e� �5� �-� �C�o�n�c�r�e�t�e� �M�i�x� �D�e�s�i�g�n� �o�f� �T�e�s�t� �S�p�e�c�i�m�e�n�s�.� 
� � 

� � � � � � 

�P�e�n�n� �D�O�T� �S�p�e�c�i�f�i�c�a�t�i�o�n�s� 
�1�9�7�2� �T�y�p�e� �A�-�A� �B�r�i�d�g�e� �D�e�c�k� �C�o�n�c�r�e�t�e� 

�r�e�n�e�e� �e�e� 

�C�e�m�e�n�t� �C�o�n�t�e�n�t�:� �5�9�0�-�6�5�8� �l�b�s�/�y�d�?� 

�M�a�x�i�m�u�m� �W�/�C� �R�a�t�i�o�:� �0�.�4�7� 

�S�l�u�m�p�:� �1�-�3� �i�n� 

�S�t�r�e�n�g�t�h�:� �@� �7� �D�a�y�s� �-� �3�0�0�0� �p�s�i� 

�@� �2�8� �D�a�y�s� �-� �3�7�5�0� �p�s�i� 

�A�i�r� �C�o�n�t�e�n�t�:� �5�-�7� �%� 

�C�o�a�r�s�e� �A�g�g�r�e�g�a�t�e� �b�y� �S�o�l�i�d� �9�.�9�3�-�1�3�.�1�0� �f�t�?� 
�V�o�l�u�m�e�:� 

�N�o�t�e�:� �1� �i�n� �=� �2�.�5�4� �c�m� 
�1� �p�s�i� �=� �4�7�.�8�8� �P�a� 
�1� �l�b�/�y�d�?� �=� �0�.�5�9� �k�g�/�m� 

�y�i�e�l�d�e�d� �t�h�e� �d�e�s�i�r�e�d� �c�o�n�c�r�e�t�e� �p�r�o�p�e�r�t�i�e�s�.� �F�i�v�e� �c�h�l�o�r�i�d�e� 

�s�o�l�u�t�i�o�n�s� �y�i�e�l�d�i�n�g� �0�.�0�,� �1�.�0�,� �2�.�0�,� �4�.�0�,� �a�n�d� �8�.�0� �l�b�s�/�y�d �� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�o�d�i�u�m� �(�0�.�5�9�3�,� �1�.�1�8�6�,� �2�.�3�7�2�,� �a�n�d� �4�.�7�4�4� 

�k�g�/�m�?�)� �o�f� �c�h�l�o�r�i�d�e� �i�o�n�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �c�o�n�c�r�e�t�e� �m�i�x� 

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

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

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

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

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

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

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

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

�m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�.� 

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

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

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

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

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

�S�l�a�b�s�.� 

�B�o�t�h� �t�h�e� �3�L�P� �a�n�d� �t�h�e� �G�e�c�o�r� �d�e�v�i�c�e�s� �u�s�e� �a� �c�o�n�s�t�a�n�t� �o�f� �B� 

�=� �4�0�.�7�6� �i�n� �t�h�e� �S�t�e�r�n�-�G�e�a�r�y� �e�q�u�a�t�i�o�n� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� 

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

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

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

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

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

�2�.� 

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

�c�o�r�r�o�s�i�o�n� �a�c�t�i�v�i�t�y� �r�e�s�u�l�t�e�d� �a�t� �t�h�e� �1�.�0� �l�b�/�y�d ��?� �(�0�.�5�9�3� �k�g�/�m ��)� 

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

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

�m�u�l�t�i�p�l�e�s� �o�f� �1�.�0� �l�b�/�y�d ��®� �(�0�.�5�9�3� �k�g�/�m ��)� �C�l �� �t�o� �f�a�c�t�o�r�s� �o�f� �1�.�2� 

�l�b�/�y�d ��?� �(�0�.�7�1�2� �k�g�/�m�*�?�)� �C�l �� �w�h�i�c�h� �i�s� �t�h�e� �g�e�n�e�r�a�l�l�y� �a�c�c�e�p�t�e�d� 

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

�3�.�4�.�2� �T�e�s�t� �S�l�a�b�s� 

�A� �t�o�t�a�l� �o�f� �4�7� �t�e�s�t� �s�l�a�b�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �s�t�u�d�y�,� �1�3� 

�i�n�d�o�o�r� �e�x�p�o�s�u�r�e� �s�p�e�c�i�m�e�n�s� �a�n�d� �3�4� �o�u�t�d�o�o�r� �e�x�p�o�s�u�r�e� �s�p�e�c�i�m�e�n�s�.� 

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

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

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

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

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

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

�d�i�a�m�e�t�e�r�,� �e�x�p�o�s�u�r�e� �c�o�n�d�i�t�i�o�n� �(�i�n�d�o�o�r� �a�n�d� �o�u�t�d�o�o�r� �e�x�p�o�s�u�r�e�s�)�,� 

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

�p�r�o�g�r�a�m� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �6�.� 

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

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

�p�a�r�a�m�e�t�e�r�s� �a�s� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t� �b�l�o�c�k�s�,� �s�e�e� �T�a�b�l�e� �5�.� 

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

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

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

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

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

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

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

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

�t�o� �a� �k�n�o�w�n� �l�e�n�g�t�h� �o�f� �4�2� �i�n� �(�1�0�6�.�7� �c�m�)� �o�f� �c�l�e�a�r� �s�t�e�e�l� �a�r�e�a�.� 

�L�i�k�e� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �s�p�e�c�i�m�e�n�s�,� �P�e�n�n� �D�O�T� �A�-�A� �c�o�n�c�r�e�t�e� �w�a�s� 

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

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

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

�c�o�r�r�o�s�i�o�n� �s�i�t�e�s�.� 

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

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

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

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

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �s�t�a�b�i�l�i�z�e�.� 

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

�c�o�d�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�I� �=� 

�A� �=� 

�A� 

�(�A� 

�B� 

�(�B� 

�C�c� 

�(�C�c� 

�D� 

�(�D� 

�2� �=� 

�8� �=� 

�5� �=� 

�4�.�8� �=� 

�-�1� �=� 

�I�A�2�8�5�4�.�8�-�1� 

�e�x�p�o�s�u�r�e� �c�o�n�d�i�t�i�o�n�:� �I� �-� �I�n�d�o�o�r� �o�r� �0� �-� �O�u�t�d�o�o�r� 

�s�e�r�i�e�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�:� �A�,�B�,�C� �o�r� �D� 

�-� �2�"� �c�o�v�e�r�,� �8�"� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s� 

