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Chapter 1

Chemical, Physical, and Material
Properties of Rebar and Components
After Exposure to Aggressive

Environments

1.1 Introduction

It is the goal of this deliverable to list the performance evaluation of BFRP rebars after
exposing them to aggressive environments for 300 days at 60 °C. Several physical, mechanical,
and chemical tests were executed for each rebar sample, raw material, and exposure solution
after exposure to various combinations of saline and alkaline environments. Accordingly, this
deliverable focuses on three major aspects: 1) the characterization of exposure solutions, 2)
the characterization of BFRP rebar components, and 3) the characterization of BFRP rebar

specimens.

1.2  Properties of Exposure Environments after 300

Day Exposure

This section presents the chemical properties of all exposure environments used in the research

to expose rebars and rebar components.

1.2.1 pH

The pH of the chemical environments was measured after 300 days of exposure. Tables 1.1,

1.2, and 1.3 below shows the pH data of environments in which rebars, resins, and fibers were



exposed.

Table 1.1: pH Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
pH
Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm
A Epoxy 1 300 4 0 352 358 3.55 0.03
B Vinyl Ester 1 300 4 0 4.25 429 427 0.02
C Epoxy 1 300 4 0 380 382 381 0.01
A Epoxy 1 300 4 200 348 352 350 0.02
B Vinyl Ester 1 300 4 200 4.26 4.32 4.29 0.03
C Epoxy 1 300 4 200 3.71 375 373 0.02
A Epoxy 1 300 4 20000 346 352 349 0.03
B Vinyl Ester 1 300 4 20000 435 441 438 0.03
C Epoxy 1 300 4 20000 3.66 3.68 3.67 0.01
A Epoxy 1 300 4  SeaWater 341 345 343 0.02
B Vinyl Ester 1 300 4  SeaWater  4.47 448  4.47 0.01
C Epoxy 1 300 4  SeaWater 3.57 359 3.58 0.01
A Epoxy 2 300 4 0 339 345 342 0.03
B Vinyl Ester 2 300 4 0 4.30 4.34 4.32  0.02
C Epoxy 2 300 4 0 3.72 375 374 0.02
A Epoxy 2 300 4 200 342 348 345 0.03
B Vinyl Ester 2 300 4 200 431 435 433 0.02
C Epoxy 2 300 4 200 3.65 3.66 3.65 0.01
A Epoxy 2 300 4 20000 351 355 3,53 0.02
B Vinyl Ester 2 300 4 20000 434 436 435 0.01
C Epoxy 2 300 4 20000 3.58 3.65 3.62 0.04
A Epoxy 2 300 4  SeaWater 3.46 3.49 347 0.02
B Vinyl Ester 2 300 4  SeaWater 442 443 442 0.01
C Epoxy 2 300 4  SeaWater 3.52 3.58 3.55 0.03
A Epoxy 1 300 7 0 6.72 6.78 6.75 0.03
B Vinyl Ester 1 300 7 0 715 721 7.18 0.03
C Epoxy 1 300 7 0 6.80 6.82 6.81 0.01
A Epoxy 1 300 7 200 6.61 6.65 6.63 0.02
B Vinyl Ester 1 300 7 200 718 724 721 0.03
C Epoxy 1 300 7 200 6.77 6.79 6.78 0.01
A Epoxy 1 300 7 20000 6.60 6.62 6.61 0.01
B Vinyl Ester 1 300 7 20000 726 732 729 0.03
C Epoxy 1 300 7 20000 6.65 6.70 6.68 0.02
A Epoxy 1 300 7 SeaWater 6.43 6.51 647 0.04
B Vinyl Ester 1 300 7 SeaWater 7.34 7.40 7.37 0.03

Continued on next page ...




