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(ABSTRACT) 

Due to the increasing rate of deterioration of concrete bridges caused by 

exposure to chlorides, it has become apparent that effective protection methods need 

to be employed which will prevent chlorides from reaching critical contamination 

within the life of the structure. One method of protection is the application of 

concrete surface sealers which form water-resistant barriers and reduce chloride 

intrusion. It is imperative to know how effective sealers are and how long sealers 

retain their effectiveness in order to plan reapplication and estimate life cycle costs for 

comparison to other maintenance activities. This research was conducted to predict 

the service life of concrete sealers for both horizontal and vertical bridge components. 

As a secondary goal, the use of a rapid, non-destructive Surface Absorption Test 

(SAT) was investigated as a possible substitute for analyzing the condition of sealers. 

This was done by comparing SAT results with the standard concrete sampling and 

chloride analysis technique typically employed.



Four sealers were applied to horizontal laboratory specimens (slabs), vertical 

laboratory specimens (wall sections), and bridges (high-volume and moderate- 

volume). Control sections were also included in all specimen types. The laboratory 

specimens were exposed to a 3% NaCl solution for 30 1-week cycles, each cycle 

being three days of exposure and four days of air drying. 

Background chlorides and the chloride ion profiles were determined after 10, 

20 and 30 cycles of salt water exposure. The surface absorption test was conducted 

at various intervals throughout the cycles. The surface absorption test was also used 

to attempt to measure the traffic wear effect on the field specimens. 

The results indicate that the two epoxies exhibited very little effectiveness in 

preventing chlorides from entering the concrete. The silane and siloxane sealers 

performed much better in the laboratory settings, retaining over 90% reduction of 

chlorides throughout the test period. A service life model which includes laboratory 

performance and considers application exposure conditions is suggested. 

It has been discovered that, at present, surface absorption testing may be used 

on a limited basis to obtain results which indicate sealer effectiveness, but only if the 

testing occurs under extremely limited or controlled environments.



ACKNOWLEDGEMENTS 

The author wishes to thank the one person without whom all this research 

would not have been possible, the one whose knowledge of concrete and concrete 

sealers is far beyond anything I can imagine, the one who was faithful to me through 

all of my weaknesses and failures, the one who has given me the understanding of 

this subject matter - Jesus Christ. 

Gratitude is also expressed to Dr. Richard E. Weyers who gave me the 

opportunity to learn about concrete, sealers, research, and university life. His help in 

my educational advancement is duly noted. Also, thanks are deserved for Imad Al- 

Qadi for his help in this endeavor, and Thomas Murray for his cooperation. 

The author also expresses appreciation for the fellow members of the Materials 

Lab, most notedly Brian Prowell and Eric Peterson who located countless tools and 

shared techniques used in the lab. Also acknowledged is the guidance and support 

given by Mike Fitch, Marcia Prowell, Erin Larsen, Holly Ratcliff, and Jerzy (Jurek) 

Zemajtis. A great deal of much appreciated help was also recieved from Dennis 

Huffman and Brett Farmer, without which, much of the hands-on work would hardly 

have been learned or accomplished. 

Of all human help received, none has been greater than that received from 

Susan - my editor, my friend, my greatest encourager, and my wife. Also, for his 

unknowing patience, I wish to show appreciation for my son, Eli. Susan and Eli are 

gifts from God. 

iv



TABLE OF CONTENTS 

Abstract 2... ee ee ee ee ee ee eee il 

Acknowledgements 2... . 0... eee ee ee ee ee iv 

List of Figures... . ee ee ee ee eee x 

List of Tables 2... ee ee ee eee Xili 

1.0. INTRODUCTION .. 0.20... . 2.0... cee ee ee ee ee eee 1 

1.1. Description of the Problem .................. 2.002 ee eee 1 

1.2. Scope of the Study . 2... 2... . ee ee ee ee et ee 5 

2.0. BACKGROUND .......... 0. ee ee ee ee eens 7 

2.1. Sealer Types 2... . ee ee ees 7 

2.1.1. Coatings... . ee ens 8 

2.1.1.1. Epoxies 2... . ee ee ee ee 8 
2.1.1.2. Others ..... ee ee ee ee ee 9 

2.1.2. Penetrants .. 2... ee te ees 10 

2.1.2.1. Linseed Oil .. 2... ee ee 11 
2.1.2.2. Silanes and Siloxanes ..............2000. 11 

2.2. Use of Sealers... ee ene 14 

2.2.1. Function and Qualities of Sealers ................. 15 
2.2.1.1. Purposes Fulfilled by Sealers .............. 15 
2.2.1.2. Qualities Desired ina Sealer............... 16 

2.2.2. Application... 2.2... 2... ee es 18 
2.2.2.1. Ambient Conditions .................0.. 18 
2.2.2.2. Surface Preparation ..............--25000-% 19 
2.2.2.3. Application Rate... .... ee ee ee ee ee 19 

2.2.3. COStS ee ee ee eee 20



2.3. Testing Sealer Effectiveness ........... 2.0.0 eee eee ees 20 

2.3.1. Lack of Specification Agreement .................. 20 

2.3.2. Approaches to Setting Standards .................. 24 

2.3.2.1. Laboratory Standards ................... 24 
2.3.2.2. In-Situ Testing Standards ................. 25 

2.3.3. Present Testing Methods Used ................06. 26 

2.3.4. Parameters Measured ............. 0.2 eeeeee 29 
2.3.4.1. Water Absorption ............2.2.220 000 29 

2.3.4.2. Vapor Permeability ................02-. 30 
2.3.4.3. Chloride Ingress ........... 2.00 eee eee 30 
2.3.4.4. Resistance to Abrasion and 

Ultraviolet Light .............. 30 
2.3.4.5. Depth of Penetration ...............200. 31 

2.3.5. Suggested Standards from Literature ............... 32 

2.3.6. Great Britain’s Approach to Setting Standards .......... 32 

2.4. Measurement Techniques for Present Research ............... 34 

2.4.1. Chloride Content Using Ion Selective 

Electrode (ISE) ............... 34 

2.4.1.1. Collecting Samples .................4.4. 34 
2.4.1.2. ISE Measurements .............-2...02008- 34 

2.4.2. Surface Absorption Test ........... 0.000 ee eee 35 
2.4.2.1. British ISAT ............2... 202022 eee 35 
2.4.2.2. Factors Affecting Performance ............. 36 

2.5. Service Life Predictions .......... 0.00. ce eee eee eee eee 37 

3.0 RESEARCH DESIGN ........ 0... cece te ene 39 

3.1. Sealer Selection... .... . ee ee ee 39 

3.2. Concrete Mixture and Specimen Design ................200- 40 

V1



3.2.1. Concrete ....... 0.0... ee ee ee ee es 40 

3.2.2. Specimen Design ....... 0.2... 0 eee eee ee ens 42 
3.2.2.1. Horizontal Specimens ..............2004- 42 
3.2.2.2. Vertical Specimens ...............-2-.. 42 

3.2.2.3. Field Assessments ...........0020 02 eeee 45 

3.3 Experimental Design 2... 2.2... 0.00. ee ee ee ee ene 45 

3.3.1. Horizontal Specimens... 1... 2... 0... 2... ee eee eee 45 
3.3.1.1. Concrete Placement and Curing ............. 47 
3.3.1.2. Sealer Application ................2006. 47 

3.3.1.3. Ponding ....... 2.0... 2. ee eee ee ee eee 49 

3.3.2. Vertical Specimens ... 2... 2... 2.0... cee eee eee 51 
3.3.2.1. Concrete Placement and Curing ............. 51 
3.3.2.2. Sealer Application .............0 00 ce eee 51 
3.3.2.3. Surface Wetting ............2. 2.000020 0s 53 

3.3.3. Field Assessments .. 0... 0... ee ee ee ee 54 
3.3.3.1. Sealer Application .................200- 54 

3.3.3.2. Salt Exposure... 2... ee ee en 55 

3.4 Evaluation Methods ......... 0... 0c eee eee ee ee ee nee 55 

3.4.1. Surface Absorption Test ..... 20... 2.0.0 eee ee eee 55 
3.4.1.1. SAT Device and Test Procedures ............ 56 
3.4.1.2. SAT Measurement Plan.................. 56 

3.4.2. Chloride Penetration ........... 02... e eee eee 59 
3.4.2.1. Concrete Sampling Procedure .............. 59 
3.4.2.2. Chloride Content .......... 0.2.0 02.20 eee 61 

3.5. Service Life Prediction ....... 0... 2 eee eee eee ee ens 64 

4.0 RESULTS AND ANALYSIS ...........0 2... 02.00 ee ee eee 65 

4.1 Surface Absorption Test (SAT) ........ 2.0.00. 2c e eee ee eee 65 

4.1.1. Variation in First Minute .......... 0.0000 eens 65 

Vii



4.1.2. Variables Affecting Performance .............0.2+20- 66 
4.1.2.1. Leaks ee ene 71 
4.1.2.2. Moisture Level .. 2... 2.0... 0c ee eee ee ee ees 72 
4.1.2.3. Temperature and Direct Sunlight ............ 76 

4.1.3. Results from Surface Absorption Tests .............. 80 
4.1.3.1. Laboratory Tests ......... 0.2.2 eee eee 80 
4.1.3.2. Guidelines and Correlation ................ 86 

4.1.3.3. Field Tests 2... ... 0... cc eee ee ee ee ee 89 

4,2 Chloride Ion Measurements of Laboratory Samples ............. 95 

4.2.1. Background Chloride Content. ...............026- 95 

4.2.2. Calibration of Rapid Chloride 
Determination Method .......... 95 

4.2.3. Rapid Method Correlation to ASTM Method ......... 100 

4.2.4. Chloride Ion Profiles ...... 2... 0. eee ee eee ees 105 
4.2.4.1. Horizontal Specimens ................2-. 105 
4.2.4.2. Vertical Specimens .............-00 000 113 

4.3 Determination of Service Life... ........ 0... ee ee ee eee 122 

4.3.1. Basic Approach for Service Life Determination ........ 122 

4.3.2. Present Practices and Limitations 

on Service Life .............. 125 
4.3.2.1. Present Practices ............0 2.0 e eee 125 

4.3.2.2. Limiting Conditions ................08- 126 

4.3.3. Service Life Model ........ 0... 2c eee ee ee eens 129 

4.3.4. Calculation of Service Life from Testing Program ...... 130 

4.3.5. Added Effects ........... eee ee ee ee ee ns 135 
4.3.5.1. Surface Wear ..... 0... ce ee ee ee ee ees 135 
4.3.5.2. Ultraviolet Light .............0020008- 137 

4.3.4. Service Life of Sealers Tested ..............004- 142 

Vill



5.0. CONCLUSIONS .. 0... ee ee eee 147 

6.0. RECOMMENDATIONS FOR FURTHER RESEARCH ............ 149 

REFERENCES .. 1.1... ee ee ee ee ee ee ee eee 151 

APPENDIX A: Surface Absorption Test Data ...........-......-204. 154 

APPENDIX B: Chloride Content Data ....... 2... 2.0. 2c eee ee ee eee 162 

APPENDIX C: Photographs Depicting Surface Wear of Epoxies .......... 194 

VITA 21 ee ee ee ee ee ee ee eee 199 

1X



LIST OF FIGURES 

Figure 1.1 Deterioration Model for Bridge Decks [3] .................. 3 

Figure 3.1 Horizontal Specimen Design. ...............2-2+202-00- 43 

Figure 3.2 Vertical Specimen Design .......... 0... . eee ee eee eee 44 

Figure 3.3 Horizontal Specimen Assignment ..............2.2020008: 46 

Figure 3.4 Vertical Specimen Assignment ............ 0.0 e ee eee enue 52 

Figure 3.5 Horizontal Surface Absorption Test Device [12] .............. 57 

Figure 3.6 Vertical Surface Absorption Test Device [12] ................ 58 

Figure 3.7 Sample Depths for Each Location ................02.0000. 60 

Figure 3.8 Horizontal Specimen Sampling Locations ...............0.06.% 62 

Figure 3.9 Vertical Specimen Sampling Locations .................... 63 

Figure 4.1 Control Specimens: Column Drop from Time = Omin .......... 67 

Figure 4.2 Control Specimens: Column Drop from Time = 1 min .......... 68 

Figure 4.3 Siloxane Specimens: Column Drop from Time = Omin.......... 69 

Figure 4.4 Siloxane Specimens: Column Drop from Time = 1 min.......... 70 

Figure 4.5 SAT Results from Two Time Periods for Control Slab2 ......... 73 

Figure 4.6 SAT Results from Two Time Periods for Control Slab3 ......... 74 

Figure 4.7 Temperature Variation of Water During SAT ................ 79 

Figure 4.8 Average SAT Measurements for Sealed and Control ............ 82 

Figure 4.9 Differences in SAT Measurements: Control - Sealed ............ 84



Figure 4.10 Ratio of SAT Measurements: Sealed/Control .............. 

Figure 4.11 ISE Probe Calibration for Rapid Method 

(Calibration Condition 1)... ...... 0... 0 2. ce eee eee ee 

Figure 4.12 ISE Probe Calibration for Rapid Method 

(Calibration Condition 2)... . 20... 0. 2 ee ee en 

Figure 4.13 ISE Probe Calibration for Rapid Method 
(Calibration Condition 3) ........... 2.00. e ee ee eee 

Figure 4.14 Correlation of Rapid Method to ASTM C-114 ............. 

Figure 4.15 Average Chloride Content Profile: Control Slabs ........... 

Figure 4.16 Average Chioride Content Profile: Water-Based Epoxy on Slabs . . . 

Figure 4.17 Average Chloride Content Profile: Solvent-Based Epoxy on Slabs . . 

Figure 4.18 Average Chloride Content Profile: Silane on Slabs .......... 

Figure 4.19 Average Chloride Content Profile: Siloxane on Slabs ......... 

Figure 4.20 Average Chloride Content Profile: Control Wall Section ....... 

Figure 4.21 Average Chloride Content Profile: Water-Based Epoxy on Wall ... 

Figure 4.22 Average Chloride Content Profile: Solvent-Based Epoxy on Wall 

Figure 4.23 Average Chloride Content Profile: Silane on Wall .......... 

Figure 4.24 Average Chloride Content Profile: Siloxane on Wall ......... 

Figure 4.25 Cross-Section of Wheel Path: I-81 Bridge................ 

Figure 4.26 Service Life Flow Model .............. 00202 e ee eeee 

Figure C1 Solvent-Based Epoxy Wear in Wheel Path: I-81 Bridge ........ 

Figure C2 Solvent-Based Epoxy Wear in Wheel Path: Pepper’s Ferry Bridge . . . 

Xl 

108 

109 

110 

111 

115 

116 

. 117 

118 

119 

128 

131 

195 

196



Figure C3 Water-Based Epoxy Wear in Wheel Path: I-81 Bridge .......... 

Figure C4 Water-Based Epoxy Wear in Wheel Path: Pepper’s Ferry Bridge 

Xii



LIST OF TABLES 

Table 2.1 Alberta Annual Unit Cost of Deck Maintenance Activities [7] ....... 21 

Table 2.2 Test Procedure Used in Evaluating Sealers [9] ............-.... 23 

Table 3.1 Concrete Mixture Design for Slab and Wall Specimens ........... 4] 

Table 3.2 Sealer Application Rates and Method for Hoizontal Laboratory 
Specimens, Field Bridge Deck Sections, and Vertical Laboratory 

Specimens ..... ee ee ee te ee eee 48 

Table 3.3 Periods of Salt Water Ponding for Laboratory Slabs and 
Surface Wetting for Wall... 1... 2 ee ee ee eee 50 

Table 4.1 Change in Column Height Due to Change in Temperature ......... 77 

Table 4.2 Summary of Surface Absorption Data for Horizontal Specimens ..... 81 

Table 4.3 Comparison of SAT Results to Chloride Ingress Data from 
Week 30 for Horizontal Specimens ................0024. 88 

Table 4.4 Surface Absorption Test Results for Bridges ................. 91 

Table 4.5 Comparison of SAT Treatment/Control Ratios from Laboratory 
and Bridge Deck Shoulders ..............0. 0002 ee eeee 92 

Table 4.6a ISE Probe Calibration for Calibration Condition! ............. 97 

Table 4.6b ISE Probe Calibration for Calibration Condition2 ............. 97 

Table 4.6c ISE Probe Calibration for Calibration Condition3 ............. 97 

Table 4.7 Correlation of Rapid Method to ASTM Method .............. 102 

Table 4.8 Comparison of Average Chloride Analysis Data for Control, Water-Based 
Epoxy, and Silane Treatments: Including Added Linear Regression 
Due to ISE Probe Condition Change vs. Excluding Added 
Linear Regression ........ 2.0. cee eee ee ee eee eee eee 104 

xiii



Table 4.9 Summary of Average Chloride Contents for Horizontal Specimens ... 106 

Table 4.10 Summary of Average Chloride Content Increases and Treatment/Control 
Data for Horizontal Specimens............... 0000 eee 112 

Table 4.11 Summary of Average Chloride Contents for Vertical Specimens .... 114 

Table 4.12 Summary of Average Chloride Content Increases and Treatment/Control 
Data for Vertical Specimens ........... 0000 eee eeeeae 120 

Table 4.13 Comparison of Epoxy/Control Ratios Between Vertical (minimal 
UV) and Horizontal Surfaces (UV exposure).............. 138 

Table 4.14 Typical Ultraviolet Exposures for Various Locations [15]........ 140 

Table 4.15 C,-D, Matrix for Sealer Service Life Determination on 

Horizontal Specimens ...... 0... 0... 0 cee eee ee es 143 

Table 4.16 C,-D, Matrix for Sealer Service Life Determination on 

Vertical Specimens ....... 0... eee ee ee ee ee ns 144 

Table Al Surface Absorption Test Data for Slabs - Day 49.............. 155 

Table A2 Surface Absorption Test Data for Slabs - Day 50.............. 156 

Table A3 Surface Absorption Test Data for Slabs - Day 158 ............. 157 

Table A4 Surface Absorption Test Data for Slabs - Day 215 ............. 158 

Table A5 Surface Absorption Test Data for Slabs - Day 292 ............. 159 

Table A6 Surface Absorption Test Data for I-81 Bridge ................ 160 

Table A7 Surface Absorption Test Data for Pepper’s Ferry Bridge ......... 161 

Table B1 Background Chloride Content: Before Salt Water Application ...... 163 

Table B2 Chloride Content: Control Slabs - Week 10 ................. 164 

Table B3 Chloride Content: Control Slabs - Week 20 ................. 165 

X1V



Table B4 Chloride Content: Control Slabs - Week 30 ................. 166 

Table B5 Chloride Content: Water-Based Epoxy on Slabs - Week 10 ........ 167 

Table B6 Chloride Content: Water-Based Epoxy on Slabs - Week 20 ........ 168 

Table B7 Chloride Content: Water-Based Epoxy on Slabs - Week 30 ........ 169 

Table B8 Chloride Content: Solvent-Based Epoxy on Slabs - Week 10 ....... 170 

Table B9 Chloride Content: Solvent-Based Epoxy on Slabs - Week 20 ....... 171 

Table B10 Chloride Content: Solvent-Based Epoxy on Slabs - Week 30 ...... 172 

Table B11 Chloride Content: Silane on Slabs - Week 10 ............... 173 

Table B12 Chloride Content: Silane on Slabs - Week 20 ............... 174 

Table B13 Chloride Content: Silane on Slabs - Week 30 ............... 175 

Table B14 Chloride Content: Siloxane on Slabs - Week 10 .............. 176 

Table B15 Chloride Content: Siloxane on Slabs - Week 20 .............. 177 

Table B16 Chloride Content: Siloxane on Slabs - Week 30 .............. 178 

Table B17 Chloride Content: Control Wall Section - Week 11 ............ 179 

Table B18 Chloride Content: Control Wall Section - Week 21 ............ 180 

Table B19 Chloride Content: Control Wall Section - Week 30 ............ 181 

Table B20 Chloride Content: Water-Based Epoxy on Wall- Week 11 ....... 182 

Table B21 Chloride Content: Water-Based Epoxy on Wall - Week 21 ....... 183 

Table B22 Chloride Content: Water-Based Epoxy on Wall - Week 30 ....... 184 

Table B23 Chloride Content: Solvent-Based Epoxy on Wall - Week 11 ...... 185 

Table B24 Chloride Content: Solvent-Based Epoxy on Wall - Week 21 ...... 186 

XV



Table B25 Chloride Content: 

Table B26 Chloride Content: 

Table B27 Chloride Content: 

Table B28 Chloride Content: 

Table B29 Chloride Content: 

Table B30 Chloride Content: 

Table B31 Chloride Content: 

Solvent-Based Epoxy on Wall - Week 30 ...... 187 

Silane on Wall - Week 11 ................ 188 

Silane on Wall - Week 21 ................ 189 

Silane on Wall - Week 30 ................ 190 

Siloxane on Wall - Week 11 .............. 191 

Siloxane on Wall - Week 21 .............. 192 

Siloxane on Wall - Week 30 .............. 193 

XVi



1.0. 

INTRODUCTION 

1.1. Description of the Problem 

Our nation’s bridges are in need of much attention. Of the more than 577,000 

bridges in the United States, 41% have been found to be functionally obsolete or 

deficient. In order to keep pace with bridge repair and replacement, $4.2 billion 

would need to be spent annually, and with the backlog presently growing, this number 

will undoubtedly increase [1]. Therefore, there is a great need to protect present 

structures and ones being built from the same deterioration processes which have 

caused premature failure of various bridge components. 

One of the major factors which adversely affects the durability of concrete 

bridges is corrosion of the reinforcing bars. The oxidation of the normally passive 

rebars may be caused by a variety of situations, but most notably, the ingress of 

chlorides from deicing salts in the north or seawater along the coast. Chlorides are 

the most prevalent substance which affects the integrity of concrete decks [2]. 

Chloride diffusion is responsible for a great amount of the degradation of concrete 

bridge deck riding surfaces, and, recently, has been noticed to contribute to



substructure deterioration as well. 

As shown in Figure 1.1, in a model of concrete bridge deck deterioration due 

to chlorides, it can be noted that three separate time zones occur before rehabilitation 

is necessary. First, there is a period of chloride diffusion when the chlorides applied 

to the surface begin to penetrate into the concrete and chloride concentrations at the 

rebar level rise [3]. At the point of critical chloride contamination at rebar level, 

generally agreed to be between 1.0 and 2.0 lb/yd?, the corrosion process is initiated 

[4]. This time period continues until damage in the form of delaminations, spalls, 

cracks, begins to form [3]. This damage is due to the oxidized metal occupying up to 

20 times the volume of the original metal [5]. This damage continues to grow, 

occupying greater portions of the bridge deck until, at some point, rehabilitation is 

needed. 

In order to ensure that rehabilitation would not be needed in the lifetime of the 

bridge, generally taken as 50 years, one approach is to prevent the chlorides from 

diffusing to the rebar and reaching the critical levels. There are various methods used 

to prevent or curtail chloride ingress. Among the methods employed are using dense 

concrete, greater cover depth, waterproofing membranes, and sealers. It is this last 

approach on which this research focuses. 