�-� �5� �c�m� �c�o�v�e�r�,� �2�0� �c�m� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s�)� 

�~� �3�"� �c�o�v�e�r�,� �8�"� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s� 

�-� �8� �c�m� �c�o�v�e�r�,� �2�0� �c�m� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s�)� 

�-� �2�"� �c�o�v�e�r�,� �8�"� �s�p�a�c�i�n�g�,� �#�6� �b�a�r�s� 

�5� �c�m� �c�o�v�e�r�,� �2�0� �c�m� �s�p�a�c�i�n�g�,� �#�6� �b�a�r�s�)� 

�-� �2�"� �c�o�v�e�r�,� �6�"� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s� 

�-� �5� �c�m� �c�o�v�e�r�,� �1�5� �c�m� �s�p�a�c�i�n�g�,� �#�5� �b�a�r�s�)� 

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

�b�a�r� �s�p�a�c�i�n�g� �i�n� �i�n�c�h�e�s� 

�b�a�r� �s�i�z�e�:� �#�5� �o�r� �#�6� 

�c�h�l�o�r�i�d�e� �c�o�n�t�e�n�t� �i�n� �l�b�s�/�y�d�?� 

�s�p�e�c�i�m�e�n� �n�u�m�b�e�r� 

�T�h�e� �i�.�.�.� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� 

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

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

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

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

�d�e�s�i�g�n�a�t�e�d� �t�o� 

�m�e�a�s�u�r�e�m�e�n�t�s�.� 

�b�e� �t�e�s�t�e�d� �w�i�t�h� �b�o�t�h� �d�e�v�i�c�e�s�,� �t�o�t�a�l�l�i�n�g� �1�0� 

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

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

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

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

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

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

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

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

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

�r�e�a�d�i�n�g�s� �e�v�e�r�y� �t�w�o� �m�o�n�t�h�s� �f�o�r� �a�l�l� �s�l�a�b�s� �o�t�h�e�r� �t�h�a�n� �t�h�e� �9�.�6� 

�l�b�s�/�y�d�@� �(�5�.�7� �k�g�/�m ��)� �s�e�r�i�e�s�,� �w�h�i�c�h� �w�e�r�e� �m�e�a�s�u�r�e�d� �f�i�v�e� �t�i�m�e�s� 

�e�v�e�r�y� �m�o�n�t�h�.� �F�i�g�u�r�e�s� �5�-�a� �a�n�d� �5�-�b� �p�r�e�s�e�n�t� �t�h�e� �i�n�i�t�i�a�l� �a�n�d� 

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

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

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

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

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

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

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

�3�.�4�.�3� �T�e�s�t� �B�l�o�c�k�s� 

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

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

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

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

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

� � 

�'� �t� �i� �t� �i� 
�'� �'�  �� �l� �4� 
�'� �l� �'� �l� �1� 
�'� �1� �'� �l� �4� 
�t� �i� �'� �l�  �� 

�'� �1� �'� �1� �1� 
�i�  �� �'� �4� �'� 
�'� �1� �t� �1� �b� 
�(�  �� �1� �i� �'� 
�(� �«� �t� �1� 
�'� �1�  �� �1� 
�(�  �� �f�  �� 
�4� �a� �+� �'� 

�'�  �� �'� �1� 

�4� �'�  ��  �� 
 �� �'� �I�t� �a� 
 �� �'� �+� �1� 
 �� �'� �i�  �� 

�'�  �� �'� � � � � � � � �R�E�B�A�R�  � ��- � �� 
� � 

�M�E�A�S�U�R�E�M�E�N�T� 

�P�O�S�I�T�I�O�N�S� 

�F�i�g�u�r�e� �5�-�a� �-� �I�n�i�t�i�a�l� �C�o�r�r�o�s�i�o�n� �R�a�t�e� �M�e�a�s�u�r�e�m�e�n�t� �S�c�h�e�m�e�.� 
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�M�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �o�n� �a�l�t�e�r�n�a�t�i�n�g� �m�o�n�t�h�s�.� 
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�e�a�c�h� �o�f� �t�h�e� �s�i�x� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�o�u�t�d�o�o�r� �s�e�r�i�e�s�,� �t�h�e� �2�.�4�,� �4�.�8�,� �a�n�d� �t�h�e� �9�.�6� �l�b�/�y�d ��®� �(�1�.�4�2�3�,� 

�2�.�8�4�6�,� �a�n�d� �t�h�e� �5�.�6�9�3� �k�g�/�m ��)� �C�l �� �b�l�o�c�k�s�.� �T�h�e� �s�t�e�e�l� �b�a�r�s� �w�e�r�e� 

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

�l�e�n�g�t�h�s�.� �T�h�e� �s�e�c�t�i�o�n�s� �w�e�r�e� �c�l�e�a�n�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �t�o� �A�S�T�M� �G�-� 

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

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

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

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

�3�.�5� �S�e�c�o�n�d�a�r�y� �E�x�p�e�r�i�m�e�n�t�s� 

�3�.�5�.�1� �C�h�l�o�r�i�d�e� �I�o�n� �M�e�a�s�u�r�e�m�e�n�t�s� 

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

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

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

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

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

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

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

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

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

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

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

�3�.�5�.�2� �T�e�m�p�e�r�a�t�u�r�e� �E�x�p�e�r�i�m�e�n�t� 

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

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

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

�f�r�o�m� �t�h�r�e�e� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �2�.�4�,� �4�.�8� �a�n�d� �9�.�6� �l�b�/�y�d�@� 

�(�1�.�4�2�3�,� �2�.�8�4�6� �a�n�d� �5�.�6�9�3� �k�g�/�m ��)� �C�l ��,� �w�e�r�e� �e�m�e�r�s�e�d� �i�n� �a� �w�a�t�e�r� 

�b�a�t�h� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �3�5� �t�o� �9�5� �°�F� �(�1�.�7� �t�o� �3�5�.�0� 

�°�C�)�.�  ��T�h�e� �c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �w�i�t�h� �b�o�t�h� �t�h�e� �3�L�P� 

�a�n�d� �t�h�e� �G�e�c�o�r� �d�e�v�i�c�e�s� �o�v�e�r� �1�0� �t�o� �1�5� �°�F� �(�5�.�5� �t�o� �8�.�3� �°�C�)� 

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

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

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

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

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t�s�.� 
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�4�.�0� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

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

�m�o�d�i�f�y� �B�a�z�a�n�t ��s� �t�i�m�e� �t�o� �c�r�a�c�k�i�n�g� �m�o�d�e�l� �f�o�r� �t�w�o� �c�o�m�m�e�r�c�i�a�l�l�y� 