Table 1.1: pH Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
pH
Manuf. Resin Lot Exposure Period pH Cl A \Y W o
Type  Type No. Days ppm
C Epoxy 1 300 7 SeaWater 6.56  6.59  6.57 0.02
A Epoxy 2 300 7 0 6.53 6.55 6.54 0.01
B Vinyl Ester 2 300 7 0 740 746 743 0.03
C Epoxy 2 300 7 0 6.55 6.61 6.58 0.03
A Epoxy 2 300 7 200 6.31 6.33 6.32 0.01
B Vinyl Ester 2 300 7 200 743 751 747 0.04
C Epoxy 2 300 7 200 6.53 6.54 6.53 0.01
A Epoxy 2 300 7 20000 6.25 6.26 6.26 0.01
B Vinyl Ester 2 300 7 20000 753 757 7.55 0.02
C Epoxy 2 300 7 20000 6.33 6.37 6.35 0.02
A Epoxy 2 300 7 SeaWater 6.21  6.25  6.23 0.02
B Vinyl Ester 2 300 7 SeaWater 7.61 7.65 7.63 0.02
C Epoxy 2 300 7 SeaWater 6.29 6.33 6.31 0.02
A Epoxy 1 300 10 0 9.83 9.89 9.86 0.03
B Vinyl Ester 1 300 10 0 10.29 10.37 10.33 0.04
C Epoxy 1 300 10 0 9.86 9.89 9.88 0.02
A Epoxy 1 300 10 200 9.71 9.78 9.74 0.04
B Vinyl Ester 1 300 10 200 10.45 10.51 10.48 0.03
C Epoxy 1 300 10 200 9.76  9.78 9.77 0.01
A Epoxy 1 300 10 20000 9.61 9.64 9.62 0.02
B Vinyl Ester 1 300 10 20000 10.56 10.60 10.58 0.02
C Epoxy 1 300 10 20000 9.67 9.71  9.69 0.02
A Epoxy 1 300 10 SeaWater 9.44 950  9.47 0.03
B Vinyl Ester 1 300 10  SeaWater 10.60 10.66 10.63 0.03
C Epoxy 1 300 10  SeaWater 9.54 955 954 0.01
A Epoxy 2 300 10 0 9.72 9.74 9.73 0.01
B Vinyl Ester 2 300 10 0 10.29 1035 10.32 0.03
C Epoxy 2 300 10 0 9.74 9.78 9.76 0.02
A Epoxy 2 300 10 200 9.50 9.54 9.52 0.02
B Vinyl Ester 2 300 10 200 10.35 10.39 10.37 0.02
C Epoxy 2 300 10 200 9.71 9.72 9.71 0.01
A Epoxy 2 300 10 20000 945 947  9.46 0.01
B Vinyl Ester 2 300 10 20000 10.46 10.47 10.46 0.01
C Epoxy 2 300 10 20000 946  9.50 9.48 0.02
A Epoxy 2 300 10 SeaWater 9.36  9.43  9.39 0.04
B Vinyl Ester 2 300 10 SeaWater 10.48 10.56 10.52 0.04
C Epoxy 2 300 10 SeaWater 9.42 945  9.43 0.02

Continued on next page ...