As for the two types of protective materials used on concrete surfaces, 

membranes are impenetrable coatings whereas sealers are solutions or suspensions in 

solvents which reduce water intake. Sealers are much less expensive, do not make
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concrete repair necessary, and do not hamper visual concrete inspection [6]. 

As in the case of any structural or mechanical device, it is most probable that 

preventive maintenance can be extremely cost effective in the long run [7]. Although 

activities such as ensuring proper drainage and spring washings are preventive 

maintenance, their goal is only to reduce the amount of time concrete is exposed to 

chlorides. As discussed later, of the methods available to prevent chloride ingress or 

repair contaminated concrete, the use of sealers is by far the least expensive [7]. The 

question remains: since sealers need to be reapplied periodically, are they feasible and 

economical at their present service life? To answer this question, the service life of 

the sealer needs to be known. 

Sealers have been used on a variety of structures, most notably parking 

garages [8] and bridges [7]. In fact, of the 61 United States and Canadian highway 

agencies, only six have never used or experimented with sealers [9]. No universal 

standard exists to evaluate sealers, and comprehensive data on sealer performance and 

durability has been variable and is difficult to attain and interpret [8]. Environmental 

effects which vary from site to site, namely ultraviolet light and abrasion when 

exposed to traffic, play important roles in determining the service life of sealers [2]. 

Proponents of sealer use do not view sealers as a universal solution to 

corrosion problems. Indeed, even if sealers prove to be a fruitful method of 

protecting concrete, it is important to remember that many protection schemes such as 

admixtures, epoxy-coated rebars, surface coatings, and alternative cements, should



play a role in infrastructure protection [10]. Sealer application is no substitute for 

using good quality dense concrete [6]. Also, "the use of properly consolidated and 

properly cured low water-to-cement ratio concrete and deep cover over the embedded 

reinforcing steel is still needed for long-term protection in severe environments" [11]. 

1.2. Scope of the Study 

The main goal of this research is to determine the service life of the concrete 

sealers tested. These estimations are only applicable to the sealers used, but the 

process by which this is accomplished could be used to test other sealers as well. 

Three specimen types were utilized in order to achieve this goal. Horizontal 

surfaces, vertical surfaces, and bridge decks in the field were used. With a control 

section in each specimen type, four sealers were chosen and tested. The laboratory 

specimens were exposed to salt through ponding for the slabs and continuous salt 

water wetting for the wall, while the field specimens were exposed to the normal 

conditions in the field which were not simulated in the lab, most notably, exposure to 

abrasion from traffic. 

The primary method of measuring the effectiveness of the sealers in the 

laboratory specimens was chloride content measurement at various depths. 

Background chloride contents and three measurement intervals spaced throughout the 

30-week ponding schedule were performed.



The secondary goal of this research was to explore the feasibility of using a 

Surface Absorption Test (SAT) as a rapid, nondestructive method of determining the 

performance of sealers in-situ. The device and procedure used to measure the surface 

absorption of the sealed and unsealed concrete specimens was developed by 

Construction Technology Laboratories for SHRP Project C-101, Task C-2 [12]. SAT 

measurements were taken before ponding and at various intervals during the cycles. 

These absorption tests were also used to attempt to quantify the field test sections.



2.0. 

BACKGROUND 

2.1. Sealer Types 

There are a wide variety and large number of concrete sealers on the market 

today, with more being developed all the time. Sealers vary in both chemical 

composition and in method of performance. 

Sealers can be classified as penetrants or coatings. Quoting a work by the 

Ontario Ministry of Transportation, Bickley and Liscio stated that the criteria 

separating the two is that a coating penetrates less than 0.08 in. (2 mm), and 

penetrants have a greater than 0.08 in. (2 mm) penetration [8]. Coatings are often 

stated as being penetrating sealers, but actually do not penetrate and should be called 

coatings [13]. Only 35% of sealers tested recently actually penetrated to any 

appreciable depth. The rest should be classified as coatings [6]. 

A large number of generic types of sealers exists with numerous brand names 

for each generic type. These categories include acrylics, siloxanes, epoxies, blends of 

different sealer types, urethanes, silanes, silicates/siliconates, polysiloxanes/silicones, 

styrene-acrylate copolymers, chlorinated rubbers, oils, and synergistic systems



utilizing more than one of the above [6]. Only three generic types could be 

considered penetrating sealers: boiled linseed oil, silanes, and siloxanes [14]. 

There does seem to be general trends of performance associated with generic 

types of sealers [6], but results of tests show high variability within generic types. 

Among the best performers are epoxies, urethanes, latexes, silanes, and silane- 

siloxanes blends [14]. 

2.1.1. Coatings 

Many sealer manufacturers claim that their product is a penetrant, but, as 

mentioned, very few generic types could truly be considered anything but a coating. 

These include epoxies and a variety of other sealers. 

2.1.1.1. Epoxies 

Epoxies have been applied to concretes for approximately 35 years. They 

consist of an epoxy resin and a hardener which must be mixed together immediately 

before application. The two components react with one another and form a 

thermosetting solid compound. They usually must be applied at temperatures above 

40°F (5°C). Epoxies are extremely varied in formulation and performance [15]. 

In 1979, epoxies were found to be the second most common type of sealer 

used, and presently, they are being applied to a great extent. Epoxies typically have 

solid contents between 17 and 100%. A general trend of decreasing resistance to



chloride intrusion with decreasing solids content was noted during past testing. The 

high solids epoxies had a glossy appearance. This would make them unsuitable for 

any wearing surface since this appearance would be dangerous to drivers. Water- 

based epoxies have recently been developed to meet environmental specifications, and 

epoxies and urethanes applied over a silane primer have also been used in experiments 

[14]. 

Epoxies have proven to be quite inconsistent in terms of test results. Many 

tests show extremely favorable results, while others rank epoxies poorly. This may 

well be due to variations in the specific formula, varying ambient conditions, or 

different surface preparation techniques [15]. 

2.1.1.2. Others 

A wide range of generic products have been experimented with and used for 

concrete protection. Among the other categories discussed in specific are acrylics, 

polyurethanes, and hydrocarbon resins. For the most part, these chemicals enter the 

concrete as monomers and polymerize within the pore structure of the concrete. This 

action essentially blocks the pores, but since very little penetration actually occurs, 

these sealers are still considered coatings (though some attempt to classify some of 

them as penetrants). Acrylic resins with methylmethacrylate have received high 

marks in many tests [15]. Also, an acrylic topcoat over a silane primer has been 

highly rated [13]. Polyurethanes are packaged in a wide variety of methods, a few of



which have been somewhat successful in testing, but some also performed rather 

poorly [15]. Urethanes and latexes vary in color [14]. Latex coatings helped prevent 

salt scaling but are usually rated poorly in preventing salt intrusion. There are 

numerous other types not mentioned here, but also which have highly contrasting 

formulations and performances in tests [15]. 

2.1.2. Penetrants 

The investigation and use of penetrating sealers is becoming more prevalent 

due, in part, to the interest in more durable sealers, particularly for protecting bridge 

decks. Decks present most of the problems in sealer durability due to their greater 

exposure to salt, abrasion, and ultraviolet rays [7]. It is believed that since the sealer 

penetrants into the concrete, it will be protected against the effects of traffic wear and 

ultraviolet light exposure. 

Sealers may also be divided into two major groups: 1) pore blockers which 

plug the pores in order to prevent water absorption, and 2) hydrophobic penetrates 

which react chemically with the hydrated cement products and form a hydrophobic 

layer on the pore wall [16]. Although all coatings could be considered pore blockers, 

only one of the common penetrants, namely linseed oil, is truly a pore blocker. The 

silicon-based silane and siloxane groups are categorized as hydrophobic penetrants. 
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2.1.2.1. Linseed oil 

Linseed oil is a product obtained from flax seeds. It is a yellowish drying oil 

which is one of the oldest materials used to protect concrete from water intrusion 

[17]. 

In 1979, boiled linseed oil was found to be the most common type of sealer 

used [14]. In a recent survey of states and Canadian provinces, it was noted that 

linseed oil, the sealer of choice in the past, has greatly decreased in use due to its 

need for frequent reapplication, relative ineffectiveness, and surface discoloration. 

Even with reduced popularity, it is still commonly used today [9]. A typical estimate 

of the time needed before reapplication is necessary would be 3 years [17], but 

agencies often use more frequent intervals. 

Linseed oil films are highly questionable when long-term effectiveness is 

considered. They are vulnerable to lime attack from the concrete which produces a 

saponification, causing adhesion loss [13]. 

Due to its popularity in the past, a number of studies which examine the 

effectiveness of sealers use linseed oil treatment as the "control" [17]. 

2.1.2.2. Silanes and Siloxanes 

The nomenclature of silicon-based weatherproofing material is fairly vague, 

with many suppliers not completely aware of the exact nature of the materials they 

produce [18]. 
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Silanes and siloxanes are considered hydrophobic sealers since they consist of 

molecules which both bind to the substrate and act as hydrophobic agents, repelling 

water, in the pores. Silanes are relatively small molecules, while siloxanes are larger, 

usually containing 2 to 10 silane molecules grouped together [19]. 

In chemical terms, silicon compounds can be put into one of two categories - 

monomers or polymers. These can further be sorted according to the type of 

molecules attached to the silicon atom. For sealers, two groups are chemically bound 

to the silicon atom. The organic hydrocarbon groups (organofunctional groups) are 

responsible for the hydrophobicity of the sealer. The hydrolyzable groups (silicon 

functional groups), such as chloro or alkoxy, are responsible for the sealer’s reactivity 

with siliceous and similar substrates. The ratio between these two groups helps 

determine many of the characteristics of the sealer [18]. 

A silicon-based sealer with four silicon functional groups and no 

organofunctional groups is a silicate. Silicates act strictly as pore blockers. If the 

molecule contains two silicon functional groups and two organofunctional groups, the 

sealer is a silicone. These are attracted to the substrate but do not form bonds with it 

[18]. Silanes, siloxanes and siliconates are all classified together since they have 

three silicon functional groups and an organofunctional group. They bond with each 

other and the substrate when applied, and the size and shape of the organofunctional 

group determines the degree of hydrophobicity. For alkyl alkoxy silanes, these 

groups also determine the long-term alkali resistance, while the silicon functional 
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�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e�i�r� �s�t�r�o�n�g�e�s�t� �p�r�o�p�o�n�e�n�t�s�,� �s�e�a�l�e�r�s� �a�r�e� �e�c�o�n�o�m�i�c�a�l� �a�t� �a�l�m�o�s�t� �a�n�y� 

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

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

�s�u�b�s�i�d�e� �[�7�]�.� 

�2�.�2�.�1�.� �F�u�n�c�t�i�o�n� �a�n�d� �Q�u�a�l�i�t�i�e�s� �o�f� �S�e�a�l�e�r�s� 

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

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

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

�a�l�s�o� �d�e�s�c�r�i�b�e�d� �b�e�l�o�w�.� 

�2�.�2�.�1�.�1�.� �P�u�r�p�o�s�e�s� �F�u�l�f�i�l�l�e�d� �b�y� �S�e�a�l�e�r�s� 

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

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

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

�a�l�k�a�l�i�-�a�g�g�r�e�g�a�t�e� �r�e�a�c�t�i�o�n�,� �f�r�e�e�z�e�-�t�h�a�w�,� �a�n�d� �c�o�r�r�o�s�i�o�n� �o�f� �r�e�b�a�r� �[�2�1�]�.� �T�h�e� �p�r�o�t�e�c�t�i�o�n� 

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

�w�a�t�e�r� �i�n�t�r�u�s�i�o�n� �w�h�i�l�e� �h�e�l�p�i�n�g� �t�h�e� �c�o�n�c�r�e�t�e� �t�o� �d�r�y� �o�u�t� �b�y� �b�e�i�n�g� �v�a�p�o�r� �p�e�r�m�e�a�b�l�e� �[�1�7�]�.� 

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

�i�n� �h�y�d�r�o�l�o�g�i�c�a�l� �s�i�t�u�a�t�i�o�n�s� �[�1�7�]�.� �P�r�o�t�e�c�t�i�o�n� �f�r�o�m� �s�a�l�t� �s�c�a�l�i�n�g� �i�s� �c�o�n�s�i�d�e�r�e�d� �a� �u�s�e� �f�o�r� 
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�s�e�a�l�e�r�s� �[�1�5�]�.� �S�e�a�l�e�r�s� �a�r�e� �a�l�s�o� �b�e�l�i�e�v�e�d� �t�o� �b�e� �a�b�l�e� �t�o� �p�r�o�v�i�d�e� �w�a�t�e�r�p�r�o�o�f�i�n�g� �f�o�r� �c�r�a�c�k�s� 

�u�p� �t�o� �0�.�0�2�5� �i�n� �(�0�.�0�6� �c�m�)� �[�2�]�.� 

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

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

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

�l�i�f�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �[�7�]�.� �F�o�r� �e�x�a�m�p�l�e�,� �o�n�e� �r�e�c�e�n�t� �r�e�s�e�a�r�c�h� �r�e�p�o�r�t� �s�t�a�t�e�d�,� �"�W�e� �h�o�p�e� �t�o� 

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

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

�s�t�r�u�c�t�u�r�e�s�"� �[�1�3�]�.� �T�h�i�s� �i�s� �t�h�o�u�g�h�t� �t�o� �o�c�c�u�r� �d�u�e� �t�o� �a� �d�r�y�i�n�g� �e�f�f�e�c�t� �w�h�i�c�h� �r�e�d�u�c�e�s� �t�h�e� 

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

�b�u�t� �i�n� �a�r�i�d� �c�l�i�m�a�t�e�s�,� �t�h�i�s� �a�p�p�e�a�r�s� �t�o� �w�o�r�k� �[�7�]�.� 

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

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

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

�s�e�r�v�i�c�e� �l�i�f�e� �s�p�a�n� �o�f� �t�h�e� �b�r�i�d�g�e�"� �[�1�9�]�.� 

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

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

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

�s�t�i�l�l� �n�e�e�d�e�d� �f�o�r� �l�o�n�g�-�t�e�r�m� �p�r�o�t�e�c�t�i�o�n� �i�n� �s�e�v�e�r�e� �e�n�v�i�r�o�n�m�e�n�t�s�"� �[�1�5�]�.� 
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�2�.�2�.�1�.�2�.� �Q�u�a�l�i�t�i�e�s� �D�e�s�i�r�e�d� �i�n� �a� �S�e�a�l�e�r� 

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

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

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

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

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

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

�p�e�n�e�t�r�a�t�i�o�n� �(�f�o�r� �p�e�n�e�t�r�a�n�t�s�)�;� �a�n�d� �l�o�w� �h�e�a�l�t�h� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �r�i�s�k� �[�1�3�,�1�8�,�2�0�]�.� 

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

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

�c�o�n�c�r�e�t�e� �w�i�t�h� �l�o�w� �w�a�t�e�r�-�t�o�-�c�e�m�e�n�t� �(�w�/�c�)� �r�a�t�i�o�s� �t�h�a�n� �o�n� �p�o�o�r�e�r�,� �h�i�g�h� �w�/�c� �r�a�t�i�o� 

�c�o�n�c�r�e�t�e� �[�6�]�.� �O�t�h�e�r� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� �w�h�i�c�h� �a�f�f�e�c�t� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� 

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

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

�a�l�s�o� �f�a�c�t�o�r�s� �i�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �u�s�e� �o�f� �s�e�a�l�e�r�s� �[�1�4�]�.� 

�T�h�e� �d�e�p�t�h� �o�f� �s�e�a�l�e�r� �p�e�n�e�t�r�a�t�i�o�n� �i�t�s�e�l�f� �d�e�p�e�n�d�s� �o�n� �1�)� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�s�u�b�s�t�r�a�t�e�,� �2�)� �p�r�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �s�u�r�f�a�c�e�,� �3�)� �a�m�o�u�n�t� �o�f� �s�o�l�u�t�i�o�n� 

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

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

�v�i�s�c�o�s�i�t�y�,� �a�n�d� �o�t�h�e�r� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�o�l�v�e�n�t�s�.� �D�e�p�t�h�,� �i�d�e�a�l�l�y�,� �s�h�o�u�l�d� �b�e� �o�v�e�r� �1�/�4� �i�n� �(�6� 

�m�i�m�)� �w�i�t�h� �r�e�c�o�r�d�e�d� �d�e�p�t�h�s� �r�e�a�c�h�i�n�g� �i�n� �e�x�c�e�s�s� �o�f� �3�/�4� �i�n� �(�2�0� �m�m�)� �[�1�3�]�.� �U�n�d�e�r� �i�d�e�n�t�i�c�a�l� 
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�c�o�n�d�i�t�i�o�n�s�,� �i�t� �h�a�s� �b�e�e�n� �n�o�t�e�d� �t�h�a�t� �m�o�n�o�m�e�r�i�c� �a�l�k�y�l� �s�i�l�a�n�e�s� �p�r�o�v�e�d� �t�o� �b�e� �a�b�l�e� �t�o� 

�p�e�n�e�t�r�a�t�e� �t�h�e� �g�r�e�a�t�e�s�t� �d�e�p�t�h�s� �[�2�0�]�.� �T�h�i�s� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �s�i�n�c�e� �t�h�e�y� �h�a�v�e� �t�h�e� �s�m�a�l�l�e�s�t� 

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

�2�.�2�.�2�.� �A�p�p�l�i�c�a�t�i�o�n� 

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

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

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

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

�c�o�n�c�r�e�t�e�.� �S�o�l�v�e�n�t�s� �u�s�e�d� �i�n�c�l�u�d�e� �w�a�t�e�r�,� �a�l�c�o�h�o�l�,� �m�i�n�e�r�a�l� �s�p�i�r�i�t�s� �a�n�d� �k�e�r�o�s�e�n�e� �[�1�3�]�.� 

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

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

�a�p�p�l�i�e�d�,� �f�a�i�l�u�r�e� �o�f� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �o�b�j�e�c�t�i�v�e�s� �w�i�l�l� �o�c�c�u�r� �[�2�2�]�.� �D�e�t�a�i�l�s� �o�f� �a�m�b�i�e�n�t� 

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

�2�.�2�.�2�.�1�.� �A�m�b�i�e�n�t� �C�o�n�d�i�t�i�o�n�s� 

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

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

�a�p�p�l�i�c�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �e�p�o�x�i�e�s� �(�a�b�o�v�e� �4�0�°�F�,� �5�°�C�)� �a�n�d� �m�o�i�s�t�u�r�e� �n�e�e�d�e�d� �a�f�t�e�r� 

�a�p�p�l�i�c�a�t�i�o�n� �f�o�r� �s�i�l�a�n�e�-�b�a�s�e�d� �s�e�a�l�e�r�s� �t�o� �c�o�m�p�l�e�t�e� �t�h�e�i�r� �r�e�a�c�t�i�o�n�s� �[�1�3�]�.� �O�b�v�i�o�u�s�l�y�,� 

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

�a�p�p�l�i�c�a�t�i�o�n�.� 

�2�.�2�.�2�.�2�.� �S�u�r�f�a�c�e� �P�r�e�p�a�r�a�t�i�o�n� 

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

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

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

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

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

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

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

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

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

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

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

�2�.�2�.�2�.�3�.� �A�p�p�l�i�c�a�t�i�o�n� �R�a�t�e� 

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

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

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

�t�o�o� �l�i�t�t�l�e� �m�a�t�e�r�i�a�l� �w�i�l�l� �r�e�s�u�l�t� �i�n� �i�n�a�d�e�q�u�a�t�e� �w�a�t�e�r�p�r�o�o�f�i�n�g�.� �A�l�o�n�g� �w�i�t�h� �t�h�e� �c�o�v�e�r�a�g�e� 
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�r�a�t�e�,� �u�n�i�f�o�r�m� �a�p�p�l�i�c�a�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�e�a�l�e�d� �a�r�e�a� �n�e�e�d�s� �t�o� �b�e� �e�n�s�u�r�e�d� �[�2�1�]�.� �T�h�e� 

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

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

�t�e�s�t� �i�s� �u�s�e�d�.� 

�2�.�2�.�3�.� �C�o�s�t�s� 

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

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

�b�r�i�d�g�e�,� �s�e�a�l�i�n�g� �i�s� �b�y� �f�a�r� �t�h�e� �m�o�s�t� �e�c�o�n�o�m�i�c�a�l� �a�t� �$�.�0�7�/�f�t ��/�y�r� �(�a�s�s�u�m�i�n�g� �a� �7�-�y�e�a�r� �l�i�f�e�)� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �$�.�4�0� �t�o� �$�.�6�0�/�f�t ��/�y�r� �f�o�r� �o�t�h�e�r� �p�r�o�t�e�c�t�i�o�n� �m�e�t�h�o�d�s� �a�n�d� �m�u�c�h� �m�o�r�e� �f�o�r� �a�n�y� 

�m�e�t�h�o�d� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �m�o�r�e� �c�o�m�p�l�e�t�e� �r�e�h�a�b�i�l�i�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �[�7�]�,� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� 

�T�a�b�l�e� �2�.�1�.� �E�v�e�n� �i�f� �t�h�e� �l�i�f�e� �e�x�p�e�c�t�a�n�c�y� �i�s� �o�n�l�y� �2� �y�e�a�r�s�,� �s�e�a�l�e�r�s� �m�a�y� �o�f�f�e�r� �t�h�e� �l�e�a�s�t� 

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

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

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

�2�.�3�.� �T�e�s�t�i�n�g� �S�e�a�l�e�r� �E�f�f�e�c�t�i�v�e�n�e�s�s� 

�2�.�3�.�1�.� �L�a�c�k� �o�f� �S�p�e�c�i�f�i�c�a�t�i�o�n� �A�g�r�e�e�m�e�n�t� 

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

�2�0



�T�a�b�l�e� �2�.�1� �A�l�b�e�r�t�a� �A�n�n�u�a�l� �U�n�i�t� �C�o�s�t�s� �o�f� �D�e�c�k� �M�a�i�n�t�e�n�a�n�c�e� �A�c�t�i�v�i�t�i�e�s� �[�7�]� 

� � 

�T�y�p�e� �o�f� �M�a�i�n�t�e�n�a�n�c�e� �o�r� �U�n�i�t� �C�o�s�t� �E�x�p�e�c�t�e�d� �L�i�f�e� �A�n�n�u�a�l� �U�n�i�t� 
�C�o�n�s�t�r�u�c�t�i�o�n� �A�c�t�i�v�i�t�y� �(�$�/�f�t�)� �(�y�e�a�r�s�)� �c�o�s�t� �(�$�/�f�t�/�y�r�)� 

�I�n�i�t�i�a�l� �D�e�c�k� �C�o�n�s�t�r�u�c�t�i�o�n� �$� �2�5�.�0�0� �2�0� �$� �1�.�5�0� 
�(�p�r�e�-�1�9�7�5� �d�e�s�i�g�n�)� 

�R�e�h�a�b�i�l�i�t�a�t�i�o�n� �a�n�d� �C�o�n�c�r�e�t�e� �$� �2�5�.�0�0� �1�5� �$� �1�.�6�7� 
�O�v�e�r�l�a�y� 

�P�a�r�t�i�a�l� �D�e�p�t�h� �P�a�t�c�h�i�n�g� �$� �2�5�.�0�0� �1�5� �$� �1�.�3�3� 