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

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

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

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

�r�a�t�e� �o�v�e�r� �t�h�e� �p�e�r�i�o�d� �c�a�n� �b�e� �e�n�t�e�r�e�d� �i�n�t�o� �B�a�z�a�n�t ��s� �e�q�u�a�t�i�o�n�s� 

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

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

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

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

�c�r�a�c�k�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�s�.� 

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

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

�c�o�r�r�e�c�t�e�d� �f�o�r�,� �i�f� �p�o�s�s�i�b�l�e�.� 

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

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

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

�4�.�1� �P�r�e�l�i�m�i�n�a�r�y� �T�e�s�t�i�n�g� 

�4�.�1�.�1� �P�r�e�l�i�m�i�n�a�r�y� �T�e�s�t� �B�l�o�c�k�s� 

�A�s� �m�e�n�t�i�o�n�e�d� �i�n� �C�h�a�p�t�e�r� �3�,� �a� �s�e�r�i�e�s� �o�f� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t� 

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

�c�o�n�t�e�n�t� �l�e�v�e�l�s�.� 

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

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

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

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

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

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

�t�h�e� �2�.�0� �l�b�s�/�y�d�*�®� �C�l �� �(�1�.�2� �k�g�\�m �� �C�l ��)� �l�e�v�e�l� �s�h�o�w�e�d� �a�n�y� �p�h�y�s�i�c�a�l� 

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

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

�c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �b�e�l�o�w� �t�h�i�s� �l�e�v�e�l�,� �s�e�e� �T�a�b�l�e� �A�-�1� �o�f� �A�p�p�e�n�d�i�x� 

�A�.� 

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

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

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

�c�o�r�r�o�s�i�o�n� �r�a�t�e� �a�c�t�i�v�i�t�y�.� �T�h�e� �0�.�0�,� �0�.�6� �a�n�d� �1�.�2� �l�1�b�/�y�d ��®� �C�l�-� 

�(�0�.�0�,� �0�.�3�6� �a�n�d� �0�.�7�1� �k�g�/�m �� �C�l�°�)� �l�e�v�e�l�s� �w�e�r�e� �c�h�o�s�e�n� �t�o� 

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

�p�i�t�t�i�n�g� �c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �b�a�r�s�.� �T�h�e� �2�.�4�,� �4�.�8� �a�n�d� �9�.�6� 

�l�b�/�y�d �� �C�l �� �(�1�.�4�2�,� �2�.�8�4� �a�n�d� �5�.�6�8� �k�g�/�m �� �C�l ��)� �l�e�v�e�l�s� �w�e�r�e� �c�h�o�s�e�n� 

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

�a�f�f�e�c�t� �t�h�e� �a�c�t�i�v�e� �c�o�r�r�o�s�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �t�w�o� �d�e�v�i�c�e�s�.� 
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�4�.�1�.�2� �P�r�e�l�i�m�i�n�a�r�y� �S�e�n�s�i�t�i�v�i�t�y� �A�n�a�l�y�s�i�s� 

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

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

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

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

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

�o�n� �e�a�c�h� �o�f� �t�h�e� �f�i�v�e� �b�a�r�s� �i�n� �t�h�e� �s�l�a�b�,� �s�e�e� �F�i�g�u�r�e� �5� �i�n� 

�C�h�a�p�t�e�r� �3�.� �T�h�e� �s�a�m�p�l�e� �m�e�a�n�,� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �a�n�d� 

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

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

�w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �M�I�N�I�T�A�B�.� �M�I�N�I�T�A�B� �c�a�l�c�u�l�a�t�e�d� �t�h�e� �F�-� 

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

�s�q�u�a�r�e� �e�r�r�o�r�.� �W�h�e�n� �t�h�e� �v�a�r�i�a�t�i�o�n� �a�m�o�n�g� �g�r�o�u�p�s� �i�s� �m�u�c�h� 

�g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �v�a�r�i�a�t�i�o�n� �d�u�e� �t�o� �r�a�n�d�o�m� �e�r�r�o�r�,� �t�h�e� �F�-�r�a�t�i�o� 

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

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

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

�T�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �b�e�l�o�w� �i�n� �T�a�b�l�e� �8�.� 

�T�a�b�l�e� �8� �-� �S�u�m�m�a�r�y� �o�f� �O�n�e�-�W�a�y� �A�N�O�V�A� �f�o�r� �P�r�e�l�i�m�i�n�a�r�y� �T�e�s�t�i�n�g� 
� � 

� � � � 

� � 

� � 

�T�e�s�t� �G�r�o�u�p� �F�o�o�s�e� �V�S�+� �F�o�s�i�t� �C�o�n�c�l�u�s�i�o�n� 
�(�a�=�.�0�5�)� 

�S�a�m�e� �B�a�r� �2�.�8�2� �<� �3�.�0�6� �N�o�t� 
�V�a�r�i�a�n�c�e� �S�i�g�n�i�f�i�c�a�n�t� 

�B�e�t�w�e�e�n� �B�a�r� �1�.�8�6� �<� �3�.�2�4� �N�o�t� 
�V�a�r�i�a�n�c�e� �S�i�g�n�i�f�i�c�a�n�t� 

�B�e�t�w�e�e�n� �S�l�a�b� �7�.�2�1� �>� �4�.�0�0� �S�i�g�n�i�f�i�c�a�n�t� 
�V�a�r�i�a�n�c�e� � � � � � � � � � � 
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�T�h�e� �a�n�a�l�y�s�i�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

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

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

�b�a�r� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �9�5�%� �c�o�n�f�i�d�e�n�c�e� �l�e�v�e�l�,� �s�e�e� 

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

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

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

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

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

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

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

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

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

�r�e�a�d�i�n�g�s� �e�v�e�r�y� �t�w�o� �m�o�n�t�h�s�.� �T�h�e� �9�.�6� �l�b�/�y�d ��?� �C�l �� �(�5�.�6�8� �k�g�/�m� 

�C�l�)� �s�l�a�b�s� �a�n�d� �b�l�o�c�k�s� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �c�o�r�r�o�s�i�o�n� �r�a�t�e�,� �a�n�d� 

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

�t�h�e� �s�h�o�r�t�e�s�t� �p�e�r�i�o�d� �o�f� �t�i�m�e�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �5� �r�e�a�d�i�n�g�s� �e�v�e�r�y� 