Table 1.1: pH Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

pH
Manuf. Resin Lot Exposure Period pH Cl A \Y o o
Type  Type No. Days ppm
A Epoxy 1 300 13 0 11.38 11.44 11.41 0.03
B Vinyl Ester 1 300 13 0 12.25 1229 1227 0.02
C Epoxy 1 300 13 0 11.81 11.82 11.82 0.01
A Epoxy 1 300 13 200 11.35 11.39 11.37 0.02
B Vinyl Ester 1 300 13 200 12.40 1248 1244 0.04
C Epoxy 1 300 13 200 11.74 11.75 11.74 0.01
A Epoxy 1 300 13 20000 11.28 11.36 11.32 0.04
B Vinyl Ester 1 300 13 20000 1244 1246 1245 0.01
C Epoxy 1 300 13 20000 11.53 11.56 11.55 0.02
A Epoxy 1 300 13  SeaWater 11.24 11.30 11.27 0.03
B Vinyl Ester 1 300 13 SeaWater 12.59 12.67 12.63 0.04
C Epoxy 1 300 13 SeaWater 11.50 11.54 11.52 0.02
A Epoxy 2 300 13 0 11.29 11.32 11.31 0.02
B Vinyl Ester 2 300 13 0 1242 1246 12.44 0.02
C Epoxy 2 300 13 0 11.76 11.78 11.77 0.01
A Epoxy 2 300 13 200 11.23 11.29 11.26 0.03
B Vinyl Ester 2 300 13 200 12.45 1249 1247 0.02
C Epoxy 2 300 13 200 11.67 11.71 11.69 0.02
A Epoxy 2 300 13 20000 11.14 11.20 11.17 0.03
B Vinyl Ester 2 300 13 20000 12.53 12,55 12.54 0.01
C Epoxy 2 300 13 20000 11.23 11.26 11.25 0.02
A Epoxy 2 300 13 SeaWater 11.09 11.15 11.12 0.03
B Vinyl Ester 2 300 13 SeaWater 12.58 12.65 12.61 0.04
C Epoxy 2 300 13  SeaWater 11.44 11.47 11.46 0.02
Table 1.2: pH Test Statistical values for All Resin Sample Groups
Sample Group Statistical Values
pH
Manuf. Resin Exposure Period pH Cl° A \% 1 o
Type  Type Days ppm

A Epoxy 300 4 0 3.83 389 3.86 0.03

B Vinyl Ester 300 4 0 3.80 388 3841 0.04

A Epoxy 300 4 200 3.80 386 3.83 0.03

Continued on next page ...
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Table 1.2: pH Test Statistical values for All Resin Sample Groups

Sample Group Statistical Values
pH
Manuf. Resin Exposure Period pH Cl° A \Y W o
Type  Type Days ppm
B Vinyl Ester 300 4 200 3.73 377 3.75 0.02
A Epoxy 300 4 20000 3.76  3.82 3.79 0.03
B Vinyl Ester 300 4 20000 3.64 370 3.67 0.03
A Epoxy 300 4  SeaWater 3.71 3.77 3.74 0.03
B Vinyl Ester 300 4  SeaWater  3.61 3.69 3.65 0.04
A Epoxy 300 7 0 6.62 6.68 6.65 0.03
B Vinyl Ester 300 7 0 6.50 6.58 6.54 0.04
A Epoxy 300 7 200 6.54 6.62 6.58 0.04
B Vinyl Ester 300 7 200 6.47 6.51 649 0.02
A Epoxy 300 7 20000 6.49 6.55 6.52 0.03
B Vinyl Ester 300 7 20000 6.42 643 6.42 0.01
A Epoxy 300 7 SeaWater 6.44 6.48 6.46 0.02
B Vinyl Ester 300 7 SeaWater 6.35 6.39 6.37 0.02
A Epoxy 300 10 O 9.53 9.61 9.57 0.04
B Vinyl Ester 300 10 O 949 957 9.53 0.04
A Epoxy 300 10 200 949 951 9.50 0.01
B Vinyl Ester 300 10 200 942 946 944 0.02
A Epoxy 300 10 20000 939 945 942 0.03
B Vinyl Ester 300 10 20000 9.29 937 933 0.04
A Epoxy 300 10 SeaWater 9.35 9.39 937 0.02
B Vinyl Ester 300 10 SeaWater  9.25  9.29  9.27 0.02
A Epoxy 300 13 0 12.59 12.61 12.60 0.01
B Vinyl Ester 300 13 0 12.54 12.60 12.57 0.03
A Epoxy 300 13 200 12.54 12,58 12.56 0.02
B Vinyl Ester 300 13 200 12,53 12,57 12,55 0.02
A Epoxy 300 13 20000 12.50 12.54 12.52 0.02
B Vinyl Ester 300 13 20000 12.46 1248 12.47 0.01
A Epoxy 300 13 SeaWater 12.46 12.52 12.49 0.03
B Vinyl Ester 300 13 SeaWater 12.42 1248 12.45 0.03