�F�u�l�l� �D�e�p�t�h� �P�a�t�c�h�i�n�g� �$� �3�5�.�0�0� �1�5� �$� �2�.�3�3� 

�A�n�n�u�a�l� �W�a�s�h�i�n�g� �$� �0�.�0�4� �1� �$� �0�.�0�4� 

�A�s�p�h�a�l�t� �S�e�a�l�i�n�g� �$� �0�.�2�5� �5� �$� �0�.�0�5� 

�P�o�l�y�m�e�r� �M�e�m�b�r�a�n�e� �a�n�d� �A�s�p�h�a�l�t� �$� �1�2�.�0�0� �2�0� �$� �0�.�6�0� 

�P�o�l�y�m�e�r� �M�e�m�b�e�r�/�A�s�p�h�a�l�t� �M�a�i�n�t�a�i�n�e�d� �$� �1�3�.�5�0� �3�5� �$� �0�.�3�9� 
�w�/� �s�e�a�l�i�n�g� 

�T�e�m�p�o�r�a�r�y� �P�o�l�y�m�e�r� �M�e�m�b�r�a�n�e� �a�n�d� �$� �4�.�0�0� �1�0� �$� �0�.�4�0� 
�A�s�p�h�a�l�t� 

�C�a�t�h�o�d�i�c� �P�r�o�t�e�c�t�i�o�n� �$� �1�5�.�0�0� �3�0� �$� �0�.�5�0� 

�P�o�l�y�m�e�r� �W�e�a�r�i�n�g� �S�u�r�f�a�c�e� �C�l�a�s�s� �B� �$� �7�.�0�0� �1�5� �$� �0�.�4�7� 

�C�o�n�c�r�e�t�e� �S�e�a�l�i�n�g� �(�s�i�l�a�n�e�)� �$� �0�.�5�0� �7� �$� �0�.�0�7� 

�D�e�c�k� �T�e�s�t�i�n�g� �(�C�S�E�)� �$� �0�.�1�0� �5� �$� �0�.�0�2� 

�\� 

�2�1



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

�p�r�o�b�l�e�m�,� �N�C�H�R�P� �2�4�4�,� �t�h�e�r�e� �r�e�m�a�i�n�s� �n�o� �c�o�n�s�e�n�s�u�s� �o�n� �a�n�y� �a�c�c�e�p�t�a�b�l�e� �t�e�s�t�i�n�g� 

�p�r�o�c�e�d�u�r�e� �[�2�1�]�.� �T�h�e�r�e� �i�s� �a�l�s�o� �a� �l�a�c�k� �o�f� �i�n�-�s�e�r�v�i�c�e� �d�a�t�a� �o�n� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� 

�c�o�n�c�r�e�t�e� �s�e�a�l�e�r�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �w�h�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �w�h�e�e�l� �t�r�a�f�f�i�c� �[�8�]�.� �O�n�e� �o�b�s�e�r�v�e�r� 

�d�e�s�c�r�i�b�e�s� �t�h�i�s� �a�s� �a� �C�a�t�c�h�-�2�2� �s�c�e�n�a�r�i�o�.� �T�h�e�r�e� �a�r�e� �n�o� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �b�e�c�a�u�s�e� �t�h�e�r�e� �i�s� 

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

�a�r�e� �v�a�r�i�e�d� �a�n�d� �c�o�n�f�l�i�c�t�i�n�g� �[�2�3�]�.� �A�c�c�o�r�d�i�n�g� �t�o� �o�n�e� �a�u�t�h�o�r�,� �t�h�e� �l�a�c�k� �o�f� �s�t�a�n�d�a�r�d� �t�e�s�t� 

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

�a�c�c�e�p�t�a�n�c�e� �o�f� �s�e�a�l�e�r�s� �[�7�]�.� �E�v�e�n� �w�h�e�n� �c�h�o�o�s�i�n�g� �t�h�e� �p�r�o�p�e�r� �s�e�a�l�e�r� �f�o�r� �p�r�o�t�e�c�t�i�o�n� �o�f� �a� 

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

�t�e�s�t�i�n�g� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �c�r�i�t�e�r�i�a� �[�6�]�.� 

�I�n� �a� �s�u�r�v�e�y� �o�f� �U�.�S�.� �a�n�d� �C�a�n�a�d�i�a�n� �h�i�g�h�w�a�y� �a�g�e�n�c�i�e�s�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �a� �w�i�d�e� 

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

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

�2�.�2�,� �A�A�S�H�T�O� �T� �2�5�9�,� �"�R�e�s�i�s�t�a�n�c�e� �o�f� �C�o�n�c�r�e�t�e� �t�o� �C�h�l�o�r�i�d�e� �I�o�n� �P�e�n�e�t�r�a�t�i�o�n�,�"� �i�s� �t�h�e� 

�m�o�s�t� �c�o�m�m�o�n� �t�e�s�t� �m�e�t�h�o�d� �u�s�e�d�,� �f�o�l�l�o�w�e�d� �b�y� �N�C�H�R�P� �2�4�4�,� �S�e�r�i�e�s� �I�I� �t�e�s�t�.� �S�o�m�e� 

�a�g�e�n�c�i�e�s� �r�e�l�y� �o�n� �t�e�s�t� �d�a�t�a� �f�r�o�m� �t�h�e� �v�e�n�d�o�r� �f�o�r� �a�p�p�r�o�v�a�l� �[�9�]�.� �M�a�n�y� �o�t�h�e�r� �t�e�s�t�s� �a�r�e� �a�l�s�o� 

�u�s�e�d� �a�n�d� �m�e�n�t�i�o�n�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�3�.�2�.� 

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

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

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

�2�2



�T�a�b�l�e� �2�.�2� �T�e�s�t� �P�r�o�c�e�d�u�r�e� �U�s�e�d� �i�n� �E�v�a�l�u�a�t�i�n�g� �S�e�a�l�e�r�s� �[�9�]� 

� � 

�T�e�s�t�i�n�g� �P�r�o�c�e�d�u�r�e� �N�u�m�b�e�r� �o�f� �A�g�e�n�c�i�e�s� �U�s�i�n�g� �T�h�i�s� �M�e�t�h�o�d� 

�A�A�S�H�T�O� �T� �2�5�9� �1�3� 

�N�C�H�R�P� �2�4�4� �9� 

�A�S�T�M� �C� �6�4�2� �6� 

�A�b�s�o�r�p�t�i�o�n� �(�n�o�t� �A�S�T�M� �C� �6�4�2�)� �6� 

�R�e�l�y� �o�n� �V�e�n�d�o�r� �D�a�t�a� �6� 

�P�e�n�e�t�r�a�t�i�o�n� �D�e�p�t�h� �3� 

�V�a�p�o�r� �P�e�r�m�e�a�b�i�l�i�t�y� �3� 

�O�t�h�e�r� �T�e�s�t�s� �5� 

�A�S�T�M� �C� �6�7�2� �3� 

�A�A�S�H�T�O� �T� �2�7�7� �2� 

�F�r�e�e�z�e�-�T�h�a�w� �T�e�s�t�i�n�g� �2� 

�S�k�i�d� �R�e�s�i�s�t�a�n�c�e� �T�e�s�t�i�n�g� �]� 

�2�3



�v�a�r�i�o�u�s� �s�i�t�e�s� �m�a�y� �g�r�e�a�t�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e�i�r� �e�f�f�e�c�t�i�v�e�n�e�s�s� �[�1�3�]�.� �I�n�d�e�e�d�,� �a� �l�a�r�g�e� �v�a�r�i�e�t�y� �o�f� 

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

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

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

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

�t�r�e�a�t�m�e�n�t�s� �i�n� �r�e�s�t�r�i�c�t�i�n�g� �c�h�l�o�r�i�d�e� �i�n�g�r�e�s�s� �[�2�3�]�.� 

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

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

�r�e�p�o�r�t�e�d� �[�1�9�]�.� 

�2�.�3�.�2�.� �A�p�p�r�o�a�c�h�e�s� �t�o� �S�e�t�t�i�n�g� �S�t�a�n�d�a�r�d�s� 

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

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

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

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

�r�e�m�o�v�e�d� �a�n�d� �t�e�s�t�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �[�2�1�]�.� 

�2�.�3�.�2�.�1�.� �L�a�b�o�r�a�t�o�r�y� �T�e�s�t�i�n�g� �S�t�a�n�d�a�r�d�s� 

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

�n�e�e�d�e�d� �i�s� �a�c�c�e�l�e�r�a�t�e�d� �t�e�s�t�i�n�g� �w�h�i�c�h� �i�s� �r�e�l�i�a�b�l�e� �[�2�3�]�.� �A�l�t�e�r�n�a�t�e�l�y�,� �a� �t�e�s�t� �w�h�i�c�h� �w�o�u�l�d� 

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

�2�4



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

�d�u�r�a�b�i�l�i�t�y� �w�o�u�l�d� �n�e�e�d� �t�o� �b�e� �d�e�r�i�v�e�d�.� 

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

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

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

�T�h�e� �N�C�H�R�P� �2�4�4�,� �A�A�S�H�T�O� �,� �a�n�d� �A�S�T�M� �s�t�a�n�d�a�r�d�i�z�e�d� �t�e�s�t�s� �f�a�l�l� �i�n�t�o� �t�h�e� 

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

�2�.�3�.�2�.�2�.� �I�n�-�S�i�t�u� �T�e�s�t�i�n�g� �S�t�a�n�d�a�r�d�s� 

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

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

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

�t�e�s�t�i�n�g�.� �A� �p�e�r�i�o�d�i�c� �t�e�s�t�i�n�g� �p�r�o�g�r�a�m� �s�h�o�u�l�d� �a�l�s�o� �b�e� �i�n�i�t�i�a�t�e�d� �[�1�4�]�.� �I�n� �G�e�r�m�a�n�y�,� �i�t� �h�a�s� 

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

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

�d�i�s�c�u�s�s�i�n�g� �t�h�i�s� �a�p�p�r�o�a�c�h� �[�2�4�]�.� 

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

�t�a�k�e� �c�o�r�e�s� �(�2�.�7�5� �i�n� �[�7�0� �m�m�]�)� �f�r�o�m� �t�h�e� �s�e�a�l�e�d� �c�o�n�c�r�e�t�e� �a�n�d� �m�e�a�s�u�r�e� �d�e�p�t�h� �o�f� 

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

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

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

�2�5



�A� �1�5�%� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e� �s�o�l�u�t�i�o�n� �i�s� �p�o�n�d�e�d� �f�o�r� �2�1� �d�a�y�s� �w�i�t�h� �t�h�e� �c�o�r�e�s� �w�e�i�g�h�e�d� �a�t� �1�,� 

�3�,� �7�,� �1�4�,� �a�n�d� �2�1� �d�a�y�s� �a�n�d� �a�f�t�e�r� �w�h�i�c�h� �t�h�e� �c�h�l�o�r�i�d�e� �i�o�n� �c�o�n�t�e�n�t� �p�r�o�f�i�l�e� �i�s� �a�g�a�i�n� 

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

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

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

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

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

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

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

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

�e�n�v�i�r�o�n�m�e�n�t� �[�1�4�]�.� 

�O�n�e� �s�i�m�p�l�e� �f�i�e�l�d� �t�e�s�t� �d�e�v�i�s�e�d� �i�n� �G�r�e�a�t� �B�r�i�t�a�i�n� �a�n�d� �d�e�s�c�r�i�b�e�d� �b�y� �C�a�r�t�e�r� �i�n�v�o�l�v�e�s� 

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

�n�o�t�i�n�g� �t�h�e� �d�r�o�p� �o�v�e�r� �t�i�m�e� �[�2�1�]�.� 

�2�.�3�.�3�.� �P�r�e�s�e�n�t� �T�e�s�t�i�n�g� �M�e�t�h�o�d�s� �U�s�e�d� 

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

�s�t�a�n�d�a�r�d�i�z�i�n�g� �s�e�a�l�e�r� �t�e�s�t�s� �w�a�s� �N�C�H�R�P� �2�4�4� �[�1�5�]�.� �I�t�s� �g�o�a�l� �w�a�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� 

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

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

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

�2�6



�a�b�r�a�s�i�o�n� �f�r�o�m� �t�r�a�f�f�i�c� �[�1�5�]�.� 

�T�h�e� �m�e�a�s�u�r�e�d� �p�a�r�a�m�e�t�e�r�s� �o�f� �N�C�H�R�P� �2�4�4� �i�n�c�l�u�d�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �w�a�t�e�r� 

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

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

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

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

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

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

�t�h�e� �s�u�r�f�a�c�e� �a�f�t�e�r� �a�p�p�l�i�c�a�t�i�o�n�,� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �a�n�d� �c�o�s�t�s� �[�1�5�]�.� 

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

�a�p�p�r�o�a�c�h�e�s� �a�s� �f�o�u�n�d� �i�n� �N�C�H�R�P� �2�4�4�,� �m�e�a�s�u�r�i�n�g� �s�i�m�i�l�a�r� �p�a�r�a�m�e�t�e�r�s�.� �H�o�w�e�v�e�r�,� �o�t�h�e�r� 

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

�p�e�r�m�e�a�b�i�l�i�t�y�,� �f�r�e�e�z�e�-�t�h�a�w� �r�e�s�i�s�t�a�n�c�e�,� �s�k�i�d� �r�e�s�i�s�t�a�n�c�e�,� �a�n�d� �s�c�a�l�i�n�g� �[�9�]�.� 

�O�t�h�e�r� �s�t�a�n�d�a�r�d�i�z�e�d� �l�a�b�o�r�a�t�o�r�y� �t�e�s�t�s� �w�h�i�c�h� �a�r�e� �c�o�m�m�o�n� �i�n�c�l�u�d�e� �A�A�S�H�T�O� �T� 

�2�5�9�,� �A�S�T�M� �C� �6�4�2�,� �A�S�T�M� �6�7�2�,� �a�n�d� �A�A�S�H�T�O� �T� �2�7�7�.� �T�h�e�s�e� �t�e�s�t�s�,� �h�o�w�e�v�e�r�,� �w�e�r�e� 

�n�o�t� �d�e�s�i�g�n�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �f�o�r� �t�h�e� �t�e�s�t�i�n�g� �o�f� �s�e�a�l�e�r� �e�f�f�e�c�t�i�v�e�n�e�s�s� �a�s� �w�a�s� �N�C�H�R�P� �2�4�4�.� 

�"�R�e�s�i�s�t�a�n�c�e� �o�f� �C�o�n�c�r�e�t�e� �t�o� �C�h�l�o�r�i�d�e� �I�o�n� �P�e�n�e�t�r�a�t�i�o�n�,�"� �A�A�S�H�T�O� �T� �2�5�9�,� �i�s� 

�c�o�m�m�o�n�l�y� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �"�9�0�-�d�a�y� �p�o�n�d�i�n�g �� �t�e�s�t�.� �T�h�e� �s�p�e�c�i�m�e�n�s� �a�n�a�l�y�z�e�d� �a�r�e� 

�s�l�a�b�s� �w�h�i�c�h� �a�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �9�0� �c�o�n�t�i�n�u�o�u�s� �d�a�y�s� �o�f� �p�o�n�d�i�n�g� �w�i�t�h� �a� �3�%� �s�o�d�i�u�m� 

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

�a�t� �t�w�o� �d�e�p�t�h�s�,� �0�.�0�6�2�5�-�0�.�5� �i�n�.� �(�0�.�1�6�-�1�.�3� �c�m�)� �a�n�d� �0�.�5�-�1�.�0� �i�n�.� �(�1�.�3�-�2�.�5� �c�m�)�.� �T�h�e�s�e� 
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�v�a�l�u�e�s�,� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �b�a�s�e�l�i�n�e� �v�a�l�u�e�s� �m�e�a�s�u�r�e�d�,� �a�r�e� �r�e�p�o�r�t�e�d�.� �A�b�r�a�s�i�o�n� �b�y� 

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

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

�(�o�r� �s�e�a�l�e�r�)� �a�n�d� �n�o� �q�u�a�n�t�i�t�a�t�i�v�e� �l�i�m�i�t�s� �o�n� �t�h�e� �m�e�a�s�u�r�e�d� �d�a�t�a� �w�e�r�e� �s�u�g�g�e�s�t�e�d� �[�2�5�]�.� 

�T�h�e� �o�t�h�e�r� �A�A�S�H�T�O� �s�p�e�c�i�f�i�c�a�t�i�o�n� �e�m�p�l�o�y�e�d� �(�T� �2�7�7�)�,�  ��R�a�p�i�d� �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� �P�e�r�m�e�a�b�i�l�i�t�y� �o�f� �C�o�n�c�r�e�t�e�,�"� �a�n�a�l�y�z�e�s� �3�.�7�5�-�i�n� �(�9�.�5�-�c�m�)� �c�o�r�e�s� �b�y� �m�e�a�s�u�r�i�n�g� 

�t�h�e� �a�m�o�u�n�t� �o�f� �c�h�a�r�g�e� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �2�-�i�n� �(�5�.�1� �c�m�)� �l�o�n�g� �s�a�m�p�l�e� �i�n� �6� �h�o�u�r�s� �o�f� 

�e�x�p�o�s�u�r�e� �t�o� �a� �6�0�-�V� �d�c� �c�u�r�r�e�n�t�.� �O�n�e� �e�n�d� �o�f� �t�h�e� �c�o�r�e� �i�s� �i�m�m�e�r�s�e�d� �i�n� �a� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e� 

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

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

�a�d�o�p�t�e�d� �f�r�o�m� �F�H�W�A�/�R�D�-�8�1�/�1�1�9� �[�2�6�]�.�)� �I�n� �r�e�s�e�a�r�c�h� �w�h�i�c�h� �a�t�t�e�m�p�t�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�i�s� 

�m�e�t�h�o�d� �w�i�t�h� �t�h�e� �9�0�-�d�a�y� �p�o�n�d�i�n�g� �t�e�s�t�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �a� �g�e�n�e�r�a�l� �a�g�r�e�e�m�e�n�t� �i�n� �r�a�n�k�i�n�g� 

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

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

�b�e� �a�b�l�e� �t�o� �i�n�d�i�c�a�t�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �s�e�a�l�e�r�s� �n�o�t� �s�e�e�n� �i�n� �t�h�e� �l�o�n�g�e�r� �t�e�s�t� �[�2�7�]�.� 

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

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

�r�e�l�a�t�e�d� �t�o� �s�e�a�l�e�r� �e�f�f�e�c�t�i�v�e�n�e�s�s�.� �A�S�T�M� �C� �6�4�2�,� �"�S�t�a�n�d�a�r�d� �T�e�s�t� �M�e�t�h�o�d� �f�o�r� �S�p�e�c�i�f�i�c� 

�G�r�a�v�i�t�y�,� �A�b�s�o�r�p�t�i�o�n�,� �a�n�d� �V�o�i�d�s� �i�n� �H�a�r�d�e�n�e�d� �C�o�n�c�r�e�t�e�,�"� �m�e�a�s�u�r�e� �t�h�e� �p�a�r�a�m�e�t�e�r�s� 

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

�i�s� �p�e�r�f�o�r�m�e�d� �b�y� �i�m�m�e�r�s�i�n�g� �a� �s�p�e�c�i�m�e�n� �(�a�t� �l�e�a�s�t� �2�8� �o�z�,� �8�0�0� �g�,� �f�o�r� �n�o�r�m�a�l� �w�e�i�g�h�t� 
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�c�o�n�c�r�e�t�e�)� �i�n� �w�a�t�e�r� �f�o�r� �a�s� �m�a�n�y� �d�a�y�s� �a�s� �i�t� �t�a�k�e�s� �t�o� �r�e�a�c�h� �a� �c�o�n�s�t�a�n�t� �s�u�r�f�a�c�e� �d�r�y� �w�e�i�g�h�t� 

�[�2�8�]�.� �A�S�T�M� �C� �6�7�2� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �s�a�l�t� �s�c�a�l�i�n�g� �t�e�n�d�e�n�c�y� �o�f� �c�o�n�c�r�e�t�e� �[�2�9�]�.� 

�2�.�3�.�4�.� �P�a�r�a�m�e�t�e�r�s� �M�e�a�s�u�r�e�d� 

�T�h�e� �p�r�o�p�e�r�t�i�e�s� �m�e�n�t�i�o�n�e�d� �i�n� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �o�f� �N�C�H�R�P� �2�4�4� �a�r�e� �c�o�m�m�o�n�l�y� 

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

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

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

�S�p�e�c�i�m�e�n� �p�r�e�p�a�r�a�t�i�o�n� �f�o�r� �N�C�H�R�P� �2�4�4� �i�s� �c�o�m�m�o�n� �f�o�r� �s�i�m�i�l�a�r� �t�e�s�t�i�n�g� 

�p�r�o�c�e�d�u�r�e�s�.� �C�o�n�c�r�e�t�e� �(�5�0�0�0� �p�s�i�,� �0�.�5�3� �w�/�c�,� �4�-�5�%� �a�i�r�,� �a�n�d� �3�-�i�n�.� �[�8�-�c�m�]� �s�l�u�m�p�)� �a�r�e� 

�c�a�s�t� �i�n� �4�-�i�n�.� �(�1�0�-�c�m�)� �c�u�b�e�s�,� �s�a�n�d�b�l�a�s�t�e�d� �a�f�t�e�r� �7� �d�a�y�s� �o�f� �m�o�i�s�t� �c�u�r�i�n�g� �a�n�d� �a�l�l�o�w�e�d� �t�o� 

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

�p�l�o�t�t�e�d�.� �T�h�e� �s�e�a�l�e�r�s� �a�r�e� �t�h�e�n� �a�p�p�l�i�e�d� �a�n�d� �a�l�l�o�w�e�d� �t�o� �c�u�r�e� �f�o�r� �1�4� �d�a�y�s� �[�1�5�]�.� 

�2�.�3�.�4�.�1�.� �W�a�t�e�r� �A�b�s�o�r�p�t�i�o�n� 

�T�h�e� �c�u�b�e�s� �a�r�e� �t�h�e�n� �i�m�m�e�r�s�e�d� �i�n� �a� �1�5�%� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e� �s�o�l�u�t�i�o�n�.� �W�i�t�h� �t�h�e� 

�s�a�t�u�r�a�t�e�d� �s�u�r�f�a�c�e� �d�r�y� �w�e�i�g�h�t� �t�a�k�e�n� �e�v�e�r�y� �3� �d�a�y�s�,� �t�h�e� �c�u�b�e�s� �a�r�e� �k�e�p�t� �i�m�m�e�r�s�e�d� �f�o�r� �2�1� 

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

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

�t�h�e� �c�o�n�t�r�o�l� �s�p�e�c�i�m�e�n�s� �[�1�5�]�.� 

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

�2�9



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

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

�o�p�t�i�m�i�s�t�i�c� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �t�r�u�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �s�e�a�l�e�r� �s�i�n�c�e� �5� �o�f� �6� �f�a�c�e�s� �a�r�e� �l�e�s�s� 

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

�2�.�3�.�4�.�2�.� �V�a�p�o�r� �P�e�r�m�e�a�b�i�l�i�t�y� 

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

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

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

�t�o� �t�h�e� �f�i�e�l�d�,� �i�.�e�.� �n�o� �h�e�a�t�i�n�g� �o�r� �z�e�r�o� �h�u�m�i�d�i�t�y� �a�p�p�l�i�e�d� �[�1�5�]�.� 