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

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

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

�4�.�2� �C�h�l�o�r�i�d�e� �C�o�n�t�e�n�t�s� 

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

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

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

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

�i�n� �C�h�a�p�t�e�r� �2�,� �t�h�e� �a�m�o�u�n�t� �o�f� �t�r�i�-�c�a�l�c�i�u�m� �a�l�u�m�i�n�a�t�e� �i�n� �t�h�e� 

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

�c�h�e�m�i�c�a�l�l�y� �i�n� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x�.� �A�l�t�h�o�u�g�h� �t�h�e� �e�x�a�c�t� �t�r�i�-� 

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

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

�s�h�o�w�e�d� �t�h�a�t� �i�t� �r�a�n�g�e�d� �f�r�o�m� �9�.�5� �t�o� �1�1�.�0� �p�e�r�c�e�n�t� �w�h�i�c�h� �w�o�u�l�d� 

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

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

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

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

�t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� �o�f� �t�h�e� �b�a�t�c�h�.� 

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

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

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

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

�c�h�l�o�r�i�d�e� �c�o�n�t�e�n�t�s� �e�x�c�e�p�t� �t�h�e� �9�.�6� �l�b�/�y�d�®� �(�5�.�7� �k�g�/�m ��)� �s�e�r�i�e�s� 

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

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

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

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

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e�s� �9�-�a� �a�n�d� �9�-�b�.� �T�h�e� �t�w�o� �a�c�i�d�-�s�o�l�u�b�l�e� 

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

�A�t� �t�h�e� �t�i�m�e� �o�f� �t�h�e� �f�i�r�s�t� �c�h�l�o�r�i�d�e� �m�e�a�s�u�r�e�m�e�n�t�s�,� �t�w�o� 
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�T�a�b�l�e� �9�-�a� �-� �C�h�l�o�r�i�d�e� �C�o�n�c�e�n�t�r�a�t�i�o�n� �D�a�t�a� �-� �9�/�1�7�/�9�2� 
� � 

� � 

� � � � � � � � � � � � � � 

�A�d�d�e�d� �R�a�p�i�d� �A�c�i�d�-� �W�a�t�e�r�-� 
�S�a�m�p�l�e� �#� �|� �C�h�l�o�r�i�d�e� �M�e�t�h�o�d� �S�o�l�u�b�l�e� �S�o�l�u�b�l�e� 

�(�1�b�/�y�a ��)� �|� �(�1�b�/�y�d�*�)� �(�1�b�/�y�d�"�)� �(�1�b�/�y�d�*�)� 

�0�.�0�A�2�-�1� �0� �0� �0�.�8�1� �(�0�.�0�0�)� �-� 

�0�.�0�A�2�-�2� �0� �0� �_� 

�0�.�0�B�2�-�1� �0� �0� �-� 

�0�.�0�B�2�-�2� �0� �0� �-� 

�0�.�6�A�3�-�1� �0�.� �0� �1�.�4�3� �(�0�.�6�2�)� �-� 

�0�.�6�A�3�-�2� �°� �0� �-� 

�0�.�6�B�2�-�1� �.� �0� �-� 

�0�.�6�B�2�-�2� �°� �0� �-� 

�1�.�2�B�2�-�1� �0� �2�.�5�0� �(�1�.�6�9�)� �-� 

�1�.�2�B�2�-�2� �.� �0� �-� 

�1�.�2�C�3�-�1� �.� �0� �-� 

�1�.�2�C�3�-�2� �.� �0� �-� 

�2�.�4�A�1�-�1� �.� �0�.�7� �3�.�2�1� �(�2�.�4�0�)� �-� 

�2�.�4�A�l�1�-�1� �.� �0�.�9� �-� 

�2�.�4�B�3�-�1� �2�.� �1�.�2� �-� 

�2�.�4�B�3�-�2� �.� �1�.�8� �-� 

�4�.�8�A�2�-�1� �.� �5�.�4� �6�.�2�9� �(�5�.�4�8�)� �-� 

�4�.�8�A�2�-�2� �3�.�2� �-� 

�4�.�8�B�2�-�1� �°� �3�.�3� �-� 

�4�.�8�B�2�-�2� �°� �3�.�3� �-� 

�N�o�t�e�:� �V�a�l�u�e�s� �i�n� �p�a�r�e�n�t�h�e�s�i�s� �i�n�d�i�c�a�t�e� 
�c�h�l�o�r�i�d�e� �c�o�n�t�e�n�t� �m�i�n�u�s� 
�b�a�c�k�g�r�o�u�n�d� �l�e�v�e�l�s�.� 
�1�.�0� �l�b�/�y�d�*� �=� �0�.�5�9� �k�g�/�m� 
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�T�a�b�l�e� �9�-�b� �-� �C�h�l�o�r�i�d�e� �C�o�n�c�e�n�t�r�a�t�i�o�n� �D�a�t�a� �-� �8�/�8�/�9�3� 
� � 

� � 

� � � � � � � � � � � � � � 

�c�o�n�t�e�n�t�s� �m�i�n�u�s� �b�a�c�k�g�r�o�u�n�d� �l�e�v�e�l�s�.� 
�1�.�0� �l�b�/�y�d� �=� �0�.�5�9� �k�g�/�m� 

�A�d�d�e�d� �R�a�p�i�d� �A�c�i�d�-� �W�a�t�e�r�-� 
�S�a�m�p�l�e� �#� �|� �C�h�l�o�r�i�d�e� �M�e�t�h�o�d� �S�o�l�u�b�l�e� �S�o�l�u�b�l�e� 