Table 1.3: pH Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
pH
Manuf. Fiber Exposure Period pH Cl™ A \Y o o
Type  Type Days ppm
A Sized 300 4 0 4.23 4.29 4.26 0.03
B Sized 300 4 0 4.22 424 423 0.01
C Sized 300 4 0 430 4.34 432 0.02
A Sized 300 4 200 433  4.34 434 0.01
B Sized 300 4 200 432 433 432 0.01
C Sized 300 4 200 436  4.38  4.37 0.01
A Sized 300 4 20000 4.55 4.63 4.59 0.04
B Sized 300 4 20000 4.54 455 454 0.01
C Sized 300 4 20000 4.53  4.57 4.55 0.02
A Sized 300 4  SeaWater 4.58 4.64 4.61 0.03
B Sized 300 4  SeaWater 4.56  4.57  4.57 0.01
C Sized 300 4  SeaWater 4.58 4.62 4.60 0.02
A Unsized 300 4 0 436 4.37 436 0.01
B Unsized 300 4 0 4.32 436 4.34 0.02
A Unsized 300 4 200 4.37 445 441 0.04
B Unsized 300 4 200 4.34 438 4.36 0.02
A Unsized 300 4 20000 4.46 450 448 0.02
B Unsized 300 4 20000 4.35 4.39  4.37 0.02
A Unsized 300 4  SeaWater 444 450 4.47 0.03
B Unsized 300 4 SeaWater 442 448 4.45 0.03
A Sized 300 7T 0 732 736 7.34 0.02
B Sized 300 7 0 729 733 731 0.02
C Sized 300 7 0 735 736 7.36 0.01
A Sized 300 7 200 747 755  7.51 0.04
B Sized 300 7 200 743 749 746 0.03
C Sized 300 7 200 754 756 7.55 0.01
A Sized 300 7 20000 754 7.62 7.58 0.04
B Sized 300 7 20000 751 7.52 7.51 0.01
C Sized 300 7 20000 7.63 7.66 7.64 0.02
A Sized 300 7 SeaWater 7.63 7.69 7.66 0.03
B Sized 300 7 SeaWater 7.55 7.56  7.55 0.01
C Sized 300 7 SeaWater 7.73 7.75 7.74 0.01
A Unsized 300 7T 0 735 743 739 0.04
B Unsized 300 7 0 724 725 724 0.01
A Unsized 300 7 200 744 748 < 7.46 0.02
B Unsized 300 7 200 729 733 731 0.02
A Unsized 300 7 20000 744 752  7.48 0.04

Continued on next page ...




Table 1.3: pH Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
pH
Manuf. Fiber Exposure Period pH Cl™ A \Y o o
Type  Type Days ppm
B Unsized 300 7 20000 735 743 739 0.04
A Unsized 300 7 SeaWater 7.48 7.56 7.52 0.04
B Unsized 300 7 SeaWater 7.37 7.45 741 0.04
A Sized 300 10 0 10.25 10.29 10.27 0.02
B Sized 300 10 0 10.24 10.25 10.24 0.01
C Sized 300 10 0 10.69 10.73 10.71 0.02
A Sized 300 10 200 1042 10.43 10.43 0.01
B Sized 300 10 200 10.35 10.39 10.37 0.02
C Sized 300 10 200 10.80 10.82 10.81 0.01
A Sized 300 10 20000 10.50 10.54 10.52 0.02
B Sized 300 10 20000 10.44 10.45 10.44 0.01
C Sized 300 10 20000 10.85 10.87 10.86 0.01
A Sized 300 10 SeaWater 10.63 10.67 10.65 0.02
B Sized 300 10 SeaWater 10.57 10.58 10.57 0.01
C Sized 300 10 SeaWater 10.86 10.91 10.89 0.03
A Unsized 300 10 0 10.25 10.33 10.29 0.04
B Unsized 300 10 0 10.14 10.20 10.17 0.03
A Unsized 300 10 200 10.32 10.36 10.34 0.02
B Unsized 300 10 200 10.20 10.21 10.20 0.01
A Unsized 300 10 20000 10.33 10.41 10.37 0.04
B Unsized 300 10 20000 10.22 10.30 10.26 0.04
A Unsized 300 10 SeaWater 10.39 10.45 10.42 0.03
B Unsized 300 10 SeaWater 10.33 10.37 10.35 0.02
A Sized 300 13 0 12.45 12.49 12.47 0.02
B Sized 300 13 0 12.44 1245 1244 0.01
C Sized 300 13 0 12.61 12.65 12.63 0.02
A Sized 300 13 200 12.59 12.63 12.61 0.02
B Sized 300 13 200 12.57 12.61 12.59 0.02
C Sized 300 13 200 12.76 12.77 12,77 0.01
A Sized 300 13 20000 12.61 12.65 12.63 0.02
B Sized 300 13 20000 12.61 12.62 12.62 0.01
C Sized 300 13 20000 12.79 12.83 12.81 0.02
A Sized 300 13 SeaWater 12.65 12.69 12.67 0.02
B Sized 300 13 SeaWater 12.62 12.68 12.65 0.03
C Sized 300 13 SeaWater 12.88 12.89 12.88 0.01
A Unsized 300 13 0 12.42 1246 12.44 0.02
B Unsized 300 13 0 12.29 12.34 12.31 0.03