�2�.�3�.�4�.�3�.� �C�h�l�o�r�i�d�e� �I�n�g�r�e�s�s� 

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

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

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

�(�1�0�-�c�m�)� �c�u�b�e� �i�s� �u�s�e�d� �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�t� �w�a�s� �f�o�u�n�d� �t�h�a�t�,� �f�o�r� �t�h�e� 

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

�O�n�l�y� �a� �f�e�w� �o�f� �t�h�e� �s�e�a�l�e�r�s� �t�e�s�t�e�d� �i�n� �N�C�H�R�P� �2�4�4� �c�o�u�l�d� �b�e� �v�i�e�w�e�d� �a�s� �"�c�h�l�o�r�i�d�e� 

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

�[�1�5�]�.� 

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

�3�0



�2�.�3�.�4�.�4�,� �R�e�s�i�s�t�a�n�c�e� �t�o� �A�b�r�a�s�i�o�n� �a�n�d� �U�l�t�r�a�v�i�o�l�e�t� �L�i�g�h�t� 

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

�a�r�e� �s�i�m�u�l�a�t�e�d� �i�n� �a� �v�a�r�i�e�t�y� �o�f� �w�a�y�s�.� �N�C�H�R�P� �i�n�c�l�u�d�e�d� �a�n� �a�c�c�e�l�e�r�a�t�e�d� �w�e�a�t�h�e�r�i�n�g� �t�e�s�t� 

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

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

�s�i�m�u�l�a�t�e�d� �b�y� �2�4� �5�-�d�a�y� �w�e�e�k�s� �o�f� �f�r�e�e�z�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �a�l�o�n�g� �w�i�t�h� �l�e�s�s� �e�x�p�o�s�u�r�e� �t�o� 

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

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

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

�s�i�m�u�l�a�t�e� �t�r�a�f�f�i�c� �a�b�r�a�s�i�o�n�.� �T�h�i�s� �i�s� �d�o�n�e� �s�i�m�p�l�y� �b�y� �s�a�n�d�b�l�a�s�t�i�n�g� �[�1�9�]�.� �T�h�e� �a�m�o�u�n�t� �o�f� 

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

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

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

�2�.�3�.�4�.�5�.� �D�e�p�t�h� �o�f� �P�e�n�e�t�r�a�t�i�o�n� 

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

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

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

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

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

�a�n�d� �u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �s�e�a�l�e�r� �[�1�4�]�.� 
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�2�.�3�.�5�.� �S�u�g�g�e�s�t�e�d� �S�t�a�n�d�a�r�d�s� �f�r�o�m� �L�i�t�e�r�a�t�u�r�e� 

�R�e�c�o�m�m�e�n�d�e�d� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �N�C�H�R�P� �2�4�4� �t�e�s�t� �w�e�r�e� �>�7�5�%� �r�e�d�u�c�t�i�o�n� 

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

�c�u�b�e�s�)�.� �A�f�t�e�r� �t�h�e� �c�u�b�e� �s�e�r�i�e�s� �"�S�c�r�e�e�n�i�n�g� �T�e�s�t�"�,� �a�n� �"�A�c�c�e�l�e�r�a�t�e�d� �W�e�a�t�h�e�r�i�n�g �� �t�e�s�t� �w�a�s� 

�r�e�c�o�m�m�e�n�d�e�d�.� �T�h�e� �r�e�c�o�m�m�e�n�d�e�d� �s�t�a�n�d�a�r�d� �f�o�r� �t�h�i�s� �t�e�s�t� �w�a�s� �>�9�0�%� �r�e�d�u�c�t�i�o�n� �o�f� 

�c�h�l�o�r�i�d�e� �i�o�n� �c�o�n�t�e�n�t� �[�1�4�]�.� 

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

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

�-� �p�e�n�e�t�r�a�t�i�o�n� �d�e�p�t�h� �(�n�o� �s�t�a�n�d�a�r�d�)� 

�~� �w�a�t�e�r� �a�b�s�o�r�p�t�i�o�n� �(�1�%� �m�a�x�)� 

�-� �m�o�i�s�t�u�r�e� �v�a�p�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �(�9�5�%� �m�i�n�)� 

�-� �c�h�l�o�r�i�d�e� �p�e�n�e�t�r�a�t�i�o�n� �(�.�0�2�%� �m�a�x� �a�t� �0�.�5�-�1�.�0� �i�n�.� �d�e�p�t�h�)� 

�-� �s�a�l�t� �s�c�a�l�i�n�g� �r�e�s�i�s�t�a�n�c�e� �(�0�.�1�6� �l�b�/�f�t�?� �m�a�s�s� �l�o�s�s� �m�a�x�)� �[�8�]�.� 

�2�.�3�.�6�.� �G�r�e�a�t� �B�r�i�t�a�i�n ��s� �A�p�p�r�o�a�c�h� �t�o� �S�e�t�t�i�n�g� �S�t�a�n�d�a�r�d�s� 

�R�e�c�e�n�t� �r�e�g�u�l�a�t�i�o�n�s� �b�y� �t�h�e� �D�e�p�a�r�t�m�e�n�t� �o�f� �T�r�a�n�s�p�o�r�t�a�t�i�o�n� �o�f� �G�r�e�a�t� �B�r�i�t�a�i�n� 

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

�s�p�e�c�i�f�y� �t�h�a�t� �o�n�l�y� �m�o�n�o�m�e�r�i�c� �a�l�k�y�l� �(�i�s�o�b�u�t�y�l�)� �t�r�i�a�l�k�o�x�y�s�i�l�a�n�e� �b�e� �u�s�e�d�.� �O�v�e�r� �1� �m�i�l�l�i�o�n� 

�l�i�t�e�r�s� �o�f� �s�i�l�a�n�e� �w�e�r�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �a�p�p�l�i�e�d� �t�o� �b�r�i�d�g�e�s� �i�n� �1�9�9�1�.� �M�a�n�y� �c�o�n�t�r�a�c�t�o�r�s� 

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

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

�3�2



�c�o�m�p�a�r�e�d� �t�o� �a� �s�i�l�a�n�e�/�s�i�l�o�x�a�n�e� �m�i�x�.� �A� �n�e�w� �o�r�g�a�n�i�z�a�t�i�o�n�,� �S�i�l�a�n�e� �I�m�p�r�e�g�n�a�t�o�r�s� 

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

�s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �u�s�e� �o�f� �s�i�l�a�n�e� �o�n� �c�o�n�c�r�e�t�e� �s�u�r�f�a�c�e�s� �[�3�0�]�.� 

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

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

�i�n�v�o�k�e�d� �i�n�s�t�e�a�d� �o�f� �a� �p�r�o�d�u�c�t� �s�p�e�c�i�f�i�c�a�t�i�o�n� �[�3�0�]�.� 

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

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

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

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

�p�r�o�d�u�c�t�s� �f�o�r� �s�p�e�c�i�f�i�c�a�t�i�o�n� �p�u�r�p�o�s�e�s� �[�2�4�]�.� 

�P�e�t�e�r� �R�o�b�e�r�y� �[�1�0�]�,� �a� �h�e�a�d� �e�n�g�i�n�e�e�r� �f�o�r� �a� �c�o�n�s�u�l�t�i�n�g� �f�i�r�m� �i�n� �E�n�g�l�a�n�d�,� �a�r�g�u�e�s� 

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

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

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

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

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

�3�3



�2�.�4�.� �M�e�a�s�u�r�e�m�e�n�t� �T�e�c�h�n�i�q�u�e� �f�o�r� �P�r�e�s�e�n�t� �R�e�s�e�a�r�c�h� 

�2�.�4�.�1�.� �C�h�l�o�r�i�d�e� �C�o�n�t�e�n�t� �U�s�i�n�g� �I�o�n� �S�e�l�e�c�t�i�v�e� �E�l�e�c�t�r�o�d�e� �(�I�S�E�)� 

�2�.�4�.�1�.�1�.� �C�o�l�l�e�c�t�i�n�g� �S�a�m�p�l�e�s� 

�A�s� �d�e�s�c�r�i�b�e�d� �i�n� �A�A�S�H�T�O� �T� �2�6�0�,� �"�S�a�m�p�l�i�n�g� �a�n�d� �T�e�s�t�i�n�g� �f�o�r� �T�o�t�a�l� �C�h�l�o�r�i�d�e� 

�I�o�n� �i�n� �C�o�n�c�r�e�t�e� �a�n�d� �C�o�n�c�r�e�t�e� �R�a�w� �M�a�t�e�r�i�a�l�s�"�,� �t�h�e�r�e� �a�r�e� �b�a�s�i�c�a�l�l�y� �t�w�o� �m�e�t�h�o�d�s� �t�o� 

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

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

�t�o� �p�a�s�s� �t�h�r�o�u�g�h� �a� �n�u�m�b�e�r� �5�0� �s�i�e�v�e�.� �T�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d� �r�e�q�u�i�r�e�s� �a� �r�o�t�a�r�y� �h�a�m�m�e�r� 

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

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

�[�3�1�]�.� 

�2�.�4�.�1�.�2�.� �I�S�E� �m�e�a�s�u�r�e�m�e�n�t�s� 

�T�w�o� �o�p�t�i�o�n�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �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� �a� �l�a�b�o�r�a�t�o�r�y�.� �A�S�T�M� �C�-�1�1�4� �i�s� �a� �m�e�t�h�o�d� �w�h�i�c�h� �r�e�q�u�i�r�e�s� �1�0� �g� �o�f� �s�a�m�p�l�e� �a�n�d� �u�s�e�s� 

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

�c�h�l�o�r�i�d�e�s� �i�n� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �t�i�t�r�a�t�i�o�n� �i�s� �d�o�n�e� �u�s�i�n�g� �a�n� �i�o�n� �s�e�n�s�i�t�i�v�e� �e�l�e�c�t�r�o�d�e� �(�I�S�E�)� 

�[�3�2�]�.� �A�l�t�e�r�n�a�t�e�l�y�,� �a� �m�e�t�h�o�d� �d�e�r�i�v�e�d� �b�y� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �t�h�e� �r�a�p�i�d� �c�h�l�o�r�i�d�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �m�e�t�h�o�d�,� �u�s�e�s� �a�n� �I�S�E� �t�o� �m�e�a�s�u�r�e� �t�h�e� �m�i�l�l�i�v�o�l�t� �l�e�v�e�l� �i�n� �a� �d�i�g�e�s�t�e�d� �s�a�m�p�l�e� 

�3�4



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

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

�s�t�a�n�d�a�r�d�.� 

�2�.�4�.�2�.� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� 

�2�.�4�.�2�.�1�.� �B�r�i�t�i�s�h� �I�S�A�T� 

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

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

�T�h�e� �I�n�i�t�i�a�l� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� �(�I�S�A�T�)� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �B�S� �1�8�8�1� �h�a�s� �b�e�e�n� �u�s�e�d� 

�e�x�t�e�n�s�i�v�e�l�y� �[�3�3�]�.� 

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

�s�i�m�i�l�a�r� �t�o� �t�h�e� �B�r�i�t�i�s�h� �I�n�i�t�i�a�l� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� �(�I�S�A�T�)� �w�h�i�c�h� �w�a�s� �d�e�v�e�l�o�p�e�d� 

�o�v�e�r� �2�0� �y�e�a�r�s� �a�g�o�.� �T�h�e� �I�S�A�T� �h�a�s� �b�e�e�n� �t�e�s�t�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �o�n� �v�a�r�i�o�u�s� �m�a�t�e�r�i�a�l�s� 

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

�A�s� �w�i�t�h� �t�h�e� �S�A�T� �d�e�v�i�c�e�,� �t�h�e� �I�S�A�T� �d�e�v�i�c�e� �h�a�s� �a� �w�a�t�e�r� �r�e�s�e�r�v�o�i�r�,� �t�u�b�e� �i�n�t�a�k�e�,� 

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

�h�o�w�e�v�e�r�,� �i�s� �h�o�r�i�z�o�n�t�a�l� �w�h�i�c�h� �k�e�e�p�s� �a� �c�o�n�s�t�a�n�t� �h�e�a�d�.� �W�i�t�h� �r�e�s�e�a�r�c�h� �b�e�g�i�n�n�i�n�g� �i�n� �1�9�5�6� 

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

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

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

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

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

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

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

�r�e�a�s�o�n�e�d� �t�h�a�t� �t�h�e� �I�S�A�T� �w�a�s� �a� �m�u�c�h� �b�e�t�t�e�r� �s�i�m�u�l�a�t�i�o�n� �o�f� �f�i�e�l�d� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �t�h�e� �2�0�0� 

�m�m� �h�e�a�d� �b�e�i�n�g� �e�q�u�a�l� �t�o� �a� �1�2�0� �m�.�p�.�h�.� �w�i�n�d� �a�n�d� �r�a�i�n� �s�p�e�e�d� �(�w�o�r�s�t� �c�a�s�e�)� �[�3�4�]�.� 

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

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

�n�o�t� �b�a�s�e�d� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �a�b�s�o�r�b�e�d� �b�u�t� �t�h�e� �r�a�t�e� �i�t� �w�a�s� �b�e�i�n�g� �a�b�s�o�r�b�e�d� �a�t� �1�0� 

�m�i�n�u�t�e�s� �a�n�d� �|� �h�o�u�r� �a�f�t�e�r� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �t�e�s�t� �[�3�4�]�.� 

�2�.�4�.�2�.�2�.� �F�a�c�t�o�r�s� �A�f�f�e�c�t�i�n�g� �P�e�r�f�o�r�m�a�n�c�e� 

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

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

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

�p�r�e�s�e�n�t� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s�.� �A� �m�o�d�i�f�i�e�d� �v�e�r�s�i�o�n� �o�f� �t�h�e� �B�r�i�t�i�s�h� �I�S�A�T� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �t�e�s�t� 

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

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

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

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

�d�r�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �s�h�o�u�l�d� �b�e� �m�e�t�:� �1�)� �4� �d�a�y�s� �a�t� �1�0�5�°�C�,� �2�)� �1�0� �d�a�y�s� �a�t� �5�0�°�C�,� �o�r� �3�)� 

�m�i�n�i�m�u�m� �7�,� �p�r�e�f�e�r�a�b�l�y� �1�4� �o�r� �m�o�r�e� �d�a�y�s�,� �a�t� �2�0�°�C�,� �o�r� �o�n� �s�i�t�e� �c�o�n�d�i�t�i�o�n�s�.� �"�T�h�i�s� 

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

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

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

�c�o�n�s�t�a�n�t�"� �[�3�3�]�.� 

�2�.�5�.� �S�e�r�v�i�c�e� �L�i�f�e� �P�r�e�d�i�c�t�i�o�n�s� 

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

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

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

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

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

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

�s�e�a�l�e�r�s� �a�r�e� �n�e�e�d�e�d� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �l�i�f�e� �e�x�p�e�c�t�a�n�c�i�e�s� �[�7�]�.� 

�I�n� �a� �c�o�n�v�e�r�s�a�t�i�o�n� �w�i�t�h� �P�a�u�l� �C�a�r�t�e�r�,� �m�a�i�n�t�e�n�a�n�c�e� �e�n�g�i�n�e�e�r� �f�o�r� �A�l�b�e�r�t�a� 

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

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

�b�r�i�d�g�e�s� �o�n� �m�a�j�o�r� �r�o�u�t�e�s� �a�r�e� �r�e�s�e�a�l�e�d� �e�v�e�r�y� �2� �t�o� �4� �y�e�a�r�s�,� �w�h�i�l�e� �b�r�i�d�g�e�s� �o�n� �l�e�s�s� �t�r�a�v�e�l�e�d� 
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�r�o�a�d�s� �a�r�e� �r�e�s�e�a�l�e�d� �o�n� �a� �6� �t�o� �8� �y�e�a�r� �c�y�c�l�e�.� �N�o� �i�n�-�s�i�t�u� �t�e�s�t�i�n�g� �i�s� �d�o�n�e� �t�o� �c�h�e�c�k� �t�h�e� 

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

�o�n�l�y� �i�n�p�u�t�.� 
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�3�.�0� 

�R�E�S�E�A�R�C�H� �D�E�S�I�G�N� 

�3�.�1�.� �S�e�a�l�e�r� �S�e�l�e�c�t�i�o�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�3�9



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

�d�e�v�e�l�o�p�e�d� �o�v�e�r� �t�h�e� �p�a�s�t� �3�0� �y�e�a�r�s�,� �b�u�t� �a� �g�r�e�a�t� �a�m�o�u�n�t� �o�f� �e�f�f�o�r�t� �h�a�s� �b�e�e�n� �e�x�e�r�t�e�d� �o�n�l�y� 

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

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

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

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

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

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

�3�.�2�.� �C�o�n�c�r�e�t�e� �M�i�x�t�u�r�e� �a�n�d� �S�p�e�c�i�m�e�n� �D�e�s�i�g�n� 

�3�.�2�.�1�.� �C�o�n�c�r�e�t�e� 

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

�a�n�d� �w�a�l�l� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �d�e�s�i�r�e�d� �w�a�t�e�r� �t�o� �c�e�m�e�n�t� �r�a�t�i�o� �w�a�s� �0�.�4�7� �w�i�t�h� �a� �s�l�u�m�p� �o�f� �3�-�4� 

�i�n�c�h�e�s� �(�7�.�5�-�1�0� �c�m�)�,� �a�n�d� �a� �4�0�0�0� �p�s�i� �(�3�4�.�5� �M�P�a�)� �s�t�r�e�n�g�t�h�.� �T�h�e� �s�l�u�m�p� �w�a�s� �m�e�a�s�u�r�e�d� �t�o� 

�b�e� �5� �i�n�.� �(�1�2�.�7� �c�m�)� �a�n�d� �a�i�r� �c�o�n�t�e�n�t� �w�a�s� �5�.�4�%�.� �T�h�e� �d�e�n�s�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �1�4�8� 

�l�b�/�f�t�?� �(�2�3�7�0� �k�g�/�m�*�)� �a�n�d� �t�h�e� �2�8�-�d�a�y� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �5�5�7�0� �p�s�i� 

�(�3�8�.�4� �M�P�a�)�.� 
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�T�a�b�l�e� �3�.�1� �C�o�n�c�r�e�t�e� �M�i�x�t�u�r�e� �D�e�s�i�g�n� �f�o�r� �S�l�a�b� �a�n�d� �W�a�l�l� �S�p�e�c�i�m�e�n�s� 

� � 

�l�b�/�y�d�?� �o�f� �c�o�n�c�r�e�t�e� �k�g�/�m�?� 

�C�e�m�e�n�t� �6�4�0� �3�8�0� 

�W�a�t�e�r� �3�0�1� �1�7�9� 

�A�g�g�r�e�g�a�t�e� 

�c�o�a�r�s�e� �(�#�5�7� �l�i�m�e�s�t�o�n�e�)� �1�7�5�0� �1�0�3�8� 

�f�i�n�e� �(�m�a�n�u�f�a�c�t�u�r�e�d� �s�a�n�d�)� �1�2�8�0� �7�5�9� 

�T�O�T�A�L� �3�9�7�1� �2�3�5�6� 
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�3�.�2�.�2�.� �S�p�e�c�i�m�e�n� �P�r�e�p�a�r�a�t�i�o�n� 

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

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

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

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

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

�3�.�2�.�2�.�1�.� �H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n�s� 

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

�i�n�c�l�u�d�i�n�g� �t�h�r�e�e� �c�o�n�t�r�o�l� �s�l�a�b�s�.� �T�h�e� �s�l�a�b� �d�i�m�e�n�s�i�o�n�s� �w�e�r�e� �3�6�x�3�6�x�4� �i�n�.� �(�9�1�x�9�1�x�1�0� �c�m�)� 

�a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �3�.�1�.� �R�e�i�n�f�o�r�c�i�n�g� �s�t�e�e�l� �(�#�4 ��s�)� �w�a�s� �i�n�c�l�u�d�e�d� �f�o�r� �c�o�n�t�r�o�l� �o�f� 

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

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

�s�t�e�e�l� �w�a�s� �p�l�a�c�e�d� �t�o� �a�t�t�a�i�n� �a� �2�.�5�-�i�n�.� �(�6�.�3�5�-�c�m�)� �c�o�v�e�r� �i�n� �o�r�d�e�r� �t�h�a�t� �c�o�r�r�o�s�i�o�n� �w�o�u�l�d� �n�o�t� 

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

�3�.�2�.�2�.�2�.� �V�e�r�t�i�c�a�l� �S�p�e�c�i�m�e�n�s� 

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

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

�c�a�s�t� �a� �1�-�f�t� �(�0�.�3�-�m�)� �t�h�i�c�k� �w�a�l�l�,� �6� �f�t� �(�1�.�8�3� �m�)� �h�i�g�h�,� �a�n�d� �1�6� �f�t� �(�4�.�8�8� �m�)� �l�o�n�g�,� �a�s� �s�h�o�w�n� 

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

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

�l�e�n�g�t�h� �o�f� �t�h�e� �w�a�l�l�-�f�o�o�t�e�r� �b�o�r�d�e�r�.� 

�3�.�2�.�2�.�3�.� �F�i�e�l�d� �A�s�s�e�s�s�m�e�n�t�s� 

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

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

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

�T�h�e� �h�i�g�h� �v�o�l�u�m�e� �b�r�i�d�g�e� �i�s� �l�o�c�a�t�e�d� �o�n� �n�o�r�t�h� �b�o�u�n�d� �I�n�t�e�r�s�t�a�t�e� �8�1� �o�v�e�r� �H�i�g�h�w�a�y� 

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

�d�a�i�l�y� �t�r�a�f�f�i�c� �(�A�A�D�T�)� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�4�,�2�7�0� �(�1�9�9�0�)�.� �T�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �d�e�c�k� �w�a�s� 

�s�m�o�o�t�h� �a�n�d� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �p�l�a�c�e�d� �i�n� �1�9�6�5�.� �A�t� �t�h�e� �t�i�m�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �a�g�g�r�e�g�a�t�e� �w�a�s� 

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

�l�o�c�a�t�e�d� �n�e�a�r� �R�a�d�f�o�r�d�,� �V�A�,� �a�n�d� �i�s� �t�h�e� �n�e�w� �e�a�s�t� �b�o�u�n�d� �P�e�p�p�e�r ��s� �F�e�r�r�y� �R�o�a�d� �(�H�i�g�h�w�a�y� 

�6�1�1�)� �b�r�i�d�g�e� �c�r�o�s�s�i�n�g� �t�h�e� �N�e�w� �R�i�v�e�r�.� �T�h�e� �e�n�t�i�r�e� �b�r�i�d�g�e�,� �i�n�c�l�u�d�i�n�g� �t�h�e� �d�e�c�k�,� �w�a�s� �b�u�i�l�t� 

�i�n� �1�9�9�0�.� �T�h�e� �s�u�r�f�a�c�e� �w�a�s� �t�y�n�e�d�.� �T�h�e� �A�A�D�T� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�,�4�3�0� �i�n� �1�9�9�0�.� 

�3�.�3� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� 

�3�.�3�.�1�.� �H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n�s� 

�F�i�f�t�e�e�n� �s�l�a�b�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �A�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�3�,� 
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�C�o�n�t�r�o�l� �$�1� �$�2� �$�3� 