�(�l�b�/�y�d�*�)� �|� �(�1�b�/�y�d�*�)� �(�1�b�/�y�d�*�)� �(�1�b�/�y�d�*�)� 

� �0�.�0�A�2�-�1� �0� �0�.�4�6� �0�.�5�3� �(�0�.�0�0�)� 
�0�.�0�A�2�-�2� �0� �0�.�6�1� �0�.�2�8� 

�0�.�0�B�1�-�1� �0� �0�.�5�3� 

�0�.�0�B�1�-�2� �0� �0�.�3�9� 

�0�.�6�B�2�-�1� �0�.�6� �1�.�2�2� �1�.�1�8� �(�.�6�5�)� 

�0�.�6�B�2�-�2� �.� �1�.�2�0� 

�0�.�6�B�3�-�1� �.� �0�.�9�6� 

�0�.�6�B�3�-�2� �Q�O�.� �1�.�1�7� �0�.�3�5� 

�1�.�2�C�1�-�1� �.� �1�.�9�7� �1�.�7�3� �(�1�.�2�0�)� 

�1�.�2�C�1�-�2� �.� �1�.�8�6� 

�1�.�2�D�3�-�1� �.� �1�.�6�7� 

�1�.�2�D�3�-�2� �1�.�2� �1�.�8�5� �0�.�7�7� 

�2�.�4�A�1�-�1� �2�.�4� �3�.�0�5� �2�.�0�7� �(�1�.�5�4�)� 

�2�.�4�A�1�-�2� �2�.�4� �2�.�7�4� 

�2�.�4�B�2�-�1� �2�.�4� �3�.�0�3� 

�2�.�4�B�2�-�2� �3�.�2�5� �1�.�6�0� 

�4�.�8�A�2�-�1� �.� �6�.�0�5� �4�.�3�1� �(�3�.�7�8�)� 

�4�.�8�A�2�-�2� �.� �5�.�9�3� 

�4�.�8�B�2�-�1� �.� �6�.�0�2� 

�4�.�8�B�2�-�2� �4�.� �6�.�6�1� �3�.�7�5� 

�9�.�6�A�l�1�-�1� �.� �1�1�.�6�5� �9�.�1�0� �(�8�.�5�7�)� 

�9�.�6�A�1�-�2� �:� �1�1�.�2�3� 

�9�.�6�B�3�-�1� �.� �1�1�.�3�9� 

�9�.�6�B�3�-�2� �°� �1�3�.�6�3� �8�.�2�2� 

�N�o�t�e�:� �V�a�l�u�e�s� �i�n� �p�a�r�e�n�t�h�e�s�i�s� �i�n�d�i�c�a�t�e� �c�h�l�o�r�i�d�e� 
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�t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �a�v�a�i�l�a�b�l�e�:� �T�h�e� �R�a�p�i�d� �S�p�e�c�i�f�i�c� �I�o�n� �E�l�e�c�t�r�o�d�e� 

�M�e�t�h�o�d� �(�4�4�)� �a�n�d� �t�h�e� �A�S�T�M� �C�1�1�4�-�8�8� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d� �f�o�r� 

�C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s� �o�f� �H�y�d�r�a�u�l�i�c� �C�e�m�e�n�t�,� �S�e�c�t�i�o�n� �1�9� �(�4�5�)�.� 

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

�b�e�e�n� �m�o�d�i�f�i�e�d� �s�l�i�g�h�t�l�y� �a�n�d� �a� �t�h�i�r�d� �t�e�s�t� �m�e�t�h�o�d�,� �A�S�T�M� �C�1�2�1�8�-� 

�9�2� �S�t�a�n�d�a�r�d� �T�e�s�t� �M�e�t�h�o�d� �f�o�r� �W�a�t�e�r�-�S�o�l�u�b�l�e� �C�h�l�o�r�i�d�e� �i�n� �M�o�r�t�a�r� 

�a�n�d� �C�o�n�c�r�e�t�e� �h�a�d� �b�e�e�n� �p�u�t� �i�n�t�o� �p�r�a�c�t�i�c�e� �(�4�6�)�.� 

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

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

�r�a�p�i�d� �m�e�t�h�o�d� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�,� �s�e�e� �T�a�b�l�e� �9�.� �T�h�e� 

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

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

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

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

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

�c�o�n�t�e�n�t�s�.� 

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

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

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

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

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

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

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

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

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

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

�b�a�c�k�g�r�o�u�n�d� �c�h�l�o�r�i�d�e�s�)� �i�n� �t�h�e� �0�.�0� �a�n�d� �0�.�6� �1�l�b�/�y�d ��®� �(�0�.�0�0� �a�n�d� 

�0�.�3�6� �k�g�/�m ��)� �C�l �� �s�e�r�i�e�s� �t�o� �b�e� �b�e�l�o�w� �t�h�e� �a�c�i�d�-�s�o�l�u�b�l�e� 

�t�h�r�e�s�h�o�l�d� �l�e�v�e�l� �o�f� �1�.�2� �l�b�/�y�d ��®� �(�0�.�7�1� �k�g�/�m�*�)� �C�l �� �w�h�i�c�h� �h�a�s� �b�e�e�n� 

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

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

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

�l�b�/�y�d�?� �(�0�.�7�1� �k�g�/�m ��)� �C�l �� �s�e�r�i�e�s� �c�o�n�t�a�i�n�e�d� �b�e�t�w�e�e�n� �1�.�2� �a�n�d� �1�.�7� 

�l�b�/�y�d �� �(� �0�.�7�1� �a�n�d� �1�.�0�0� �k�g�/�m ��)� �C�l �� �o�f� �a�c�i�d�-�s�o�l�u�b�l�e� �c�h�l�o�r�i�d�e�s� 

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

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

�o�c�c�u�r� �i�n� �t�h�i�s� �s�e�r�i�e�s� �o�f� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �2�.�4� �l�b�/�y�d �� �(�1�.�4�2� 

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

�b�e�t�w�e�e�n� �1�.�5� �a�n�d� �2�.�4� �l�b�/�y�d ��®� �(�0�.�8�8� �a�n�d� �1�.�4�2� �k�g�/�m ��)� �C�l ��.� �T�h�e� 

�2�.�4� �l�b�/�y�d�*�®� �(�1�.�4�2� �k�g�/�m ��)� �C�l �� �s�p�e�c�i�m�e�n�s�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �h�i�g�h�e�r� 

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

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

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

�A�c�c�o�r�d�i�n�g� �t�o� �K�a�y� �(�6�8�)�,� �t�h�e� �w�a�t�e�r�-�s�o�l�u�b�l�e� �t�h�r�e�s�h�o�l�d� 

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

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

�v�a�l�u�e� �f�o�r� �t�h�e� �s�l�a�b�s� �w�o�u�l�d� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�6�5� �l�b�/�y�d �� �(�0�.�3�9� 

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

�c�o�r�r�o�s�i�o�n� �w�o�u�l�d� �b�e� �l�i�k�e�l�y� �b�e�l�o�w� �t�h�e� �1�.�2� �l�b�/�y�d �� �(�0�.�7�1� �k�g�/�m ��)� 
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�l�e�v�e�l�.� 

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

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

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

�c�o�m�p�a�r�i�s�o�n� �i�n�d�i�c�a�t�e�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�3� �a�n�d� �1�.�0� �l�b�/�y�d� �(�0�.�1�8� 

�a�n�d� �0�.�5�9� �k�g�/�m ��)� �o�f� �c�h�l�o�r�i�d�e�s� �w�e�r�e� �b�o�u�n�d� �b�y� �t�h�e� �C�,�A�,� �t�h�u�s� 