Continued on next page ...




Table 1.3: pH Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
pH
Manuf. Fiber Exposure Period pH Cl™ A \Y o o
Type  Type Days ppm
A Unsized 300 13 200 12.43 1249 1246 0.03
B Unsized 300 13 200 12.37 1238 1237 0.01
A Unsized 300 13 20000 12.58 12.59 12.58 0.01
B Unsized 300 13 20000 12.50 12,56 12.53 0.03
A Unsized 300 13  SeaWater 12.62 12.68 12.65 0.03
B Unsized 300 13 SeaWater 12.60 12.66 12.63 0.03

The change in pH of exposure environments after the exposure period was calculated and

the data was plotted in the following Figures 1.1, 1.2, and 1.3.
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1.2.2 Salinity

Salinity of the chemical environments was measured after 300 days of exposure. Tables 1.4,
1.5, and 1.6 below shows the salinity data of environments in which rebars, resins, and fibers

were exposed.

Table 1.4: Salinity Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Salinity
Manuf. Resin Lot  Exposure Period pH Cl™ A vV o o
Type  Type No. Days ppm ppm ppm ppm ppm
A Epoxy 1 300 4 0 30.09 31.24 30.67 0.58
B Vinyl Ester 1 300 4 0 55.51 57.82 56.67 1.15
C Epoxy 1 300 4 0 45.09 46.24 45.67 0.58
A Epoxy 1 300 4 200 360.14 363.19 361.67 1.53
B Vinyl Ester 1 300 4 200 371.00 375.00 373.00 2.00
C Epoxy 1 300 4 200 380.14 383.19 381.67 1.53
A Epoxy 1 300 4 20000 33400.00 33420.00 33410.00 10.00
B Vinyl Ester 1 300 4 20000 33407.56  33419.11 33413.33 5.77
C Epoxy 1 300 4 20000 33590.00 33610.00 33600.00 10.00
A Epoxy 1 300 4 SeaWater 34218.17 34268.50 34243.33 25.17
B Vinyl Ester 1 300 4 SeaWater 35708.06 35738.61 35723.33 15.28
C Epoxy 1 300 4 SeaWater 34408.17 34458.50 34433.33 25.17
A Epoxy 2 300 4 0 20.59 24.75 22.67 2.08
B Vinyl Ester 2 300 4 0 69.09 70.24 69.67 0.58
C Epoxy 2 300 4 0 54.27 57.73 56.00 1.73
A Epoxy 2 300 4 200 349.51 351.82 350.67 1.15
B Vinyl Ester 2 300 4 200 349.51 351.82 350.67 1.15
C Epoxy 2 300 4 200 410.35 415.65 413.00 2.65
A Epoxy 2 300 4 20000 33010.00 33030.00 33020.00 10.00
B Vinyl Ester 2 300 4 20000 33282.68 33317.32 33300.00 17.32
C Epoxy 2 300 4 20000 33153.54 33206.46 33180.00 26.46
A Epoxy 2 300 4 SeaWater 33128.17 33178.50 33153.33 25.17
B Vinyl Ester 2 300 4 SeaWater 34495.85 34537.48 34516.67 20.82
C Epoxy 2 300 4 SeaWater 34023.54 34076.46 34050.00 26.46
A Epoxy 1 300 7 0 41.51 43.82 42.67 1.15
B Vinyl Ester 1 300 7 0 42.27 45.73 44.00 1.73
C Epoxy 1 300 7 0 56.51 58.82 57.67 1.15
A Epoxy 1 300 7 200 372.81 375.86 374.33 1.53
B Vinyl Ester 1 300 7 200 387.00 389.00 388.00 1.00
C Epoxy 1 300 7 200 392.81 395.86 394.33 1.53
A Epoxy 1 300 7 20000 33218.06 33248.61 33233.33 15.28
B Vinyl Ester 1 300 7 20000 33413.54 33466.46 33440.00 26.46
C Epoxy 1 300 7 20000 33408.06 33438.61 33423.33 15.28
A Epoxy 1 300 7 SeaWater 34292.52 34334.15 34313.33 20.82
B Vinyl Ester 1 300 7 SeaWater 34420.00 34440.00 34430.00 10.00
C Epoxy 1 300 7 SeaWater 34482.52 34524.15 34503.33 20.82
A Epoxy 2 300 7 0 32.51 34.82 33.67 1.15
B Vinyl Ester 2 300 7 0 29.09 30.24 29.67 0.58
C Epoxy 2 300 7 0 65.36 69.98 67.67 2.31
A Epoxy 2 300 7 200 362.81 365.86 364.33 1.53