� � � � � � � � � � � � � � � � � � 
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� � � � � � � � � � � � � � � � � � 
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� � � � � � � � � � � � � � � � � � 

� � � � � � 

� � � � � � � � � � � � � � � � � � 

� � � � � � 

�W�a�t�e�r�-�b�a�s�e�d� �S�4� �$�5� �S�6� 

�E�p�o�x�y� 

�S�o�l�v�e�n�t�-�b�a�s�e�d� �S�7� �$�8� �S�9� 
�E�p�o�x�y� 

�S�i�l�a�n�e� �$�1�0� �$�1�1� �$�1�2� 

�S�i�l�o�x�a�n�e� �$�1�3� �$�1�4� �$�1�5� 

� � � � � � � � � � � � � � � � � � 

�F�i�g�u�r�e� �3�.�3� �H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n� �A�s�s�i�g�n�m�e�n�t� 
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�t�h�r�e�e� �s�l�a�b�s� �w�e�r�e� �u�s�e�d� �f�o�r� �c�o�n�t�r�o�l� �s�p�e�c�i�m�e�n�s�,� �w�i�t�h� �e�a�c�h� �o�f� �t�h�e� �f�o�u�r� �s�e�a�l�e�r�s� �t�e�s�t�e�d� �b�e�i�n�g� 

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

�3�.�3�.�1�.�1�.� �C�o�n�c�r�e�t�e� �P�l�a�c�e�m�e�n�t� �a�n�d� �C�u�r�i�n�g� 

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

�w�e�r�e� �d�e�m�o�l�d�e�d� �a�f�t�e�r� �3� �d�a�y�s� �a�n�d� �p�l�a�c�e�d� �o�u�t�s�i�d�e� �o�n� �t�o�p� �o�f� �c�o�n�c�r�e�t�e� �b�l�o�c�k�s� �i�n� �o�r�d�e�r� �t�o� 

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

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

�3�.�3�.�1�.�2�.� �S�e�a�l�e�r� �A�p�p�l�i�c�a�t�i�o�n� 

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

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�a�t� �d�a�y� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6�0�°�F� �(�1�6�°�C�)�,� �a�n�d� �t�h�e� �w�e�a�t�h�e�r� �w�a�s� �p�a�r�t�l�y� 

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

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

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

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

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

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

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

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

�s�o�l�v�e�n�t�-�b�a�s�e�d� �e�p�o�x�y� �h�a�d� �a� �s�l�i�g�h�t� �g�l�o�s�s�y� �l�o�o�k�,� �b�u�t� �t�h�e� �c�o�l�o�r� �w�a�s� �d�a�r�k�e�r� �a�n�d� �d�u�l�l�e�r� �t�h�a�n� 
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�T�a�b�l�e� �3�.�2� �S�e�a�l�e�r� �A�p�p�l�i�c�a�t�i�o�n� �R�a�t�e�s� �a�n�d� �M�e�t�h�o�d� �f�o�r� �H�o�r�i�z�o�n�t�a�l� �L�a�b�o�r�a�t�o�r�y� 
�S�p�e�c�i�m�e�n�s�,� �F�i�e�l�d� �B�r�i�d�g�e� �D�e�c�k� �S�e�c�t�i�o�n�s�,� �a�n�d� �V�e�r�t�i�c�a�l� �L�a�b�o�r�a�t�o�r�y� �T�e�s�t� �S�e�c�t�i�o�n�s� 

�H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n�s� 
�a�n�d� �F�i�e�l�d� �B�r�i�d�g�e� �D�e�c�k� 

�C�o�v�e�r�a�g�e� �R�a�t�e�s� �A�p�p�l�i�c�a�t�i�o�n� �M�e�t�h�o�d� 

� � 

� � 

� � 

�T�e�s�t� �S�e�c�t�i�o�n�s� �f�t�?�/�g�a�l� �2�/�l� 

�W�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y� �1�5�0� �5�3� �-�b�r�u�s�h� �u�s�e�d� �o�n� 
�h�o�r�i�z�o�n�t�a�l� �s�p�e�c�i�m�e�n�s� 

�-�r�o�l�l�e�r� �u�s�e�d� �o�n� �f�i�e�l�d� �t�e�s�t� 
�s�e�c�t�i�o�n�s� 

�S�o�l�v�e�n�t�-�b�a�s�e�d� �e�p�o�x�y� �(�c�o�a�t� �1�)� �2�5�0� �8�8� �b�r�u�s�h� 
�(�c�o�a�t� �2�)� �3�7�5� �1�3�2� 

�S�i�l�a�n�e� �1�3�5� �4�7� �l�o�w� �p�r�e�s�s�u�r�e� �p�u�m�p� 

�S�i�l�o�x�a�n�e� �1�1�0� �3�9� �f�l�o�o�d� �a�n�d� �b�r�u�s�h� 

�V�e�r�t�i�c�a�l� �C�o�v�e�r�a�g�e� �R�a�t�e�s� �A�p�p�l�i�c�a�t�i�o�n� �M�e�t�h�o�d� 
�S�p�e�c�i�m�e�n�s� 

�f�t�?�/�g�a�l� �m ��/�I� 

�W�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y� �1�5�0� �5�3� �b�r�u�s�h� 

�S�o�l�v�e�n�t�-�b�a�s�e�d� �e�p�o�x�y� �(�c�o�a�t� �1�)� �2�5�0� �8�8� �b�r�u�s�h� 
�(�c�o�a�t� �2�)� �3�7�5� �1�3�2� 

�S�i�l�a�n�e� �1�3�5� �4�7� �l�o�w� �p�r�e�s�s�u�r�e� �p�u�m�p� 

�S�i�l�o�x�a�n�e� �1�5�0� �5�3� �l�o�w� �p�r�e�s�s�u�r�e� �p�u�m�p� 
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�t�h�e� �w�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y� �s�u�r�f�a�c�e�.� �S�i�m�i�l�a�r� �c�h�a�n�g�e�s� �t�o� �t�h�e� �c�o�n�c�r�e�t�e� �s�u�r�f�a�c�e�s� �d�u�e� �t�o� �s�e�a�l�e�r� 

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

�3�.�3�.�1�.�3�.� �P�o�n�d�i�n�g� 

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

�u�n�i�f�o�r�m� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�l�a�b�.� �D�i�k�e�s� �w�e�r�e� �m�a�d�e� �o�u�t� �o�f� �1�/�2�-�i�n�.� �(�1�3�-�m�m�)� �t�h�i�c�k� 

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

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

�S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t�,� �(�S�A�T�)�,� �[�1�2�]� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �a�s� �a� �r�e�f�e�r�e�n�c�e�,� 

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

�T�a�b�l�e� �3�.�3�.� 

�S�a�l�t� �w�a�t�e�r� �(�3�%� �b�y� �w�e�i�g�h�t� �o�f� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e�)� �p�o�n�d�i�n�g� �o�f� �t�h�e� �h�o�r�i�z�o�n�t�a�l� 

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

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

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

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

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

�e�x�p�a�n�s�i�o�n�.� �T�h�e� �a�v�e�r�a�g�e� �d�e�p�t�h� �o�f� �t�h�e� �w�a�t�e�r� �o�n� �t�h�e� �s�l�a�b�s� �w�a�s� �j�u�s�t� �o�v�e�r� �5�/�1�6� �i�n�.� �(�0�.�8� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�.� 
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�T�a�b�l�e� �3�.�3� �P�e�r�i�o�d�s� �o�f� �S�a�l�t� �W�a�t�e�r� �P�o�n�d�i�n�g� �f�o�r� �L�a�b�o�r�a�t�o�r�y� �S�l�a�b�s� �a�n�d� �S�u�r�f�a�c�e� 
�W�e�t�t�i�n�g� �f�o�r� �W�a�l�l� 
� � 

� � 

� � 

�H�o�u�r�s� �o�f� �_� �E�x�p�o�s�u�r�e� 
�P�o�n�d�i�n�g� �C�y�c�l�e� �S�l�a�b� �W�a�l�l� 

�C�y�c�l�e� �C�u�m�u�l�a�t�i�v�e� �C�y�c�l�e� �C�u�m�u�l�a�t�i�v�e� 

�1� �2�0�.�5� �2�0�.�5� �2�0�.�0� �2�0�.�0� 
�2� �2�4�.�5� �4�5�.�0� �2�4�.�5� �4�4�.�5� 
�3� �8�6�.�7�5� �1�3�1�.�7�5� �2�8�.�5� �7�3�.�0� 
�4� �2�3�.�7�5� �1�5�5�.�5� �2�3�.�7�5� �9�6�.�7�5� 
�3� �2�4�.�5� �1�8�0�.�0� �2�4�.�5� �1�2�1�.�2�5� 

�6� �7�2�.�5� �2�5�2�.�5� �2�4�.�5� �1�4�5�.�7�5� 
�7� �1�4�.�0� �2�6�6�.�5� �1�4�.�0� �1�5�9�.�7�5� 
�8� �7�2�.�2�5� �3�3�8�.�7�5� �2�4�.�2�5� �1�8�4�.�0� 
�9� �7�4�.�7�5� �4�1�3�.�5� �2�2�.�2�5� �2�0�6�.�2�5� 

�1�0� �7�4�.�0� �4�8�7�.�5� �2�4�.�7�5� �2�3�1�.�0� 

�1�1� �7�2�.�5� �5�6�0�.�0� �2�1�.�5� �2�5�2�.�5� 
�1�2� �7�3�.�0� �6�3�3�.�0� �2�4�.�5� �2�7�7�.�0� 
�1�3� �7�2�.�0� �7�0�5�.�0� �2�8�.�5� �3�0�5�.�5� 
�1�4� �7�3�.�2�5� �7�7�8�.�2�5� �2�4�.�0� �3�2�9�.�5� 
�1�5� �7�4�.�7�5� �8�5�3�.�0� �1�9�.�0� �3�4�8�.�5� 

�1�6� �7�2�.�0� �9�2�5�.�0� �1�9�.�2�5� �3�6�7�.�7�5� 
�1�7� �7�2�.�2�5� �9�9�7�.�2�5� �2�3�.�7�5� �3�9�1�.�5� 
�1�8� �7�2�.�0� �1�0�6�9�.�2�5� �2�3�.�7�5� �4�1�5�.�2�5� 
�1�9� �7�2�.�5� �1�1�4�1�.�7�5� �2�4�.�0� �4�3�9�.�2�5� 
�2�0� �7�2�.�2�5� �1�2�1�4�.�0� �2�4�.�0� �4�6�3�.�2�5� 

�2�1� �7�2�.�2�5� �1�2�8�6�.�2�5� �2�4�.�0� �4�8�7�.�2�5� 
�2�2� �7�2�.�0� �1�3�5�8�.�2�5� �2�3�.�7�5� �5�1�1�.�0� 
�2�3� �7�2�.�5� �1�4�3�0�.�7�5� �2�4�.�0� �5�3�5�.�0� 
�2�4� �7�2�.�2�5� �1�5�0�3�.�0� �2�4�.�0� �5�5�9�.�0� 

�2�5� �7�2�.�2�5� �1�5�7�5�.�2�5� �2�4�.�0� �5�8�3�.�0� 

�2�6� �7�2�.�0� �1�6�4�7�.�2�5� �1�4�.�5� �5�9�7�.�5� 
�2�7� �7�1�.�7�5� �1�7�1�9�.�0� �3�3�.�5� �6�3�1�.�0� 
�2�8� �7�2�.�2�5� �1�7�9�1�.�2�5� �2�4�.�0� �6�5�5�.�0� 
�2�9� �7�2�.�2�5� �1�8�6�3�.�5� �2�4�.�5� �6�7�9�.�5� 
�3�0� �7�2�.�2�5� �1�9�3�5�.�7�5� �2�3�.�5� �7�0�3�.�0� � � 
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�D�u�r�i�n�g� �c�y�c�l�e� �1�7�,� �i�t� �w�a�s� �n�o�t�i�c�e�d� �t�h�a�t� �s�i�n�c�e� �t�h�e� �w�e�a�t�h�e�r� �w�a�s� �w�a�r�m�e�r� �a�n�d� �t�h�e� 

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

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

�i�m�m�e�d�i�a�t�e�l�y� �c�o�r�r�e�c�t�e�d� �b�y� �r�e�m�o�v�i�n�g� �t�h�e� �c�o�v�e�r� �d�u�r�i�n�g� �h�o�t�,� �s�u�n�n�y� �d�a�y�s�.� �B�y� �t�h�e� �1�9�t�h� 

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

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

�3�.�3�.�2�.� �V�e�r�t�i�c�a�l� �S�p�e�c�i�m�e�n�s� 

�T�h�e� �1�6�-�f�t� �(�4�.�8�8�-�m�)� �w�a�l�l� �w�a�s� �s�e�c�t�i�o�n�e�d� �o�f�f� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�4�.� �S�i�x� �t�e�s�t� 

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

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

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

�3�.�3�.�2�.�1�.� �C�o�n�c�r�e�t�e� �P�l�a�c�e�m�e�n�t� �a�n�d� �C�u�r�i�n�g� 

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

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

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

�c�o�v�e�r� �w�e�r�e� �k�e�p�t� �o�n� �t�h�e� �w�a�l�l� �f�o�r� �7� �d�a�y�s�.� �I�t� �w�a�s� �a�l�s�o� �a�i�r� �c�u�r�e�d� �f�o�r� �a� �t�o�t�a�l� �o�f� �2�4� �d�a�y�s� 

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

�5�1



� � 

�W�1� �W�e� �W�3� �W�4� �W�5� �W�6� 

� � 

�C�o�n�t�r�o�l� �W�a�t�e�r�-� �S�o�l�v�e�n�t�-� �S�i�l�a�n�e� �S�i�l�o�x�a�n�e� �E�x�t�r�a� 
�b�a�s�e�d� �b�a�s�e�d� �T�e�s�t� 
�E�p�o�x�y� �E�p�o�x�y� �S�e�c�t�i�o�n� 

�F�i�g�u�r�e� �3�.�4� �V�e�r�t�i�c�a�l� �S�p�e�c�i�m�e�n� �A�s�s�i�g�n�m�e�n�t� 

�5�2



�3�.�3�.�2�.�2�.� �S�e�a�l�e�r� �A�p�p�l�i�c�a�t�i�o�n� 

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

�s�a�m�e� �t�i�m�e� �a�s� �s�e�a�l�e�r�s� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�l�a�b�s�.� �B�e�f�o�r�e� �s�e�a�l�e�r� �a�p�p�l�i�c�a�t�i�o�n�,� �t�w�o� �4�-�i�n�.� 

�(�1�0�.�2�-�c�m�)� �w�i�d�e� �d�u�c�t� �t�a�p�e� �s�t�r�i�p�s� �w�e�r�e� �p�l�a�c�e�d� �v�e�r�t�i�c�a�l�l�y� �4� �i�n�.� �(�1�0�.�2� �c�m�)� �a�p�a�r�t� �t�o� 

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

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

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

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

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

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

�3�.�3�.�2�.�3�.� �S�u�r�f�a�c�e� �W�e�t�t�i�n�g� 

�W�e�t�t�i�n�g� �o�f� �t�h�e� �v�e�r�t�i�c�a�l� �s�p�e�c�i�m�e�n�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a�l�l�o�w�i�n�g� �a� �3�%� �b�y� 

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

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

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

�a�n�d� �d�i�s�p�e�r�s�e� �i�t� �i�n� �a� �4�-�i�n�.� �(�1�0�-�c�m�)� �P�V�C� �p�i�p�e�.� �T�h�i�s� �p�i�p�e� �h�a�d� �h�o�l�e�s� �d�r�i�l�l�e�d� �i�n� �i�t� �f�o�r� �t�h�e� 

�s�a�l�t�w�a�t�e�r� �s�o�l�u�t�i�o�n� �t�o� �e�x�i�t� �a�n�d� �r�u�n� �d�o�w�n� �t�h�e� �w�a�l�l� �a�g�a�i�n�.� �T�h�e�r�e� �w�e�r�e� �s�e�v�e�n� �0�.�0�6�2�5�-�i�n�.� 

�(�0�.�1�5�9�-�c�m�)� �h�o�l�e�s� �e�q�u�a�l�l�y� �s�p�a�c�e�d� �o�v�e�r� �t�h�e� �c�e�n�t�e�r� �6� �i�n�.� �(�1�5� �c�m�)� �o�f� �e�a�c�h� �s�e�c�t�i�o�n�.� �H�a�r�d� 

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

�s�e�c�t�i�o�n� �i�n� �o�r�d�e�r� �f�o�r� �g�r�e�a�t�e�r� �u�n�i�f�o�r�m�i�t�y� �b�e�t�w�e�e�n� �s�e�c�t�i�o�n�s�.� �T�h�e� �s�t�r�e�a�m� �a�v�e�r�a�g�e�d� �4�.�0�-� 
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�6�.�0� �i�n�.� �(�1�0�-�1�5� �c�m�)� �i�n� �w�i�d�t�h�.� �T�h�e� �f�l�o�w� �r�a�t�e� �f�o�r� �e�a�c�h� �s�e�c�t�i�o�n� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�4� 

�g�p�m� �(�0�.�0�1�5� �I�/�s�)�.� 

�T�h�e� �t�y�p�i�c�a�l� �w�e�t�t�i�n�g� �c�y�c�l�e� �i�n�v�o�l�v�e�d� �t�h�r�e�e� �8�-�h�o�u�r� �d�a�y�s� �o�f� �w�e�t�t�i�n�g� �f�o�l�l�o�w�e�d� �b�y� �4� 

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

�w�e�r�e� �s�h�o�r�t�e�n�e�d� �d�u�e� �t�o� �e�x�t�r�e�m�e�l�y� �c�o�l�d� �w�e�a�t�h�e�r�.� �S�o�m�e� �w�e�e�k�s� �i�n�v�o�l�v�e�d� �t�w�o� �1�2�-�h�o�u�r� 

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

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

�3�.�3�.�3�.� �F�i�e�l�d� �A�s�s�e�s�s�m�e�n�t�s� 

�T�h�e� �f�i�e�l�d� �t�e�s�t� �s�e�c�t�i�o�n�s� �c�o�v�e�r�e�d� �3�-�f�t� �(�9�1�-�c�m�)� �s�t�r�i�p�s� �o�n� �t�h�e� �b�r�i�d�g�e� �d�e�c�k� �e�x�t�e�n�d�i�n�g� 

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

�s�t�r�i�p�s� �o�n� �I�n�t�e�r�s�t�a�t�e� �8�1� �w�e�r�e� �s�k�e�w�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�r�a�f�f�i�c� �i�n� �o�r�d�e�r� �t�o� �b�e� �a�l�i�g�n�e�d� �w�i�t�h� 

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

�3�.�3�.�3�.�1�.� �S�e�a�l�e�r� �A�p�p�l�i�c�a�t�i�o�n� 

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

�t�e�m�p�e�r�a�t�u�r�e� �b�o�t�h� �d�a�y�s� �w�a�s� �i�n� �t�h�e� �5�0�-�5�5�°�F� �(�1�0�-�1�3�°�C�)� �r�a�n�g�e�.� �A� �s�i�m�i�l�a�r� �s�c�h�e�m�e� �o�f� 

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

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

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

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

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

�3�.�3�.�3�.�2�.� �S�a�l�t� �E�x�p�o�s�u�r�e� 

�S�i�n�c�e� �t�h�e� �f�i�e�l�d� �t�e�s�t� �s�e�c�t�i�o�n�s� �w�e�r�e� �t�o� �b�e� �a�n�a�l�y�z�e�d� �b�y� �S�A�T� �a�n�a�l�y�s�i�s�,� �n�o� �d�a�t�a� �o�n� 

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

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

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

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

�d�e�c�k�s� �i�n� �q�u�e�s�t�i�o�n� �r�e�c�e�i�v�e�d� �b�e�t�w�e�e�n� �1�5� �a�n�d� �2�5� �d�e�i�c�i�n�g� �s�a�l�t� �a�p�p�l�i�c�a�t�i�o�n�s� �a�f�t�e�r� �t�h�e� 

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

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

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

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

�I�n�t�e�r�s�t�a�t�e� �8�1�.� 

�3�.�4� �E�v�a�l�u�a�t�i�o�n� �M�e�t�h�o�d�s� 

�3�.�4�.�1�.� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� 

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

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

�3�.�4�.�1�.�1�.� �S�A�T� �D�e�v�i�c�e� �a�n�d� �T�e�s�t� �P�r�o�c�e�d�u�r�e�s� 

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

�T�e�c�h�n�o�l�o�g�y� �L�a�b�o�r�a�t�o�r�i�e�s�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �3�.�5� �a�n�d� �3�.�6� �[�1�2�]�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �S�A�T� 

�d�e�v�i�c�e� �i�s� �e�x�t�r�e�m�e�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�e� �R�I�L�E�M� �d�e�v�i�c�e� �u�s�e�d� �f�o�r� �t�h�e� �s�a�m�e� �p�u�r�p�o�s�e�s�.� �I�t� �i�s� 

�a�l�s�o� �q�u�i�t�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �B�r�i�t�i�s�h� �I�S�A�T� �(�I�n�i�t�i�a�l� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t�)� �d�e�v�i�c�e�.� �T�h�e� 

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�6� �i�n�.� �(�4�0� �c�m�)�.� �T�h�e� �r�e�s�e�r�v�o�i�r� �w�a�s� �t�h�e�n� �c�l�a�m�p�e�d� �o�f�f� �f�r�o�m� �t�h�e� �c�e�l�l� 

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

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

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

�3�.�4�.�1�.�2�.� �S�A�T� �M�e�a�s�u�r�e�m�e�n�t� �P�l�a�n� 

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

�t�a�k�e�n� �b�e�f�o�r�e� �p�o�n�d�i�n�g� �c�o�m�m�e�n�c�e�d� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �e�v�e�r�y� �3� �t�o� �4� �w�e�e�k�s� �d�u�r�i�n�g� 

�t�h�e� �3�0�-�w�e�e�k� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �d�u�e� �t�o� �w�e�a�t�h�e�r� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �d�i�f�f�i�c�u�l�t�i�e�s� �i�n� �t�h�e� 
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�t�e�s�t� �p�r�o�c�e�d�u�r�e� �(�a�s� �w�i�l�l� �b�e� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �4�)�,� �o�n�l�y� �t�h�r�e�e� �s�e�t�s� �o�f� �p�a�r�t�i�a�l� �r�e�a�d�i�n�g�s� 

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

�3�.�4�.�2�.� �C�h�l�o�r�i�d�e� �P�e�n�e�t�r�a�t�i�o�n� 

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

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

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

�3�.�4�.�2�.�1�.� �C�o�n�c�r�e�t�e� �S�a�m�p�l�i�n�g� �P�r�o�c�e�d�u�r�e� 

�C�o�n�c�r�e�t�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �u�s�i�n�g� �a�n� �i�m�p�a�c�t� �d�r�i�l�l� �w�i�t�h� �a� �1�-�1�/�8� �i�n�.� �(�2�.�8�6� 

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

�s�a�m�p�l�i�n�g� �h�o�l�e� �w�a�s� �d�r�i�l�l�e�d�,� �t�h�e� �t�o�p� �1�/�4� �i�n�.� �(�0�.�6�4� �c�m�)� �w�a�s� �d�i�s�c�a�r�d�e�d� �d�u�e� �t�o� �t�h�e� �h�i�g�h� 