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

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

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

�t�h�e� �3�L�P� �d�e�v�i�c�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�c�i�d� �a�n�d� �w�a�t�e�r�-�s�o�l�u�b�l�e� 

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

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

�e�x�p�e�c�t�e�d� �t�o� �p�r�o�d�u�c�e� �s�i�g�n�i�f�i�c�a�n�t� �c�o�r�r�o�s�i�o�n�,� �s�e�e� �F�i�g�u�r�e�s� �6�-�a� 

�t�h�r�o�u�g�h� �6�-�d�.� 

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

�d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �0�.�0� �a�n�d� �0�.�6� �l�b�/�y�d �� �(�0�.�0�0� �a�n�d� �0�.�3�6� �k�g�/�m ��)� 

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

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

�T�h�i�s� �l�e�v�e�l�,� �i�f� �a�p�p�r�o�x�i�m�a�t�e�d� �g�r�a�p�h�i�c�a�l�l�y�,� �i�s� �a�b�o�u�t� �1�.�2� �m�A�/�f�t �� 

�(�1�.�2� �p�w�A�/�c�m ��)� �f�o�r� �t�h�e� �3�L�P� �d�e�v�i�c�e� �a�n�d� �0�.�0�7�5� �m�A�/�f�t�?� �(�0�.�0�7�5� 

�p�A�/�c�o�m ��)�.� 

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

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

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

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

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

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

�(�S�e�e� �m�a�n�u�f�a�c�t�u�r�e�r�s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n�s� �l�o�c�a�t�e�d� �i�n� �C�h�a�p�t�e�r� �2�)� 

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

�a�t� �o�r� �b�e�l�o�w� �t�h�e� �2�.�4� �l�b�/�y�d ��®� �(�1�.�4�2� �k�g�/�m ��)� �C�l �� �s�h�o�w� �n�e�g�l�i�g�i�b�l�e� 

�s�i�g�n�s� �o�f� �c�o�r�r�o�s�i�o�n�.� �T�h�e� �3�L�P� �d�e�v�i�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �d�a�m�a�g�e� 

�f�r�o�m� �c�o�r�r�o�s�i�o�n� �m�a�y� �o�c�c�u�r� �f�o�r� �t�h�e�s�e� �c�o�r�r�o�s�i�o�n� �r�a�t�e�s� �i�n� �2� �t�o� 

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

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

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

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

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

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

�4�.�8� �l�b�/�y�d ��®� �(�2�.�8�5� �k�g�/�m ��)� �C�l �� �l�e�v�e�l� �i�n� �t�h�e� �n�e�a�r� �f�u�t�u�r�e�.� 

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

�s�e�r�i�e�s� �o�f� �4�8� �m�e�a�s�u�r�e�m�e�n�t�s� �f�r�o�m� �t�h�e� �s�i�x� �c�h�l�o�r�i�d�e� 

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

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

�t�h�e� �5�%� �c�o�n�f�i�d�e�n�c�e� �l�e�v�e�l�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �i�n�d�o�o�r� 

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

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

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

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

�e�x�i�s�t�,� �s�e�e� �T�a�b�l�e� �1�0�-�a�.� 
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�T�a�b�l�e� �1�0�-�a� �-� �S�u�m�m�a�r�y� �o�f� �O�n�e�-�W�a�y� �A�N�O�V�A� �f�o�r� �I�n�d�o�o�r� �S�p�e�c�i�m�e�n�s�.� 

�T�e�s�t� �G�r�o�u�p� �F�o�p�s� �V�S�-� �F�o�r�i�t� �C�o�n�c�l�u�s�i�o�n� 
�(�a� �=� �.�0�5�)� 

�_�  � � � � � � � � � � � � � � � � � �� 

� � 

� � 

�G�e�c�o�r� �D�e�v�i�c�e� �1�6�3�.�5� �>� �2�.�4�5� �S�i�g�n�i�f�i�c�a�n�t�l�y� 
�D�i�f�f�e�r�e�n�t� 

�3�L�P� �D�e�v�i�c�e� �2�3�9�.�8� �>� �2�.�4�5� �S�i�g�n�i�f�i�c�a�n�t�l�y� 
�D�i�f�f�e�r�e�n�t� � � � � � � � � � � � � 

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

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

�f�i�e�l�d� �s�u�r�v�e�y�.� 

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

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

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

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

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

�1�0�-�b� �a�n�d� �1�0�-�c�.� 

�T�a�b�l�e� �1�0�-�b� �-� �R�e�g�r�e�s�s�i�o�n� �O�u�t�p�u�t� �o�f� �C�h�l�o�r�i�d�e� �v�s�.� �G�e�c�o�r� �E�q�n�s�.� � � � 

� � 

� � � 

�G�e�c�o�r� �D�e�v�i�c�e� �=�=�=�>� �i�.�.�.� �(�G�E�O�)� �=� �.�0�0�9�6� �+� �.�0�7�2�4� �(�C�l�°�)� 

� � � � 

� � 

� � � � � � 

�C�o�e�f�f�i�c�i�e�n�t� �|� �S�t�a�n�d�a�r�d� �D�e�v�.� �|� �t�-�r�a�t�i�o� �p� 

�C�o�n�s�t�a�n�t� �|� �0�.�0�0�9�6�2� �0�.�0�1�6�7�0� �|� �0�.�5�8� �0�.�5�6�9� 

�C�h�l�o�r�i�d�e� �0�.�0�0�4�3�3�2� �0�.�0�4�3�3�2� �|� �1�6�.�7�1� �0�.�0�0�0� 

�s� �=� �0�.�0�7�0�2�8� �R�?� �=� �9�0�.�0�%� �R ��,�a�j� �=� �8�9�.�7�%� � � � � � � � � � � � � 
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�T�a�b�l�e� �1�0�-�c� �-� �R�e�g�r�e�s�s�i�o�n� �O�u�t�p�u�t� �o�f� �C�h�l�o�r�i�d�e� �v�s�.� �3�L�P� �E�q�n�s�.� 

� � � � � � �3�L�P� �D�e�v�i�c�e� �=�=�=�>� �i�,�,�,�,� �(�3�L�P�)� �=� �0�.�5�0�1� �+� �1�.�1�7�1�3� �(�C�l ��)� 

� � � � � � � � � 

� � 

� � � � 
� � � � � � 

�P�r�e�d�i�c�t�o�r� �C�o�e�f�f�i�c�i�e�n�t� �|� �S�t�a�n�d�a�r�d� �D�e�v�.� �|� �t�-�r�a�t�i�o� �p� 