Continued on next page ...
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Table 1.4: Salinity Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Salinity
Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o
Type  Type No. Days ppm ppm ppm ppm ppm
B Vinyl Ester 2 300 7 200 363.81 366.86 365.33 1.53
C Epoxy 2 300 7 200 454.25 458.41 456.33 2.08
A Epoxy 2 300 7 20000 33241.79 33264.88 33253.33 11.55
B Vinyl Ester 2 300 7 20000 32963.54 33016.46 32990.00 26.46
C Epoxy 2 300 7 20000 33301.79 33324.88 33313.33 11.55
A Epoxy 2 300 7 SeaWater 33402.52 33444.15 33423.33 20.82
B Vinyl Ester 2 300 7 SeaWater 34267.56 34279.11 34273.33 5.77
C Epoxy 2 300 7 SeaWater 34312.68 34347.32 34330.00 17.32
A Epoxy 1 300 10 O 34.36 38.98 36.67 2.31
B Vinyl Ester 1 300 10 O 58.81 61.86 60.33 1.53
C Epoxy 1 300 10 O 49.36 53.98 51.67 2.31
A Epoxy 1 300 10 200 371.14 374.19 372.67 1.53
B Vinyl Ester 1 300 10 200 379.25 383.41 381.33 2.08
C Epoxy 1 300 10 200 391.14 394.19 392.67 1.53
A Epoxy 1 300 10 20000 33261.39 33291.94 33276.67 15.28
B Vinyl Ester 1 300 10 20000 33630.00 33670.00 33650.00 20.00
C Epoxy 1 300 10 20000 33451.39 33481.94 33466.67 15.28
A Epoxy 1 300 10 SeaWater 35021.79 35044.88 35033.33 11.55
B Vinyl Ester 1 300 10 SeaWater 35091.79 35114.88 35103.33 11.55
C Epoxy 1 300 10 SeaWater 35211.79 35234.88 35223.33 11.55
A Epoxy 2 300 10 O 34.51 36.82 35.67 1.15
B Vinyl Ester 2 300 10 O 27.14 30.19 28.67 1.53
C Epoxy 2 300 10 O 49.18 51.49 50.33 1.15
A Epoxy 2 300 10 200 370.25 374.41 372.33 2.08
B Vinyl Ester 2 300 10 200 362.09 363.24 362.67 0.58
C Epoxy 2 300 10 200 450.59 454.75 452.67 2.08
A Epoxy 2 300 10 20000 33506.08 33600.59 33553.33 47.26
B Vinyl Ester 2 300 10 20000 33308.17 33358.50 33333.33 25.17
C Epoxy 2 300 10 20000 33805.12 33828.21 33816.67 11.55
A Epoxy 2 300 10 SeaWater 33831.39 33861.94 33846.67 15.28
B Vinyl Ester 2 300 10 SeaWater 35151.79 35174.88 35163.33 11.55
C Epoxy 2 300 10 SeaWater 35380.00 35400.00 35390.00 10.00
A Epoxy 1 300 13 0 2529.59 2533.75 2531.67 2.08
B Vinyl Ester 1 300 13 0 1564.51 1566.82 1565.67 1.15
C Epoxy 1 300 13 0 2769.59 2773.75 2771.67 2.08
A Epoxy 1 300 13 200 3333.25 3337.41 3335.33 2.08
B Vinyl Ester 1 300 13 200 1937.27 1940.73 1939.00 1.73
C Epoxy 1 300 13 200 3335.25 3339.41 3337.33 2.08
A Epoxy 1 300 13 20000 22400.00 22440.00 22420.00 20.00
B Vinyl Ester 1 300 13 20000 28981.79 29004.88 28993.33 11.55
C Epoxy 1 300 13 20000 22590.00 22630.00 22610.00 20.00
A Epoxy 1 300 13 SeaWater 25572.52 25614.15 25593.33  20.82
B Vinyl Ester 1 300 13 SeaWater 29822.78 29883.88 29853.33 30.55
C Epoxy 1 300 13 SeaWater 25762.52 25804.15 25783.33  20.82
A Epoxy 2 300 13 0 2384.55 2392.12 2388.33 3.79
B Vinyl Ester 2 300 13 0 1801.00 1805.00 1803.00 2.00
C Epoxy 2 300 13 0 2969.59 2973.75 2971.67 2.08
A Epoxy 2 300 13 200 3330.25 3334.41 3332.33 2.08
B Vinyl Ester 2 300 13 200 2299.14 2302.19 2300.67 1.53