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

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

�o�r�d�e�r� �t�o� �a�t�t�a�i�n� �t�h�e� �c�h�l�o�r�i�d�e� �i�o�n� �p�r�o�f�i�l�e�.� �T�h�e� �f�o�u�r� �d�e�p�t�h�s� �w�e�r�e� �d�e�p�t�h� �1� �-� �0�.�2�5� �t�o� �0�.�7�5� 

�i�n�.� �(�0�.�6�4� �t�o� �1�.�9� �c�m�)�,� �d�e�p�t�h� �2� �-� �0�.�7�5� �t�o� �1�.�2�5� �i�n�.� �(�1�.�9� �t�o� �3�.�2� �c�m�)�,� �d�e�p�t�h� �3� �-� �1�.�2�5� �t�o� 

�1�.�7�5� �i�n�.� �(�3�.�2� �t�o� �4�.�4� �c�m�)�,� �a�n�d� �d�e�p�t�h� �4� �-� �1�.�7�5� �t�o� �2�.�2�5� �i�n�.� �(�4�.�4� �t�o� �5�.�7� �c�m�)�.� �T�h�e�s�e� �a�r�e� 

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

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

�c�o�n�c�r�e�t�e� �f�r�o�m� �o�n�e� �2�-�i�n�.� �(�5�-�c�m�)� �d�e�e�p� �d�r�i�l�l�e�d� �h�o�l�e� �i�n� �e�a�c�h� �s�p�e�c�i�m�e�n�,� �h�o�r�i�z�o�n�t�a�l� �a�n�d� 

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

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

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

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

�b�a�c�k�g�r�o�u�n�d� �t�e�s�t�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�f�t�e�r� �p�o�n�d�i�n�g� �c�y�c�l�e�s� �1�0�,� �2�0�,� �a�n�d� �3�0� �f�o�r� �t�h�e� 

�h�o�r�i�z�o�n�t�a�l� �s�p�e�c�i�m�e�n�s�,� �a�n�d� �a�f�t�e�r� �w�e�t�t�i�n�g� �c�y�c�l�e�s� �1�1�,� �2�1�,� �a�n�d� �3�0� �f�o�r� �t�h�e� �v�e�r�t�i�c�a�l� 

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

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

�3�.�8�.� �E�a�c�h� �v�e�r�t�i�c�a�l� �s�p�e�c�i�m�e�n� �w�a�s� �d�r�i�l�l�e�d� �5� �t�i�m�e�s� �a�t� �1�-�f�t� �(�3�0�-�c�m�)� �i�n�t�e�r�v�a�l�s� �a�l�o�n�g� �t�h�e� 

�v�e�r�t�i�c�a�l�.� �T�w�o� �h�o�l�e�s� �o�n� �e�a�c�h� �s�e�c�t�i�o�n� �w�e�r�e� �o�f�f�s�e�t� �b�y� �2� �i�n�.� �(�S� �c�m�)� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �l�i�n�e� 

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

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

�3�.�4�.�2�.�2�.� �C�h�l�o�r�i�d�e� �C�o�n�t�e�n�t� 

�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� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �b�y� �t�w�o� �m�e�t�h�o�d�s�.� �T�h�e� �f�i�r�s�t�,� 

�A�S�T�M� �C�-�1�1�4� �[�3�2�]�,� �w�a�s� �t�h�e� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d� �u�s�e�d� �f�o�r� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �s�a�m�p�l�e�s� �a�n�d� �a� 

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

�m�e�t�h�o�d�,� �t�h�e� �r�a�p�i�d� �c�h�l�o�r�i�d�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �[�3�5�]�,� �t�o� 

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

�T�o�n� �S�e�n�s�i�t�i�v�e� �E�l�e�c�t�r�o�d�e� �(�I�S�E�)�.� �T�h�e� �A�S�T�M� �m�e�t�h�o�d� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� �t�i�t�r�a�t�i�o�n�,� 

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

� � � � � � 

�1�1� �1� 

�1�0� �2� 

�3� 

�8� 

�4� 

�7� �5� 

�L�o�c�a�t�i�o�n�s� 

�W�e�e�k� �1�0� �-� �3�,�7�,�1�1� 

�W�e�e�k� �2�0� �-� �1�,�4�,�8� 

�W�e�e�k� �3�0� �-� �2�,�5�,�1�0� 

�F�i�g�u�r�e� �3�.�8� �H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n� �S�a�m�p�l�i�n�g� �L�o�c�a�t�i�o�n�s� 
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�T�y�p�i�c�a�l� �s�a�m�p�l�i�n�g� �l�o�c�a�t�i�o�n�s� �f�o�r� �a�l�l� �s�p�e�c�i�m�e�n�s� 

�a�s� �s�e�e�n� �h�e�r�e� �i�n� �W�2�.� 
�c�e�n�t�e�r� �l�i�n�e� 

� � 

�3�0� 

�2�1� 

�1�1� 

�3�0� � � � � � � � � 
�N�u�m�b�e�r�s� �i�n�d�i�c�a�t�e� �a�f�t�e�r� �w�h�i�c�h� �c�y�c�l�e� 

�s�a�m�p�l�e� �w�a�s� �t�a�k�e�n�.� 

�F�i�g�u�r�e� �3�.�9� �V�e�r�t�i�c�a�l� �S�p�e�c�i�m�e�n� �S�a�m�p�l�i�n�g� �L�o�c�a�t�i�o�n�s� 
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�d�i�g�e�s�t�e�d� �s�a�m�p�l�e�.� �T�h�e� �r�a�p�i�d� �c�h�l�o�r�i�d�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �o�n� �t�h�e� �m�a�j�o�r�i�t�y� 

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

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

�A�S�T�M� �m�e�t�h�o�d�.� 

�3�.�5�.� �S�e�r�v�i�c�e� �L�i�f�e� �P�r�e�d�i�c�t�i�o�n� 

�U�s�i�n�g� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �g�a�t�h�e�r�e�d� �f�r�o�m� �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� �a�n�d� �S�A�T� 

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

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

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

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

�s�e�a�l�e�r�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� 

�4�.�1� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� 

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

�p�o�s�s�i�b�i�l�i�t�y� �o�f� �u�s�i�n�g� �a� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t� �(�S�A�T�)� �f�o�r� �a� �r�a�p�i�d�,� �n�o�n�-�d�e�s�t�r�u�c�t�i�v�e�,� �i�n�-� 

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

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

�(�C�T�L�)� �[�1�2�]�.� �A�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �t�h�e� �t�i�m�i�n�g� �a�n�d� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �t�e�s�t�s� �d�i�d� �n�o�t� 

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

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

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

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

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

�4�.�1�.�1�.� �V�a�r�i�a�t�i�o�n� �i�n� �F�i�r�s�t� �M�i�n�u�t�e� 

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

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

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

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

�t�i�m�e�.� �I�n� �F�i�g�u�r�e� �4�.�1�,� �a� �p�l�o�t� �w�a�s� �m�a�d�e� �o�f� �s�i�x� �m�e�a�s�u�r�e�m�e�n�t�s� �t�a�k�e�n� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� 

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

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

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

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

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

�f�i�r�s�t� �t�e�s�t� �m�i�n�u�t�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �c�o�m�m�o�n�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �4�.�3� �a�n�d� �4�.�4�.� �(�f�o�r� 

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

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

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

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

�m�i�n�u�t�e� �1�0� �(�1�-�1�0� �m�i�n�.� �d�r�o�p�)�.� 

�4�.�1�.�2�.� �V�a�r�i�a�b�l�e�s� �A�f�f�e�c�t�i�n�g� �P�e�r�f�o�r�m�a�n�c�e� 

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

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

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

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

�6�6



�"�U
�I� �Q� �=� �O

�W
�I�]� �W

�O
� 

�d�o�i�g� �U
�U

�N
�J�O

�D
� 

�:�s�u
�a

�W
�o

�a
�d

�s� 
�j�o�s�j�U

�O
�D

� 
�|�p� �a�u�n�B�i�y� 

�
 
�
 

�(�u�o�y�e�0�0�7�-�U
�a�w

�i�d�a�d�s�)� 

� � 
�6�-�E

�S
�  ��K

�%
� �C�-�E

�S
�  ��<

� �O
�-�c�S

� �S
�S

� 

�L�-�e�S�  ��<
 �� �|�-�L�S�  ��+

 �� �L�-�e�S�  � �� � � 
�
 
�
 

�(�u�l�w�)� �G
�a�S

�d�v�1�4�a� 
�S

�W
�I�L� 

�O�l� 
�6� 

�8� 
�L�Z� 

�9� 
�j� 

�
i
�
 

�{� 
�i� 

�l� 
�S� 

�v� 
 ¬� 

�C� 
�L� 

�0� 
�
 
�
 

�f�g� 
�
 
�
 

�
 
�
 

�
 
�
 

�T� 
�c�e�)� 

�
 
�
 

�
 
�
 

�p
�a

� 
�=

� 

�2� �C�c� 

�(�w�o�)� �d�O�u�d� �N�W�N�1�0�9� 

�
 
�
 

�
e
�
e
�
 

�N�  �� 

�
 
�
 

� � �
e
�
e
�
 

�+� �-� 

� � 
�
 
�
 

�c�o� �_ �� 

�6�7



�"�U�I�L�U� �|� �=� �O
�W

�I�]� �W
�O

�)� 
�A�O

�l�g� �U�W
�W

�N
�J�O

�D
� 

�:�S
�U

�B
�W

�I�D
�9�A

�S
� 

�J�O
�1�]�U�O

�D� 
�Z�p� �B

�I�N
�D

�!� 

�
 
�
 

�6�-�E
�S

� �-�F
�  ¬�-�E

�S
� �>

�<
� �O

�-�c�S
� 

�L�-�e�S�  ��<
 �� �L�-�l�L�S�  ��+

 �� �1�-�e�S�  ��-� 
�(�u�o�n�e�s�o�7�]�-�u�a�w

�i�o�a�d�s�)� 

� � 
� � �
 
�
 

�(�u�l�)� �G
�a�S

�d�V
�1�4�g� 
�A

�W
�I�L� 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 
� � 

�
 
�
 

�(�W�d�)� �d�J�O�u�d� �N�W�N�I�1�0�9� 

�6�8



�"�U
�I� �Q�O� �=� �O

�W
�I� 
�W

�O
�d� 
�d�o�g� �U

�U
�N

�|�O
�D

� 
�:�s�u�e�w

�I�d�a�d�s� 
�s�u�e�x�o�O�|�i�s� 

�e�'�p� �a�u�n�b�i�4� 
�
 
�
 

�G
�E

�L
�S

� 
 ��H

� �G
�S

�G
�I�S

� 
 ��-�<

� �G
�r�I�S

� 

�L�-�E
�L�S

� 
 ��<

 �� �b�-�v�l�S
�  ��+

 �� �|�-�S�I�L�S�  ��=
� 

�(�u�o�n�e�d�o�0�7�-�u�a�w
�i�d�e�d�s�)� 

� � 
� � �
 
�
 

�(�u�l�)� �G
�a�S

�d�V
� 

�1�4� �A�W
�I�L� 

�O�l� 
�6� 

�g� 
�l� 

�9� 
�S� 

�v� 
 ¬� 

�Z� 
�|� 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 
�
 
�
 

�
 
�
 

�
 
�
 

� � 
�
 
�
 

� � 
�
 
�
 

�(�w�d�)� �d�O�Y�d� �N�N�N�1�0�9� 

�6�9



�"�U�I�L�U� �|� �=� �O
�W

�I�]� �W�O
�l�J� 

�d�o�l�g� �U
�W

�N
�I�O

�D
� 

�:�s�u�a�w
�W

�i�d�e�d�s� 
�a�u�e�x�o�O

�|�!�s� 
�p�p� �a�u�n�b�i�4� 

�
 
�
 

�G
�E

�L
�S

� 
 ��H

� �G
�G

�I�S
� 

 ��~
�<

� �S�H
�r�I�L�S� 

�=
� 

�L�-�E
�L�S

� 
�S

�e
� �L�-�b�v�l�S�  � �� 

�|�-�S
�I�S

�  ��=
� 

�(�u�o�l�e�o�o�7�-�u�a�w
�i�d�a�d�s�)� 

� � 
� � 

�
 
�
 

�(�u�l�w�)� �G
�a

�S
�d

�V
�1

�4
� 

�S
�W

�I�L� 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 
� � 

�
 
�
 

�(�W�d�)� �d�O�H�d� �N�W�N�1�0�0� 

�7�0



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

�4�.�1�.�2�.�1�.� �L�e�a�k�s� 

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

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

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

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

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

�a�p�p�l�y�i�n�g� �s�i�l�i�c�o�n�e� �c�a�u�l�k�.� 

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

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

�s�e�a�l� �w�a�s� �u�s�e�d� �a�s� �a� �S�e�a�l�i�n�g� �a�g�e�n�t�.� �L�e�a�k�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �2�5�-�3�5�%� �o�f� �a�l�l� �a�t�t�e�m�p�t�e�d� �S�A�T� 

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

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

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

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

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

�v�e�r�t�i�c�a�l� �s�p�e�c�i�m�e�n�s�,� �w�h�e�r�e� �l�e�a�k�s� �o�c�c�u�r�r�e�d� �o�v�e�r� �8�0�%� �o�f� �t�h�e� �t�i�m�e�.� �I�n� �c�o�r�r�e�l�a�t�i�o�n� �t�o� �t�h�i�s� 

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

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

�t�r�e�a�t�m�e�n�t�s�.� �D�u�r�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �w�e�t�t�i�n�g� �t�i�m�e�,� �t�h�e� �s�a�l�t� �w�a�t�e�r� �b�e�g�a�n� �t�o� �t�r�i�c�k�l�e� �d�o�w�n� 
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�e�a�c�h� �s�e�c�t�i�o�n� �w�i�t�h� �a� �s�t�r�e�a�m� �w�i�d�t�h� �a�b�o�u�t� �4� �i�n�.� �(�1�0� �c�m�)� �w�i�d�e�.� �O�n� �t�h�e� �s�i�l�o�x�a�n�e� �a�n�d� �b�o�t�h� 

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

�t�o� �8�-�i�n�.� �(�1�5�-� �t�o� �2�0�-�c�m�)� �a�s� �t�h�e� �w�a�t�e�r� �t�r�a�v�e�l�l�e�d� �d�o�w�n� �t�h�e� �s�e�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �w�i�d�t�h� 

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

�o�v�e�r� �2�0� �i�n�.� �(�5�1� �c�m�)�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� �a� �d�i�f�f�e�r�e�n�c�e� �a�t� �o�r� �n�e�a�r� 

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

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

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

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

�h�e�a�t�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�0�°�F� �(�4�8�°�C�)�.� �T�h�i�s� �h�e�a�t�i�n�g� �p�r�o�d�u�c�e�d� �a� �h�o�m�o�g�e�n�e�o�u�s� 

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

�t�h�e� �l�e�a�k� �r�a�t�i�o� �f�o�r� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �s�p�e�c�i�m�e�n�s� �r�e�d�u�c�e�d� �t�o� �2�0�-�2�5�%�,� �t�h�e� �c�o�n�t�r�o�l� �a�n�d� �s�i�l�a�n�e� 

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

�4�.�1�.�2�.�2�.� �M�o�i�s�t�u�r�e� �L�e�v�e�l� 

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

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

�F�i�g�u�r�e�s� �4�.�5� �a�n�d� �4�.�6�,� �w�h�i�c�h� �a�r�e� �t�y�p�i�c�a�l� �e�x�a�m�p�l�e�s�.� �S�A�T� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �f�r�o�m� �t�h�e� 

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

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

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

�m�o�i�s�t�u�r�e� �l�e�v�e�l�.� 

�I�t� �w�a�s� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �t�h�e� �S�A�T� �d�e�v�e�l�o�p�e�r� �[�1�2�]� �t�h�a�t� �t�e�s�t�s� �e�i�t�h�e�r� �b�e� �s�c�h�e�d�u�l�e�d� 

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

�s�u�b�j�e�c�t�i�n�g� �t�h�e� �l�o�c�a�t�i�o�n� �t�o� �1�2�0�°�F� �(�4�8�°�C�)� �h�e�a�t� �f�o�r� �1�0� �m�i�n�u�t�e�s�.� �H�o�w�e�v�e�r�,� �i�f� �i�t� �d�o�e�s� �t�a�k�e� 

�c�o�n�c�r�e�t�e� �a�t� �l�e�a�s�t� �1�0� �d�a�y�s� �a�t� �5�0�°�C� �(�1�2�5�°�F�)� �t�o� �d�r�y� �t�o� �i�t�s� �u�l�t�i�m�a�t�e� �S�A�T� �m�e�a�s�u�r�e�m�e�n�t�,� 

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

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

�c�o�n�t�e�n�t�,� �w�i�t�h� �o�r� �w�i�t�h�o�u�t� �h�e�a�t�i�n�g�.� 

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

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

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

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

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

�o�v�e�r� �t�i�m�e� �[�3�3�]�.� �T�h�i�s� �h�a�s� �a�l�s�o� �b�e�e�n� �g�i�v�e�n� �a�s� �a� �p�o�s�s�i�b�l�e� �w�a�r�n�i�n�g� �b�y� �t�h�e� �S�A�T� �d�e�v�e�l�o�p�e�r� 

�[�1�2�]�.� 

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

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

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

�r�e�m�a�i�n�s� �r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �f�o�r� �o�n�e� �d�a�y�.� 
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�4�.�1�.�2�.�3�.� �T�e�m�p�e�r�a�t�u�r�e� �a�n�d� �D�i�r�e�c�t� �S�u�n�l�i�g�h�t� 

�T�h�e� �r�e�s�e�a�r�c�h� �(�b�y� �D�h�i�r�,� �H�e�w�l�e�t�t�,� �a�n�d� �C�h�a�n�)� �c�i�t�e�d� �e�a�r�l�i�e�r� �w�h�i�c�h� �a�t�t�e�m�p�t�e�d� �t�o� 

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

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

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

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

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

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

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

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

�v�o�l�u�m�e�,� �c�e�l�l� �a�n�d� �c�a�p�i�l�l�a�r�y� �t�u�b�e�,� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�.�2� �i�n�?� �(�2�0�0� �c�m ��)�.� �T�h�e� �c�a�p�i�l�l�a�r�y� 

�t�u�b�e� �i�t�s�e�l�f� �w�a�s� �0�.�1�2�5� �i�n� �(�0�.�3�1�7�5� �c�m�)� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e�r�e�f�o�r�e�,� �a� �c�h�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� 

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

�e�x�a�m�p�l�e�,� �a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�1�,� �a� �r�i�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �f�r�o�m� �7�0�°� �t�o� �7�4�°�F� �(�1�6�.�9�°� �t�o� 

�1�8�.�7�°�C�)� �w�i�l�l� �l�e�a�d� �t�o� �a�n� �e�x�p�a�n�s�i�o�n� �i�n� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �o�f� �1�.�0�4� �c�m� �(�0�.�4�1� �i�n�.�)�.� �T�h�i�s� 

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

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

�p�r�o�b�l�e�m� �w�a�s� �m�e�n�t�i�o�n�e�d� �i�n� �t�h�e� �r�e�p�o�r�t� �o�n� �t�h�e� �S�A�T� �b�y� �t�h�e� �d�e�v�e�l�o�p�e�r� �[�1�2�]�.� �H�o�w�e�v�e�r�,� 

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

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

�t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �r�e�a�d�i�n�g�s� �w�h�i�c�h� �c�o�u�l�d� �b�e� �c�a�u�s�e�d� �b�y� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�.� 
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�T�a�b�l�e� �4�.�1� �C�h�a�n�g�e� �i�n� �C�o�l�u�m�n� �H�e�i�g�h�t� �D�u�e� �t�o� �C�h�a�n�g�e� �i�n� �T�e�m�p�e�r�a�t�u�r�e� 
�(�w�a�t�e�r� �b�e�g�i�n�s� �a�t� �7�0�°�F�)� 
� � 

� � 

�T�e�m�p�e�r�a�t�u�r�e� �C�h�a�n�g�e� �D�e�n�s�i�t�y� �C�h�a�n�g�e� �C�o�l�u�m�n� �H�e�i�g�h�t� �D�i�f�f�e�r�e�n�c�e� 
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�A� �n�u�m�b�e�r� �o�f� �"�t�e�m�p�e�r�a�t�u�r�e� �S�A�T� �m�e�a�s�u�r�e�m�e�n�t�s�"� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �t�o� �g�e�t� �a�n� 

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

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

�t�e�n� �m�i�n�u�t�e�s�.� �M�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �i�n� �h�o�t� �(�8�5�°�F�,� �[�2�3�.�6�°�C�]�)� �c�o�n�d�i�t�i�o�n�s� �i�n� �e�a�r�l�y� 

�a�f�t�e�r�n�o�o�n� �a�n�d� �m�o�d�e�r�a�t�e� �(�7�5�°�F�,� �[�1�8�.�7�°�C�]�)� �c�o�n�d�i�t�i�o�n�s� �i�n� �m�i�d�-�m�o�r�n�i�n�g�.� �D�u�r�i�n�g� �b�o�t�h� 

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

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

�w�h�i�l�e� �t�h�e� �c�o�n�c�r�e�t�e� �w�a�s� �o�v�e�r� �1�0�0�°�F� �(�3�0�.�2�°�C�)� �i�n� �t�h�e� �h�o�t� �c�o�n�d�i�t�i�o�n� �t�e�s�t�s�.� �A�s� �c�a�n� �b�e� 

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

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

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

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

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

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

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

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

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

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

�l�i�t�e�r�a�t�u�r�e�.� 
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�4�.�1�.�3�.� �R�e�s�u�l�t�s� �f�r�o�m� �S�u�r�f�a�c�e� �A�b�s�o�r�p�t�i�o�n� �T�e�s�t�s� 

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

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

�s�p�e�c�i�m�e�n�s� �t�a�k�e�n� �t�h�e� �s�a�m�e� �d�a�y�.� 

�4�.�1�.�3�.�1�.� �L�a�b�o�r�a�t�o�r�y� �T�e�s�t�s� 

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

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

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

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

�f�r�o�m� �t�h�e� �s�l�a�b�s�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �f�i�v�e� �d�a�y�s� �o�f� �t�e�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�2�.� �T�h�e� 

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

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

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

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

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

�n�e�g�a�t�i�v�e�.� �T�h�e� �d�a�t�a� �f�r�o�m� �d�a�y�s� �1�5�8� �a�n�d� �2�1�5� �a�r�e� �p�a�r�t�i�c�u�l�a�r�l�y� �s�u�s�p�e�c�t� �s�i�n�c�e� �i�t� �i�s� �a�s�s�u�m�e�d� 

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

�E�v�e�n� �t�h�e�n�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a�l�l� �t�h�e� �t�e�s�t�s� �w�e�r�e� �a�n�a�l�y�z�e�d�.� �I�n� �F�i�g�u�r�e� �4�.�8�,� �t�h�e� 

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

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

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

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

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

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

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

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

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

�T�h�e� �n�e�x�t� �a�p�p�r�o�a�c�h� �i�n� �a�n�a�l�y�z�i�n�g� �t�h�e� �S�A�T� �d�a�t�a� �w�a�s� �t�o� �l�o�o�k� �a�t� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� 