�C�o�n�s�t�a�n�t� �|� �0�.�5�0�1� �0�.�3�1�9�1� �1�.�5�7� �0�.�1�2�7� 

�C�h�l�o�r�i�d�e� �1�.�1�7�1�3� �0�.�0�8�2�7�6� �1�4�.�1�5� �0�.�0�0�0� 

�S� �=� �1�.�3�4�3�6� �R�?� �=� �8�6�.�6�%� �R�?�4�a�j� �=� �8�6�.�2�%� � � � � � � 
� � 

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

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

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

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

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

�(�0�.�0�1� �p�w�A�/�c�m�*�)� �b�a�c�k�g�r�o�u�n�d� �f�o�r� �t�h�e� �G�e�c�o�r� �d�e�v�i�c�e� �a�n�d� �a� �0�.�5� 

�m�A�/�f�t�*� �(�0�.�5� �p�A�/�c�m ��?�)� �b�a�c�k�g�r�o�u�n�d� �f�o�r� �t�h�e� �3�L�P� �d�e�v�i�c�e�.� �T�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� 

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

�a�l�l� �t�h�r�e�e� �c�h�l�o�r�i�d�e� �c�o�n�t�e�n�t�s� �f�o�r� �b�o�t�h� �t�h�e� �3�L�P� �D�e�v�i�c�e� �a�n�d� �t�h�e� 

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

�p�a�r�t�i�c�u�l�a�r� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �L�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n�s� �w�e�r�e� 
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�(�1�\�T�)� �a�n�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �G�e�c�o�r� �i�,�,�,�,� �f�r�o�m� �t�h�e� �r�e�s�i�s�t�a�n�c�e�.� 

�M�I�N�I�T�A�B� �c�a�l�c�u�l�a�t�e�d� �t�h�e� �b�e�s�t� �f�i�t� �l�i�n�e�a�r� �e�q�u�a�t�i�o�n� �(�y� �=� �a�X� �+� 

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

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

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

�(�6�0�)�,� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �e�r�r�o�r� �o�f� �e�s�t�i�m�a�t�e�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� 

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

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

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

�m�u�c�h� �f�o�r� �a� �2�0� �°�F� �(�1�1� �°�C�)� �c�h�a�n�g�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �3�L�P� 

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

�t�h�a�n� �d�i�d� �t�h�e� �G�e�c�o�r� �D�e�v�i�c�e� �f�o�r� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �i�.�,�,�,� �f�r�o�m� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�r�r�o�s�i�o�n� �r�a�t�e� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �9�.�6� �l�b�/�y�d ��*�®� �(�5�.�6�9� �k�g�/�m ��)� �C�l!"� 

�b�l�o�c�k� �w�a�s� �r�o�u�g�h�l�y� �3� �t�i�m�e�s� �t�h�a�t� �o�f� �t�h�e� �4�.�8� �l�b�/�y�d �� �(�2�.�8�5� 

�k�g�/�m�?�)� �C�l �� �b�l�o�c�k� �f�o�r� �t�h�e� �3�L�P� �d�e�v�i�c�e� �a�n�d� �4� �t�i�m�e�s� �a�s� �m�u�c�h� �f�o�r� 

�t�h�e� �G�e�c�o�r� �d�e�v�i�c�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �9�.�6� �a�n�d� �2�.�4� �l�b�/�y�d� 

�(�5�.�6�9� �a�n�d� �1�.�4�2� �k�g�/�m ��)� �C�l �� �s�p�e�c�i�m�e�n�s� �w�a�s� �j�u�s�t� �a�s� �p�r�o�n�o�u�n�c�e�d� 

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

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

�I�t� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �(�4�2�)� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�f�l�u�c�t�u�a�t�i�o�n�s�.� 

�4�.�4� �I�n�d�o�o�r� �v�s�.� �O�u�t�d�o�o�r� �E�x�p�o�s�u�r�e� 

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

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

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

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

�o�f� �5�8�.�4� �°�F� �(�1�4�.�7� �°�C�)� �t�o� �a� �m�a�x�i�m�u�m� �o�f� �8�1�.�5� �°�F� �(�2�7�.�5� �°�C�)� 

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

�o�f� �3�2�.�7� �°�F� �(�0�.�4� �°�C�)� �t�o� �a� �m�a�x�i�m�u�m� �o�f� �9�2�.�4� �°�F� �(�3�3�.�6� �°�C�)�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �d�i�f�f�e�r�e�n�t�i�a�l� �o�n� �t�h�e� �i�n�d�o�o�r� �s�p�e�c�i�m�e�n�s� �w�a�s� �2�3�.�1� �°�F� 

�(�1�2�.�8� �°�C�)� �c�o�m�p�a�r�e�d� �t�o� �5�9�.�7� �°�F� �(�3�3�.�2� �°�C�)� �f�o�r� �t�h�e� �o�u�t�d�o�o�r� 

�S�l�a�b�s�.� �A�s� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �f�o�r� �t�h�e� �i�n�d�o�o�r� �s�l�a�b�s� �w�a�s� �l�e�s�s� 

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

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

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

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

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

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

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

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

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

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

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

�s�p�e�c�i�m�e�n�s�.� 

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

�M�I�N�I�T�A�B� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �v�a�r�i�a�b�l�e� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� 

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

�t�h�e� �p�r�o�g�r�a�n�,� �s�e�e� �T�a�b�l�e� �1�3�.� 
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�T�a�b�l�e� �1�3� �V�a�r�i�a�t�i�o�n�s� �B�e�t�w�e�e�n� �I�n�d�o�o�r� �a�n�d� �O�u�t�d�o�o�r� �i�k�.�.�.� 
�M�e�a�s�u�r�e�m�e�n�t�s�.� 

�S�e�r�i�e�s� �#� �o�f� �D�e�v�i�c�e� �|� �M�e�a�n� �S�t�d�.� �C�o�e�f�f�.� 
�O�b�s�.� �D�e�v�.� �V�a�r�.� 