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

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

�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� �P�e�r�m�e�a�b�i�l�i�t�y� �o�f� �C�o�n�c�r�e�t�e�"� �[�2�7�]�.� �F�i�g�u�r�e� �4�.�1�0� �s�h�o�w�s� �t�h�e� 

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

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

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

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

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

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

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

�s�o�m�e�w�h�a�t� �d�e�p�e�n�d�a�n�t� �o�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �l�i�q�u�i�d� �b�e�i�n�g� �u�s�e�d� �[�3�6�]�.� �S�i�n�c�e� �s�u�r�f�a�c�e� 

�a�b�s�o�r�p�t�i�o�n� �w�o�r�k�s� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�a�p�i�l�l�a�r�y� �m�e�c�h�a�n�i�s�m�,� �i�t� �m�u�s�t� �b�e� �t�h�e� �c�a�s�e� �t�h�a�t� �s�u�r�f�a�c�e� 
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�a�b�s�o�r�p�t�i�o�n� �i�s� �a�l�s�o� �d�e�p�e�n�d�a�n�t� �o�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �l�i�q�u�i�d� �[�3�6�]�.� �I�t� �h�a�s� �b�e�e�n� 

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

�f�r�o�m� �5�0�°�F� �(�1�0�°�C�)� �t�o� �6�8�°�F� �(�2�0�°�C�)� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a� �1�3�%� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �s�u�r�f�a�c�e� 

�t�e�n�s�i�o�n�/�v�i�s�c�o�s�i�t�y� �[�(�o�/�y�)�' ��]� �f�a�c�t�o�r�.� �S�i�n�c�e� �t�h�i�s� �i�s� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�o�r�p�t�i�v�i�t�y� 

�w�h�i�c�h� �i�s� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �a�b�s�o�r�p�t�i�o�n� �[�3�6�]�,� �t�h�e� �S�A�T� �m�e�a�s�u�r�e�m�e�n�t� �w�o�u�l�d� �v�a�r�y� 

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

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

�a�n�a�l�y�s�i�s� �o�f� �t�h�i�s� �t�e�s�t�.� 

�4�.�1�.�3�.�2�.� �G�u�i�d�e�l�i�n�e�s� �a�n�d� �C�o�r�r�e�l�a�t�i�o�n� 

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

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

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

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

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

�w�a�t�e�r� �r�e�s�e�r�v�o�i�r� �t�e�m�p�e�r�a�t�u�r�e� �d�i�f�f�e�r�e�n�t�i�a�l� �i�s� �l�e�s�s� �t�h�a�n� �4�°�F� �(�1�.�5�°�C�)�;� �a�n�d� �s�o�l�a�r� �h�e�a�t�i�n�g� �o�f� 

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

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

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

�T�h�e� �f�i�r�s�t� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �a� �4�-�d�a�y� �d�r�y�i�n�g� �p�e�r�i�o�d� �m�i�n�i�m�u�m�,� �i�s� �a� �c�o�m�p�r�o�m�i�s�e� �b�e�t�w�e�e�n� �a� 

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

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

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

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

�l�o�c�a�t�i�o�n�.� 

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

�f�r�o�m� �t�h�e� �f�i�n�a�l� �s�e�r�i�e�s� �i�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �c�h�l�o�r�i�d�e�s� �a�f�t�e�r� �3�0� �p�o�n�d�i�n�g� �c�y�c�l�e�s� 

�a�t� �t�h�e� �f�i�r�s�t� �t�w�o� �d�e�p�t�h�s�.� �T�h�i�s� �c�o�m�p�a�r�i�s�o�n� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�3�.� �I�t� �i�s� �n�o�t�e�d� �t�h�a�t� �t�h�e� 

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

�a�n�a�l�y�s�i�s� �d�i�d� �f�o�r� �b�o�t�h� �d�e�p�t�h�s�,� �t�h�a�t� �b�e�i�n�g�,� �f�r�o�m� �w�o�r�s�t� �t�o� �b�e�s�t�,� �C�T�L�-�S�B�E�-�W�B�E�-�S�I�L�-� 

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

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

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

�S�A�T� �d�a�t�a�.� �T�h�e� �w�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y� �w�a�s� �r�a�n�k�e�d� �w�i�t�h� �r�a�t�i�o�s� �o�f� �a�b�o�u�t� �8�0�-�9�0�%� �o�f� �t�h�e� 

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

�t�h�e� �S�A�T� �i�n�f�o�r�m�a�t�i�o�n� �r�a�n�k�e�d� �t�h�i�s� �a�b�o�u�t� �e�q�u�a�l� �w�i�t�h� �t�h�e� �w�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y�,� �w�h�i�l�e� �t�h�e� 

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

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

�s�i�l�o�x�a�n�e� �(�a�n�d� �s�i�l�a�n�e�)� �p�r�e�v�e�n�t�e�d� �o�v�e�r� �9�0�%� �o�f� �c�h�l�o�r�i�d�e�s� �f�r�o�m� �e�n�t�e�r�i�n�g�,� �t�h�e� �m�a�g�n�i�t�u�d�e� 

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

�I�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�a�t� �o�n�l�y� �t�h�e� �f�i�r�s�t� �a�n�d� �l�a�s�t� �S�A�T� �m�e�a�s�u�r�e�m�e�n�t�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� 
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�T�a�b�l�e� �4�.�3� �C�o�m�p�a�r�i�s�o�n� �o�f� �S�A�T� �R�e�s�u�l�t�s� �t�o� �C�h�l�o�r�i�d�e� �I�n�g�r�e�s�s� �D�a�t�a� �f�r�o�m� �W�e�e�k� �3�0� 
�f�o�r� �H�o�r�i�z�o�n�t�a�l� �S�p�e�c�i�m�e�n�s� 

� � 

� � 

�C�l� �I�n�g�r�e�s�s� �a�n�d� �R�a�t�i�o�:� �W�e�e�k� �C�l� �I�n�g�r�e�s�s� �a�n�d� �R�a�t�i�o�:� �W�e�e�k� �S�A�T� �R�a�t�i�o�s� 
�3�0� �-� �D�e�p�t�h� �1� �3�0� �-� �D�e�p�t�h� �2� �W�e�e�k� �3�0� 

�T�r�e�a�t�m�e�n�t� �I�n�g�r�e�s�s� �R�a�t�i�o� �I�n�g�r�e�s�s� �R�a�t�i�o� �T�r�e�a�t�m�e�n�t� 
�(�I�b�/�y�d�?�)� �(�/�C�T�L�)� �(�I�b�/�y�d�?�)� �(�/�C�T�L�)� �/�C�o�n�t�r�o�l� 

�C�T�L� �6�.�9�3� �1�.�0�0� �1�.�0�7� �1�.�0�0� �1�.�0�0� 

�S�B�E� �6�.�8�7� �0�.�9�9� �0�.�9�7� �0�.�9�1� �1�.�0�8� 

�W�B�E� �6�.�3�9� �0�.�9�2� �0�.�8�9� �0�.�8�3� �0�.�7�6� 

�S�I�L� �0�.�1�0� �0�.�0�1� �0�.�0�6� �0�.�0�6� �0�.�7�7� 

�S�L�X� �0�.�0�5� �0�.�0�1� �0�.�0�8� �0�.�0�7� �0�.�5�2� � � � � � � 
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�s�o�m�e�w�h�a�t� �r�e�l�i�a�b�l�e� �d�u�e� �t�o� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n� �d�i�f�f�i�c�u�l�t�i�e�s�,� �a� �g�e�n�e�r�a�l� �t�r�e�n�d� �o�f� �s�e�a�l�e�r� 

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

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

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

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

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

�4�.�1�.�3�.�3�.� �F�i�e�l�d� �T�e�s�t�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�e�c�t�i�o�n�s� �w�e�r�e� �n�e�v�e�r� �l�o�w�e�r� �t�h�a�n� �6�4�%�.� �F�o�r� �a�l�l� �t�h�e� �s�e�a�l�e�r�s� �t�h�e� �w�h�e�e�l� �p�a�t�h� �r�a�t�i�o� �w�a�s� 

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

�T�h�e� �P�e�p�p�e�r ��s� �F�e�r�r�y� �b�r�i�d�g�e� �w�a�s� �v�i�s�i�t�e�d� �t�h�e� �d�a�y� �a�f�t�e�r� �t�h�e� �I�n�t�e�r�s�t�a�t�e� �8�1� �b�r�i�d�g�e�.� 

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

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

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

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

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

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

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

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

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

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

�I�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �a�n�a�l�y�z�e� �t�h�e� �f�i�e�l�d� �S�A�T� �d�a�t�a� �i�n� �l�i�g�h�t� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �S�A�T� 

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

�m�i�n�d�,� �T�a�b�l�e� �4�.�5� �d�i�s�p�l�a�y�s� �t�h�e� �t�r�e�a�t�m�e�n�t�/�c�o�n�t�r�o�l� �r�a�t�i�o�s� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�n�d� �s�h�o�u�l�d�e�r� 

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

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

�n�a�m�e�l�y�,� �m�i�n�i�m�a�l� �t�r�a�f�f�i�c� �w�e�a�r� �a�n�d� �e�x�p�o�s�u�r�e� �t�o� �u�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n�.� �F�r�o�m� �t�h�i�s� 
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�T�a�b�l�e� �4�.�5� �C�o�m�p�a�r�i�s�o�n� �o�f� �S�A�T� �T�r�e�a�t�m�e�n�t�/�C�o�n�t�r�o�l� �R�a�t�i�o�s� �f�r�o�m� 
�L�a�b�o�r�a�t�o�r�y� �a�n�d� �B�r�i�d�g�e� �D�e�c�k� �S�h�o�u�l�d�e�r�s� 

�e�e� 

� � 

� � � � � � 

�T�r�e�a�t�m�e�n�t� �L�a�b�o�r�a�t�o�r�y� �I�-�8�1� �P�e�p�p�e�r ��s� �F�e�r�r�y� 
�S�l�a�b�s� �B�r�i�d�g�e� �B�r�i�d�g�e� 

�(�W�e�e�k� �3�0� �-� �D�e�p�t�h� �1�)� �(�9� �m�o�n�t�h�s�)� �(�9� �m�o�n�t�h�s�)� 

�C�T�L� �1�.�0�0� �1�.�0�0� �1�.�0�0� 

�S�B�E� �1�.�0�8� �0�.�6�4� �0�.�8�1� 

�W�B�E� �0�.�7�6� �0�.�7�9� �0�.�9�3� 

�S�I�L� �0�.�7�7� �1�.�0�0� �0�.�7�9� 

�S�L�X� �0�.�5�2� �0�.�6�9� �0�.�5�9� 
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�c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �r�e�l�a�t�i�v�e� �r�a�n�k�i�n�g�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �e�a�c�h� �s�p�e�c�i�m�e�n� �t�y�p�e� �s�h�o�u�l�d� �b�e� �n�o�t�e�d�.� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�p�e�c�i�m�e�n�s� �y�i�e�l�d� �S�B�E�>�C�T�L�>�W�B�E�=�S�I�L�>� �>�S�L�X� �i�n� �t�e�r�m�s� �o�f� �r�a�t�i�o�s� 

�(�n�o�t�e� �t�h�a�t� �t�h�i�s� �i�s� �o�p�p�o�s�i�t�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s�)�.� �T�h�e� �I�-�8�1� �b�r�i�d�g�e� �r�a�n�k�s� �t�h�e� �t�r�e�a�t�m�e�n�t�s� 

�C�T�L�=�S�I�L�>�W�B�E�>�S�L�X�=�S�B�E�,� �w�h�i�l�e� �t�h�e� �P�e�p�p�e�r ��s� �F�e�r�r�y� �B�r�i�d�g�e� �r�a�n�k�s� �t�h�e�m� 

�C�T�L�>�W�B�E�>�S�B�E�=�S�I�L�>� �>�S�L�X�.� �T�h�e� �>� �>� �i�n�d�i�c�a�t�e�s� �a� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� 

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

�(�=�)� �i�f� �t�h�e�i�r� �r�a�t�i�o�s� �a�r�e� �w�i�t�h�i�n� �5�%�.� �B�e�f�o�r�e� �c�o�m�m�e�n�t�s� �c�a�n� �b�e� �m�a�d�e� �r�e�g�a�r�d�i�n�g� �t�h�e� 

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

�a�n�d� �h�i�g�h� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n�s� �(�a�v�e�r�a�g�i�n�g� �0�.�2�9� �f�o�r� �t�h�e� �b�r�i�d�g�e�s�)� �w�o�u�l�d� �m�e�a�n� �t�h�a�t� �t�h�e� 

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

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

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

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

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

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

�l�i�t�t�l�e� �w�o�r�s�e� �t�h�a�n� �t�h�e� �w�a�t�e�r�-�b�a�s�e�d� �e�p�o�x�y�.� �T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�l�a�b�s� �p�l�a�c�e� �t�h�e� �S�B�E� �w�o�r�s�e� 

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

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

�o�n� �t�h�e� �I�-�8�1� �b�r�i�d�g�e�.� �T�h�a�t� �m�e�a�s�u�r�e�m�e�n�t� �s�e�t� �d�i�d� �h�a�v�e� �t�h�e� �h�i�g�h�e�s�t� �c�o�e�f�f�i�c�i�e�n�t� �(�0�.�4�7�)� �o�f� 

�v�a�r�i�a�t�i�o�n� �o�f� �a�n�y� �o�t�h�e�r�.� 

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

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

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

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

�t�h�e� �t�h�r�e�e� �s�u�r�f�a�c�e�s� �w�e�r�e� �q�u�i�t�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �a�g�e� �a�n�d� �t�e�x�t�u�r�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�p�e�n�e�t�r�a�n�t�s�.� 
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�4�.�2� �C�h�l�o�r�i�d�e� �I�o�n� �M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �L�a�b�o�r�a�t�o�r�y� �S�a�m�p�l�e�s� 

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

�A�s� �d�e�s�c�r�i�b�e�d� �i�n� �c�h�a�p�t�e�r� �3�,� �c�o�n�c�r�e�t�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �s�l�a�b�s� �b�e�f�o�r�e� 

�p�o�n�d�i�n�g� �a�n�d� �a�f�t�e�r� �c�y�c�l�e�s� �1�0�,� �2�0�,� �a�n�d� �3�0�.� �F�o�r� �t�h�e� �w�a�l�l�,� �c�o�n�c�r�e�t�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� 

�b�e�f�o�r�e� �s�u�r�f�a�c�e� �w�e�t�t�i�n�g� �a�n�d� �a�f�t�e�r� �c�y�c�l�e�s� �1�1�,� �2�1�,� �a�n�d� �3�0�.� �F�o�r� �a�l�l� �b�u�t� �t�h�e� �b�a�c�k�g�r�o�u�n�d� 

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

�4�.�2�.�1�.� �B�a�c�k�g�r�o�u�n�d� �C�h�l�o�r�i�d�e� �C�o�n�t�e�n�t� 

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

�m�u�c�h� �c�h�l�o�r�i�d�e�s� �d�i�f�f�u�s�e�d� �i�n�t�o� �t�h�e� �c�o�n�c�r�e�t�e� �d�u�e� �t�o� �p�o�n�d�i�n�g�.� �A�S�T�M� �C�-�1�1�4� �[�3�2�]� �w�a�s� 

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

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

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

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

�c�o�r�r�e�l�a�t�i�o�n� �s�e�e�m�e�d� �a�p�p�r�o�p�r�i�a�t�e�.� �F�r�o�m� �9� �s�a�m�p�l�e�s� �w�h�i�c�h� �w�e�r�e� �a�n�a�l�y�z�e�d�,� �t�h�e� �a�v�e�r�a�g�e� 

�b�a�c�k�g�r�o�u�n�d� �c�h�l�o�r�i�d�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �0�.�5�4� �I�b�/�y�d�*� �(�2�.�3�2� �k�g�/�m�*�)� �o�f� �c�o�n�c�r�e�t�e�.� �T�h�e� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� �f�o�r� �a�l�l� �9� �o�b�s�e�r�v�a�t�i�o�n�s� �w�a�s� �0�.�1�4�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� 

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

�4�.�2�.�2�.� �C�a�l�i�b�r�a�t�i�o�n� �o�f� �R�a�p�i�d� �C�h�l�o�r�i�d�e� �D�e�t�e�r�m�i�n�a�t�i�o�n� �M�e�t�h�o�d� 

�T�h�e� �f�i�r�s�t� �t�w�o� �s�e�t�s� �o�f� �s�a�m�p�l�e�s� �(�w�e�e�k�s� �1�0�-�1�1� �a�n�d� �2�0�-�2�1�)� �w�e�r�e� �a�n�a�l�y�z�e�d� �d�u�r�i�n�g� 
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�t�h�e� �s�a�m�e� �t�i�m�e� �p�e�r�i�o�d�.� �A�s� �t�h�e� �r�a�p�i�d� �m�e�t�h�o�d� �i�n�d�i�c�a�t�e�s�,� �a� �c�a�l�i�b�r�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�b�e� �w�a�s� 

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

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

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

�c�a�l�i�b�r�a�t�i�o�n� �s�e�t�s� �(�1�0� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �f�i�v�e� �s�t�a�n�d�a�r�d� �s�o�l�u�t�i�o�n�s�)� �y�i�e�l�d�e�d� �s�l�i�g�h�t�l�y� �d�i�f�f�e�r�e�n�t� 

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

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

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

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

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

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

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

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

�T�a�b�l�e�s� �4�.�6�a� �a�n�d� �4�.�6�b�,� �a�n�d� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e�s� �4�.�1�1� �a�n�d� �4�.�1�2�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� 

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

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

�W�e�e�k� �3�0� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �d�o�n�e� �a�t� �a� �d�i�f�f�e�r�e�n�t� �t�i�m�e� �t�h�a�n� �t�h�e� �f�i�r�s�t� �t�w�o� �s�e�r�i�e�s�.� 

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

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

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

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

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

�t�h�e� �I�S�E� �p�r�o�b�e� �f�o�r� �t�h�e� �p�r�o�b�e� �c�o�n�d�i�t�i�o�n� �d�u�r�i�n�g� �a�l�l� �w�e�e�k� �3�0� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�i�s� 

�c�a�l�i�b�r�a�t�i�o�n� �r�e�g�r�e�s�s�i�o�n� �f�o�r� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�6�c� �a�n�d� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �4�.�1�3�.� 

�4�.�2�.�3�.� �R�a�p�i�d� �M�e�t�h�o�d� �C�o�r�r�e�l�a�t�i�o�n� �t�o� �A�S�T�M� �M�e�t�h�o�d� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �r�a�p�i�d� �c�h�l�o�r�i�d�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �m�e�t�h�o�d�,� �a�f�t�e�r� �t�h�e� �I�S�E� �p�r�o�b�e� �i�s� 

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

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

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

�t�i�m�e�s� �(�c�y�c�l�e�s� �1�0�-�1�1�,� �a�n�d� �2�0�-�2�1�)�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �c�o�r�r�e�l�a�t�i�o�n� �a�r�e� �s�e�e�n� �i�n� �T�a�b�l�e� �4�.�7� 

�a�n�d� �g�r�a�p�h�e�d� �i�n� �F�i�g�u�r�e� �4�.�1�4�.� 

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

�p�r�o�b�e�,� �o�n�l�y� �t�h�e� �s�e�c�o�n�d� �c�o�n�d�i�t�i�o�n�,� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �4�.�6�b�,� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

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

�m�e�t�h�o�d� �w�a�s� �i�n� �c�a�l�i�b�r�a�t�i�o�n� �c�o�n�d�i�t�i�o�n� �2� �w�h�e�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �d�o�n�e�.� �I�n� �o�r�d�e�r� �t�o� 

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

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

�l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �i�n�t�o� �c�o�n�d�i�t�i�o�n� �2� �r�e�a�d�i�n�g�s�.� �T�h�i�s� �a�d�d�e�d� �a�n�o�t�h�e�r� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� 

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

�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �d�a�t�a� �o�b�t�a�i�n�e�d�,� �t�h�i�s� �w�a�s� �n�e�c�e�s�s�a�r�y�.� �A�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �e�f�f�e�c�t� �o�f� 
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�T�a�b�l�e� �4�.�7� �C�o�r�r�e�l�a�t�i�o�n� �o�f� �R�a�p�i�d� �M�e�t�h�o�d� 
�t�o� �A�S�T�M� �M�e�t�h�o�d� 

� � 

�%�C�l�I� �C�a�l�c�u�l�a�t�e�d� 

� � 

� � 
�N�o�.� �o�f� �O�b�s�e�r�v�a�t�i�o�n�s� 
�D�e�g�r�e�e�s� �o�f� �F�r�e�e�d�o�m� 

�X� �C�o�e�f�f�i�c�i�e�n�t�(�s�)� 
�S�t�d� �E�r�r� �o�f� �C�o�e�f�.� � � 
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�V�P�I� �A�S�T�M� 
�S�a�m�p�l�e� �%�C�l� �%�C�l� 
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�T�a�b�l�e� �4�.�8� �C�o�m�p�a�r�i�s�o�n� �o�f� �A�v�e�r�a�g�e� �C�h�l�o�r�i�d�e� �A�n�a�l�y�s�i�s� �D�a�t�a� �f�o�r� �C�o�n�t�r�o�l�,� �W�a�t�e�r�-� 
�B�a�s�e�d� �E�p�o�x�y�,� �a�n�d� �S�i�l�a�n�e� �T�r�e�a�t�m�e�n�t�s�:� �I�n�c�l�u�d�i�n�g� �A�d�d�e�d� �L�i�n�e�a�r� �R�e�g�r�e�s�s�i�o�n� �D�u�e� �t�o� 
�I�S�E� �P�r�o�b�e� �C�o�n�d�i�t�i�o�n� �C�h�a�n�g�e� �v�s�.� �E�x�c�l�u�d�i�n�g� �A�d�d�e�d� �L�i�n�e�a�r� �R�e�g�r�e�s�s�i�o�n� 

� � 

� � 

� � 

� � 

� � 

�S�a�m�p�l�e� �I�n�c�l�u�d�i�n�g� �A�d�d�e�d� �L�i�n�e�a�r� �E�x�c�l�u�d�i�n�g� �A�d�d�e�d� �L�i�n�e�a�r� 
�P�r�o�b�e� �R�e�g�r�e�s�s�i�o�n� �R�e�g�r�e�s�s�i�o�n� 

�C�o�n�d�i�t�i�o�n� 
�S�p�e�c�-�W�k�-�D�e�p�t�h� �A�V�G� �S�T�D� �C�O�V� �A�V�G� �S�T�D� �C�O�V� 

�C�T�L�-�1�0�-�1� �1� �2�.�3�3� �0�.�6�9�5� �0�.�2�9�8� �2�.�6�8� �0�.�7�8�0� �0�.�2�9�1� 
�C�T�L�-�1�0�-�2� �1� �0�.�6�8� �0�.�1�6�0� �0�.�2�3�6� �0�.�8�3� �0�.�1�7�9� �0�.�2�1�5� 
�C�T�L�-�1�0�-�3� �1� �0�.�4�9� �0�.�1�0�0� �0�.�2�0�4� �0�.�6�2� �0�.�1�1�1� �0�.�1�8�0� 