�2�.�4� �6�3� �3�L�P� �1�.�6�1�0�3� �0�.�3�4�1�4� �0�.�2�1� 
�I�n�d�o�o�r� 

�6�2� �G�e�c�o�r� �0�.�1�0�2�1� �0�.�0�5�1�0� �0�.�5�0� 

�2�.�4� �6�3� �3�L�P� �1�.�5�5�0�3� �0�.�2�9�9�2� �0�.�1�9� 
�O�u�t�d�o�o�r� 

�6�3� �G�e�c�o�r� �0�.�1�1�5�3� �0�.�0�5�5�4� �0�.�4�8� 

�4�.�8� �1�0�3� �3�L�P� �3�.�7�4�8�4� �0�.�8�9�7�7� �0�.�2�4� 
�I�n�d�o�o�r� 

�1�0�3� �G�e�c�o�r� �0�.�2�7�5�4� �0�.�1�5�3�0� �0�.�5�6� 

�4�.�8� �5�3� �3�L�P� �3�.�6�0�4�9� �0�.�7�4�4�6� �0�.�2�1� 
�O�u�t�d�o�o�r� 

�5�1� �G�e�c�o�r� �0�.�2�4�9�3� �0�.�1�1�8�8� �0�.�4�8� 

�9�.�6� �6�5� �3�L�P� �9�.�1�1�0�0� �2�.�1�9�0�0� �0�.�2�4� 
�I�n�d�o�o�r� 

�9�7� �G�e�c�o�r� �0�.�7�3�7�4� �0�.�4�2�8�5� �0�.�5�8� 

�9�.�6� �6�5� �3�L�P� �9�.�2�9�0�0� �2�.�7�2�1�0� �0�.�2�9� 
�O�u�t�d�o�o�r� 

�9�5� �G�e�c�o�r� �0�.�5�5�6�3� �0�.�2�5�6�2� �0�.�4�6� � � � � � � � � � � � � � � � � 

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

�m�e�a�n�,� �(�c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n�)� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� 

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

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

�T�h�e� �3�L�P� �d�e�v�i�c�e� �a�t� �t�h�e� �9�.�6� �l�b�/�y�d ��®� �(�5�.�7� �k�g�/�m ��)� �C�l �� �l�e�v�e�l� �w�a�s� 

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

�i�t� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �a�t� �t�h�e� �5�%� �l�e�v�e�l�.� �T�h�u�s�,� 

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

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

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

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

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

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

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

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

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

�d�i�f�f�i�c�u�l�t�.� 

�4�.�5� �D�e�s�t�r�u�c�t�i�v�e� �W�e�i�g�h�t� �L�o�s�s� �T�e�s�t�i�n�g� 

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

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

�o�u�t�d�o�o�r� �b�l�o�c�k�s�,� �t�h�e� �2�.�4�,� �4�.�8�,� �a�n�d� �9�.�6� �l�b�s�/�y�d�®� �(�1�.�4�3�,� �2�.�8�5� 

�a�n�d� �5�.�7�0� �k�g�/�m ��)� �C�l �� �w�e�r�e� �d�e�s�t�r�u�c�t�i�v�e�l�y� �e�v�a�l�u�a�t�e�d�.� �T�h�e� 

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

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

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

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

�o�f�f�,� �c�l�e�a�n�e�d�,� �a�n�d� �m�e�a�s�u�r�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�0�0�1� �i�n�c�h� �(�0�.�0�2�5� 
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�m�m�)� �a�n�d� �u�s�e�d� �a�s� �t�h�e� �n�o�n�-�c�o�r�r�o�d�i�n�g� �c�o�n�t�r�o�l� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �t�o� 

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

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

�c�l�e�a�n�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �A�S�T�M� �G�1�-�9�0� �S�t�a�n�d�a�r�d� �P�r�a�c�t�i�c�e� �f�o�r� 

�P�r�e�p�a�r�i�n�g�,� �C�l�e�a�n�i�n�g�,� �a�n�d� �E�v�a�l�u�a�t�i�n�g� �C�o�r�r�o�s�i�o�n� �T�e�s�t� �S�p�e�c�i�m�e�n�s� 

�a�n�d� �w�e�i�g�h�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�0�0�0�1� �g�r�a�m� �(�0�.�0�0�2�2� �l�b�)�.� 

�W�e�i�g�h�t� �l�o�s�s�,� �a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�4�,� �w�a�s� �c�o�n�v�e�r�t�e�d� �t�o� �a� 

�m�e�t�a�l� �l�o�s�s� �i�n� �m�i�l�s�/�y�r�.� �C�o�n�s�i�d�e�r�a�b�l�e� �v�a�r�i�a�b�i�l�i�t�y� �i�s� 

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

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

�n�e�a�r�e�s�t� �l�e�n�g�t�h� �v�a�l�u�e�s�.� 

�T�a�b�l�e� �1�4� �-� �W�e�i�g�h�t� �L�o�s�s�e�s� �o�f� �R�e�i�n�f�o�r�c�e�m�e�n�t� �S�p�e�c�i�m�e�n�s� 
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� � 

� � � � � � � � � � � � � � � � � � � � 

�S�a�m�p�l�e� �L�e�n�g�t�h� �A�r�e�a� �C�o�r�r�e�c�t� 
�W�e�i�g�h�t� 

�(�g�)� 

�4�.�8�-�C� �3�.�6�2�7�1�2� �1�4�.�4�7�1�6� �3�8�.�9�1�2�1� �3�8�.�9�1�2�1� �0�.�0�0�0�0� �0�.�0�0� 

�4�.�8�-�1� �3�.�6�2�2�0�4� �1�4�.�4�5�1�3� �3�8�.�9�8�7�0� �3�8�.�9�1�0�7� �0�.�0�0�1�4� �0�.�0�1� 

�4�.�8�-�2� �3�.�6�0�4�2�6� �1�4�.�3�8�0�4� �3�8�.�6�1�8�4� �3�8�.�6�9�0�9� �0�.�2�2�1�2� �0�.�7�8� 

�9�.�6�-�C� �3�.�5�3�0�6�0� �1�4�.�0�8�6�5� �3�7�.�3�1�7�5� �3�7�.�3�1�7�5� �0�.�0�0�0�0� �0�.�0�0� 

�9�.�6�-�1� �3�.�5�2�0�4�4� �1�4�.�0�4�5�9� �3�6�.�9�1�3�9� �3�7�.�0�1�5�1� �0�.�3�0�2�4� �1�.�2�4� 

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

�N�o�t�e�:� �1� �c�m� �=� �0�.�3�9� �i�n� 
�1�g� �=� �0�.�0�0�2�2� �l�b� 
�1� �m�p�y� �=� �2�5�.�4� �u�/�y�r� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �8�~�-�a� �t�h�r�o�u�g�h� �8�-�d�,� �t�h�e� �2�.�4� �l�b�/�y�d� 

�(�1�.�4�2� �k�g�/�m�?�)� �C�l �� �b�a�r�s� �h�a�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �c�o�r�r�o�s�i�o�n� �t�h�a�n� 

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

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

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