�C�T�L�-�2�0�-�1� �I� �4�.�1�0� �0�.�9�5�1� �0�.�2�3�2� �4�.�6�7� �1�.�0�7�0� �0�.�2�3�0� 
�C�T�L�-�2�0�-�2� �!� �0�.�6�1� �0�.�1�6�7� �0�.�2�7�5� �0�.�7�6� �0�.�1�8�7� �0�.�2�4�6� 
�C�T�L�-�2�0�-�3� �2� �0�.�4�8� �0�.�0�3�6� �0�.�0�7�5� �w�e�n� �e�e�e� �a�n�e� 

�C�T�L�-�3�0�-�1� �3� �7�.�3�2� �1�.�5�5�0� �0�.�2�1�1� �7�.�9�8� �1�.�6�2�0� �0�.�2�0�4� 
�C�T�L�-�3�0�-�2� �3� �1�.�4�6� �0�.�4�7�1� �0�.�3�2�2� �1�.�7�3� �0�.�5�1�2� �0�.�2�9�6� 
�C�T�L�-�3�0�-�3� �3� �0�.�3�7� �0�.�0�3�1� �0�.�0�8�4� �0�.�5�3� �0�.�0�3�4� �0�.�0�6�5� 

�W�B�E�-�1�0�-�1� �I� �1�.�6�2� �0�.�4�4�2� �0�.�2�7�3� �1�.�8�8� �0�.�4�9�5� �0�.�2�6�3� 
�W�B�E�-�1�0�-�2� �1� �0�.�6�6� �0�.�1�1�6� �0�.�1�7�5� �0�.�8�1� �0�.�1�2�9� �0�.�1�5�9� 
�W�B�E�-�1�0�-�3� �1� �0�.�5�0� �0�.�0�6�9� �0�.�1�3�8� �0�.�6�3� �0�.�0�7�7� �0�.�1�2�2� 

�W�B�E�-�2�0�-�1� �1� �3�.�1�9� �0�.�4�4�7� �0�.�1�4�0� �3�.�6�5� �0�.�5�0�3� �0�.�1�3�8� 
�W�B�E�-�2�0�-�2� �1� �0�.�5�0� �0�.�1�3�4� �0�.�2�6�8� �0�.�6�3� �0�.�1�5�0� �0�.�2�3�7� 
�W�B�E�-�2�0�-�3� �2� �0�.�5�0� �0�.�0�3�9� �0�.�0�7�7� �w�e�r�e� �a�e� 

�W�B�E�-�3�0�-�1� �3� �6�.�7�8� �1�.�0�0�8� �0�.�1�4�9� �7�.�4�1� �0�.�1�0�6� �0�.�1�4�3� 
�W�B�E�-�3�0�-�2� �3� �1�.�2�8� �0�.�4�1�2� �0�.�3�2�2� �1�.�5�3� �0�.�4�4�8� �0�.�2�9�3� 
�W�B�E�-�3�0�-�3� �3� �0�.�4�2� �0�.�0�9�9� �0�.�2�3�5� �0�.�5�8� �0�.�1�0�9� �0�.�1�8�9� 

�S�I�L�-�1�0�-�1� �1� �0�.�5�4� �0�.�1�5�2� �0�.�2�8�1� �0�.�6�8� �0�.�1�6�9� �0�.�2�4�9� 
�S�I�L�-�1�0�-�2� �1� �0�.�5�9� �0�.�0�7�8� �0�.�1�3�3� �0�.�7�4� �0�.�0�8�7� �0�.�1�1�8� 
�S�I�L�-�1�0�-�3� �1� �0�.�5�0� �0�.�0�7�4� �0�.�1�4�9� �0�.�6�3� �0�.�0�8�3� �0�.�1�3�1� 

�S�I�L�-�2�0�-�1� �1� �0�.�4�8� �0�.�0�4�5� �0�.�0�9�4� �0�.�6�1� �0�.�0�5�0� �0�.�0�8�2� 
�S�I�L�-�2�0�-�2� �1� �0�.�4�4� �0�.�0�3�2� �0�.�0�7�2� �0�.�5�7� �0�.�0�3�5� �0�.�0�6�2� 
�S�I�L�-�2�0�-�3� �2� �0�.�4�7� �0�.�0�5�9� �0�.�1�2�6� �w�e� �t�e�r�e� �w�e�e�n� 

�S�I�L�-�3�0�-�1� �3� �0�.�4�9� �0�.�0�7�5� �0�.�1�5�2� �0�.�6�6� �0�.�0�8�2� �0�.�1�2�5� 
�S�I�L�-�3�0�-�2� �3� �0�.�4�5� �0�.�0�6�7� �0�.�1�5�0� �0�.�6�3� �0�.�0�7�5� �0�.�1�1�8� 
�S�I�L�-�3�0�-�3� �3� �0�.�3�6� �0�.�0�6�3� �0�.�1�7�5� �0�.�5�2� �0�.�0�7�0� �0�.�1�3�4� � � � � 

�N�o�t�e�:� �A�v�e�r�a�g�e�s� �a�r�e� �a�n� �a�v�e�r�a�g�e� �o�f� �9� �m�e�a�s�u�r�e�m�e�n�t�s�.� 
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�t�h�e�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�n�d� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �f�o�r� �t�h�e� �c�o�n�t�r�o�l�,� �w�a�t�e�r�-�b�a�s�e�d� 

�e�p�o�x�y�,� �a�n�d� �s�i�l�a�n�e� �t�r�e�a�t�m�e�n�t�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�8�.� �I�t� �i�s� �o�b�s�e�r�v�e�d� �t�h�a�t� �f�o�r� �i�d�e�n�t�i�c�a�l� 

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

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

�a� �m�a�j�o�r� �f�a�c�t�o�r�.� �B�u�t� �a� �b�i�g� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �e�p�o�x�y� �p�e�r�f�o�r�m�a�n�c�e�s� �i�n� �t�h�e� �f�i�r�s�t� �2�0� 

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

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

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

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

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

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

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

�t�h�e�r�e� �i�s� �a� �m�o�r�e� �e�v�e�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �d�e�p�t�h� �1� �c�h�l�o�r�i�d�e�s� �o�v�e�r� �a�l�l� �t�h�r�e�e� �1�0�-�w�e�e�k� �c�y�c�l�e�s� 

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

�w�a�l�l� �b�e�i�n�g� �o�r�i�e�n�t�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �s�u�n�,� �f�a�c�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �N�4�0�°�W�.� �N�o� �h�e�a�t�i�n�g� 

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

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

�A�l�s�o�,� �t�h�e� �s�l�i�g�h�t� �l�e�v�e�l�l�i�n�g� �o�f�f� �o�f� �t�h�e� �w�e�e�k� �2�0� �t�o� �w�e�e�k� �3�0� �c�h�l�o�r�i�d�e�s� �m�a�y� �b�e� �a� �n�a�t�u�r�a�l� 

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

�A�l�t�h�o�u�g�h� �t�h�e� �p�e�n�e�t�r�a�t�i�n�g� �s�e�a�l�e�r�s� �s�t�a�y�e�d� �a�t� �8�%� �r�a�t�i�o�s� �o�r� �b�e�l�o�w� �t�h�r�o�u�g�h�o�u�t�,� �t�h�e� 

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

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

�t�o� �2�4�%� �a�n�d� �3�5�%� �f�r�o�m� �l�e�v�e�l�s� �m�o�s�t�l�y� �w�e�l�l� �b�e�l�o�w� �2�0�%�.� 

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

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

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

�e�v�i�d�e�n�t� �o�n� �t�h�e� �w�a�l�l�.� 

�4�.�3� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �S�e�r�v�i�c�e� �L�i�f�e� 

�4�.�3�.�1�.� �B�a�s�i�c� �A�p�p�r�o�a�c�h� �f�o�r� �S�e�a�l�e�r� �L�i�f�e� �D�e�t�e�r�m�i�n�a�t�i�o�n� 

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

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

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

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

�m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r� �[�8�,� �1�4�]�.� �S�o�m�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �w�i�t�h� �t�h�e� �s�t�a�n�d�a�r�d�s� �o�f� �p�e�r�f�o�r�m�a�n�c�e� 

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

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

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

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

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

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

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

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

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

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

�v�a�l�u�e� �o�f� �1�.�2� �I�b�/�y�d�*� �(�0�.�7�1� �k�g�/�m�,�)� �o�f� �c�h�l�o�r�i�d�e�s� �i�n� �c�o�n�c�r�e�t�e� �w�i�l�l� �b�e� �u�s�e�d� �[�4�]�.� �T�h�e�r�e�f�o�r�e�,� 

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

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

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

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

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

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

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

�c�o�n�t�e�n�t� �o�f� �1�.�2� �l�b�/�y�d�*� �(�0�.�7�1� �k�g�/�m ��)�,� �a�t� �a� �p�a�r�t�i�c�u�l�a�r� �t�i�m�e�,� �h�e�r�e� �u�s�i�n�g� �a� �5�0�-�y�e�a�r� �b�r�i�d�g�e� 

�l�i�f�e�.� �I�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�i�s� �l�i�m�i�t� �s�h�o�u�l�d� �b�e� �2�.�5�%� �[�4�0�]�.� �W�h�a�t�e�v�e�r� �t�h�e� 

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

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

�f�r�o�m� �a� �m�e�a�n� �d�e�p�t�h� �o�f� �2�.�0� �i�n�.�,� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �0�.�2� �(�2�.�0� �-� �1�.�9�6�(�0�.�2�0�)�)�,� �a�n�d� �a� 

�s�p�e�c�i�f�i�e�d� �s�t�e�e�l� �c�o�r�r�o�s�i�o�n� �l�i�m�i�t� �o�f� �2�.�5�%�.� �A�g�a�i�n�,� �m�e�a�s�u�r�a�b�l�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �d�e�p�t�h� �o�r� 

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

�c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �X� �v�a�l�u�e�.� 

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

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

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

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

�r�e�c�e�n�t�l�y� �m�e�a�s�u�r�e�d� �d�a�t�a�,� �a�r�e�:� �L�o�w� �(�4�.�0�)�,� �M�o�d�e�r�a�t�e� �(�8�.�0�)�,� �H�i�g�h� �(�1�0�.�0�)�,� �a�n�d� �S�e�v�e�r�e� 

�(�1�5�.�0�)� �[�4�0�]�.� �T�h�e�s�e� �m�e�a�n�s� �w�i�l�l� �b�e� �u�s�e�d� �i�n� �t�h�e� �C�,�-�D�,� �m�a�t�r�i�x� �t�o� �f�o�l�l�o�w�.� 

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

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

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

�m�a�t�r�i�x� �a�r�e� �0�.�0�5�,� �0�.�0�9�,� �a�n�d� �0�.�1�3� �i�n ��/�y�r� �[�4�0�]�.� 

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

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

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

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

�l�i�f�e� �o�f� �t�h�e� �s�e�a�l�e�r�s� �t�e�s�t�e�d� �i�s� �p�r�o�d�u�c�e�d�.� 
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�4�.�3�.�2�.� �P�r�e�s�e�n�t� �P�r�a�c�t�i�c�e�s� �a�n�d� �L�i�m�i�t�a�t�i�o�n�s� �o�n� �S�e�r�v�i�c�e� �L�i�f�e� 

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

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

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �e�i�t�h�e�r� �i�n�-�s�i�t�u� �t�e�s�t�i�n�g� �(�n�o�n�d�e�s�t�r�u�c�t�i�v�e� �o�r� �d�e�s�t�r�u�c�t�i�v�e�)� �w�i�t�h� 

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

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

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

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

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

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

�4�.�3�.�2�.�1�.� �P�r�e�s�e�n�t� �P�r�a�c�t�i�c�e�s� 

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

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

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

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

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

�3�,� �i�t� �i�s� �t�i�m�e� �t�o� �r�e�s�e�a�l� �t�h�e� �c�o�n�c�r�e�t�e� �[�2�1�]�.� �N�o� �j�u�s�t�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�i�s� �t�h�r�e�s�h�o�l�d� �i�s� �g�i�v�e�n�.� 
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�4�.�3�.�2�.�2�.� �L�i�m�i�t�i�n�g� �C�o�n�d�i�t�i�o�n�s� 

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

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

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

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

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

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

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

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

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

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

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

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

�r�a�t�e� �o�f� �s�u�r�f�a�c�e� �a�b�r�a�s�i�o�n�,� �w�h�i�c�h� �i�s� �g�e�n�e�r�a�l�l�y� �a� �f�u�n�c�t�i�o�n� �o�f� �t�r�a�f�f�i�c� �v�o�l�u�m�e�s�"� �[�7�]�,� 

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

�s�u�b�s�t�r�a�t�e� �b�o�n�d� �[�2�1�]�.� �A�l�b�e�r�t�a ��s� �e�n�t�i�r�e� �a�p�p�r�o�v�a�l� �p�r�o�c�e�s�s� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �e�x�p�o�s�u�r�e� 

�l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �s�e�a�l�e�r�s� �a�p�p�l�i�e�d�,� �m�o�r�e� �s�p�e�c�i�f�i�c�a�l�l�y�,� �1�)� �t�r�a�f�f�i�c� �b�e�a�r�i�n�g� �s�u�r�f�a�c�e�s�,� �2�)� �n�o�n�-� 

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

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

�m�o�i�s�t�u�r�e� �l�e�v�e�l� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �[�3�8�]�.� �I�n� �A�l�b�e�r�t�a� �t�h�e� �m�a�j�o�r� �(�h�i�g�h� �t�r�a�f�f�i�c� �v�o�l�u�m�e�)� �b�r�i�d�g�e� 

�d�e�c�k�s� �a�r�e� �s�e�a�l�e�d� �o�n�l�y� �w�i�t�h� �p�e�n�e�t�r�a�t�i�n�g� �s�e�a�l�e�r�s� �a�n�d� �r�e�s�e�a�l�e�d� �o�n� �a� �4�-�y�e�a�r� �s�c�h�e�d�u�l�e�.� 
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�L�e�s�s� �t�r�a�v�e�l�e�d� �s�u�r�f�a�c�e�s� �a�r�e� �r�e�s�e�a�l�e�d� �e�v�e�r�y� �7� �y�e�a�r�s� �o�n� �a�v�e�r�a�g�e� �[�7�]�.� 

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

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

�8�1� �b�r�i�d�g�e� �w�h�i�c�h� �h�a�s� �a�n� �A�A�D�T� �o�f� �2�4�,�2�7�0� �w�a�s� �m�e�a�s�u�r�e�d�.� �T�h�i�s� �w�a�s� �d�o�n�e� �u�s�i�n�g� �a� 

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

�s�u�r�f�a�c�e� �w�a�s� �m�e�a�s�u�r�e�d� �e�v�e�r�y� �6� �i�n�.� �(�1�5� �c�m�)�.� �T�h�e� �a�v�e�r�a�g�e� �p�r�o�f�i�l�e� �f�r�o�m� �t�h�e�s�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �i�s� �d�i�s�p�l�a�y�e�d� �i�n� �F�i�g�u�r�e� �4�.�2�5�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �w�a�s� �p�l�a�c�e�d� �2�7� 

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

�p�a�t�h� �a�r�e�a� �h�a�s� �b�e�e�n� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �0�.�0�0�6�6� �i�n�/�y�r� �(�0�.�0�1�6�8� �c�m�/�y�r�)�.� �O�t�h�e�r� �s�u�r�f�a�c�e� �w�e�a�r� 

�d�a�t�a� �a�g�r�e�e� �w�i�t�h� �t�h�i�s� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �i�n� �w�e�a�r� �[�3�9�]�.� �A�s�s�u�m�i�n�g�,� �a�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� 

�b�a�c�k�g�r�o�u�n�d� �s�e�c�t�i�o�n�,� �t�h�a�t� �p�e�n�e�t�r�a�t�i�n�g� �s�e�a�l�e�r�s� �h�a�v�e� �t�y�p�i�c�a�l� �p�e�n�e�t�r�a�t�i�o�n� �d�e�p�t�h�s� �o�f� �0�.�0�6�2�5�-� 

�0�.�1�2�5� �i�n�.� �(�0�.�1�5�-�0�.�3�0� �c�m�)�,� �t�h�e�n� �i�t� �i�s� �s�u�r�m�i�s�e�d�,� �u�s�i�n�g� �t�h�e� �c�o�n�s�e�r�v�a�t�i�v�e� �l�i�m�i�t�s�,� �t�h�a�t� �t�h�e� 

�m�a�x�i�m�u�m� �s�e�r�v�i�c�e� �l�i�f�e� �o�f� �a� �p�e�n�e�t�r�a�t�i�n�g� �s�e�a�l�e�r� �o�n� �a� �h�i�g�h� �v�o�l�u�m�e� �(�2�0�,�0�0�0�-�3�0�,�0�0�0� 

�A�A�D�T�)� �d�e�c�k� �w�o�u�l�d� �b�e� �9�-�1�0� �y�e�a�r�s�.� �O�n� �l�e�s�s� �t�r�a�v�e�l�e�d� �s�u�r�f�a�c�e�s�,� �t�h�e� �m�a�x�i�m�u�m� �s�e�r�v�i�c�e� 

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

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

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

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

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

�l�i�f�e� �o�f� �8� �y�e�a�r�s�,� �b�a�s�e�d� �o�n� �w�e�a�r�,� �i�s� �e�s�t�i�m�a�t�e�d� �f�o�r� �p�e�n�e�t�r�a�t�i�n�g� �s�e�a�l�e�r�s� �o�n� �b�r�i�d�g�e� �d�e�c�k�s�.� 

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

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

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

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

�c�l�i�m�a�t�e� �t�e�s�t�i�n�g� �p�h�a�s�e� �o�f� �N�C�H�R�P� �2�4�4� �[�1�5�]�.� 

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

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

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

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

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

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

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

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

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

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

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

�c�o�a�t�i�n�g�-�t�y�p�e� �s�e�a�l�e�r� �i�s� �s�t�i�l�l� �p�r�e�s�e�n�t�.� 

�4�.�3�.�3�.� �S�e�r�v�i�c�e� �L�i�f�e� �M�o�d�e�l� 

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

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

�T�h�e�s�e� �a�r�e�:� 

�1�.� �B�r�i�d�g�e� �D�e�c�k�s� 

�l�a�.� �L�a�n�e� �R�e�g�i�o�n� �(�t�r�a�f�f�i�c� �w�e�a�r�)�/�U�V� �E�x�p�o�s�u�r�e� 

�l�b�.� �L�a�n�e� �R�e�g�i�o�n� �(�t�r�a�f�f�i�c� �w�e�a�r�)�/�M�i�n�i�m�a�l� �U�V� �E�x�p�o�s�u�r�e� 

�1�c�.� �S�h�o�u�l�d�e�r� �R�e�g�i�o�n� �(�m�i�n�i�m�a�l� �t�r�a�f�f�i�c� �w�e�a�r�)�/�U�V� �E�x�p�o�s�u�r�e� 

�1�d�.� �S�h�o�u�l�d�e�r� �R�e�g�i�o�n� �(�m�i�n�i�m�a�l� �t�r�a�f�f�i�c� �w�e�a�r�)�/�M�i�n�i�m�a�l� �U�V� �E�x�p�o�s�u�r�e� 

�2�.� �P�i�e�r�s� �a�n�d� �G�i�r�d�e�r�s� 

�2�a�.� �U�l�t�r�a�v�i�o�l�e�t� �L�i�g�h�t� �E�x�p�o�s�u�r�e� 

�2�b�.� �M�i�n�i�m�a�l� �U�l�t�r�a�v�i�o�l�e�t� �L�i�g�h�t� �E�x�p�o�s�u�r�e� 

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

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

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

�U�V� �a�n�d� �w�e�a�r� �e�x�p�o�s�u�r�e�,� �b�u�t� �n�o� �p�r�o�t�e�c�t�i�o�n� �f�r�o�m� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �m�o�i�s�t�u�r�e� �v�a�r�i�a�t�i�o�n�s�.� �A� 

�f�l�o�w� �c�h�a�r�t� �o�f� �t�h�e� �s�e�r�v�i�c�e� �l�i�f�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �i�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �4�.�2�6�.� 

�4�.�3�.�4�.� �C�a�l�c�u�l�a�t�i�o�n� �o�f� �S�e�r�v�i�c�e� �L�i�f�e� �f�r�o�m� �T�e�s�t�i�n�g� �P�r�o�g�r�a�m� 

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

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

�c�h�l�o�r�i�d�e� �l�e�a�d�a�g�e� �a�r�e�:� �1�)� �E�s�t�i�m�a�t�e� �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�,� �C�,�,� �w�h�i�c�h� �i�s� 

�a�l�l�o�w�e�d� �t�o� �b�u�i�l�d� �u�p� �o�v�e�r� �5�0� �y�e�a�r�s� �t�h�a�t� �w�i�l�l� �k�e�e�p� �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�t� �t�h�e� 

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

�t�i�m�e� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �3�0� �w�e�e�k�s� �o�f� �p�o�n�d�i�n�g� �f�o�r� �v�a�r�i�o�u�s� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �C�,� �a�n�d� 

�D�,�,� �3�)� �F�o�r� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �t�i�m�e� �a�n�d� �a�l�l�o�w�a�b�l�e� �C�,� �b�u�i�l�d�u�p� �a�t� �v�a�r�i�o�u�s� �b�r�i�d�g�e� �s�i�t�e�s �� 

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

�s�u�r�f�a�c�e� �l�a�y�e�r�,� �4�)� �D�e�t�e�r�m�i�n�e� �t�h�e� �p�e�r�c�e�n�t� �l�e�a�k�a�g�e� �f�r�o�m� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �t�e�s�t�i�n�g� �a�n�d� 

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

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

�T�h�e� �l�e�v�e�l� �o�f� �t�h�e� �c�h�l�o�r�i�d�e�s� �w�h�i�c�h� �i�s� �a�l�l�o�w�e�d� �t�o� �b�e� �p�r�e�s�e�n�t� �a�t� �t�h�e� �1�/�2�"� �l�e�v�e�l� �i�s� 

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

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

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

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

�p�a�r�t�i�c�u�l�a�r� �D�,� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� �F�o�r� �t�h�e� �d�e�p�t�h� �o�f� �1�.�6�1� �i�n�.� �a�n�d� �a� �t�i�m�e� �o�f� �5�0� �y�e�a�r�s�,� �t�h�e� 

�r�e�s�u�l�t�s� �a�r�e�:� �f�o�r� �D�,� �=� �0�.�0�5� �i�n ��/�y�r�,� �C�y�.�n�u�=� �4�.�8�8� �l�b�/�y�d�?�;� �f�o�r� �D�,� �=� �0�.�0�9� �i�n�*�/�y�r�,� �C�o�r�o� 

�4�.�0�6� �l�b�/�y�d ��;� �f�o�r� �D�,� �=� �0�.�1�3� �i�n�?�/�y�r�,� �C�o�.� �3�.�6�2� �l�b�/�y�d�*�.� �T�h�e�s�e� �v�a�l�u�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� 

�u�s�i�n�g� �a� �s�t�a�n�d�a�r�d� �s�o�l�u�t�i�o�n� �t�o� �F�i�c�k ��s� �S�e�c�o�n�d� �L�a�w�,� �w�h�i�c�h� �i�s�:� 
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