Continued on next page ...
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Table 1.4: Salinity Test Statistical values for All Rebar Sample Groups
Sample Group Statistical Values
Salinity
Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o

Type  Type No. Days ppm ppm ppm ppm ppm

C Epoxy 2 300 13 200 3221.59 3225.75 3223.67 2.08

A Epoxy 2 300 13 20000 22230.00 22250.00 22240.00 10.00

B Vinyl Ester 2 300 13 20000 28708.06 28738.61 28723.33 15.28

C Epoxy 2 300 13 20000 23911.39 23941.94 23926.67 15.28

A Epoxy 2 300 13 SeaWater 25291.39 25321.94 25306.67 15.28

B Vinyl Ester 2 300 13 SeaWater 31518.06 31548.61 31533.33 15.28

C Epoxy 2 300 13 SeaWater 27143.54 27196.46 27170.00 26.46

Table 1.5: Salinity Test Statistical values for All Resin Sample Groups
Sample Group Statistical Values
Salinity
Manuf. Resin Exposure Period pH Cl° A \% I o

Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 17.76 18.91 18.33  0.58
B Vinyl Ester 300 4 0 24.81 27.86 26.33  1.53
A Epoxy 300 4 200 351.76 352.91 352.33  0.58
B Vinyl Ester 300 4 200 345.81 348.86 34733  1.53
A Epoxy 300 4 20000 33681.39 33711.94 33696.67 15.28
B Vinyl Ester 300 4 20000 33590.00 33610.00 33600.00 10.00
A Epoxy 300 4  SeaWater 34761.39 34791.94 34776.67 15.28
B Vinyl Ester 300 4  SeaWater 35018.06 35048.61 35033.33 15.28
A Epoxy 300 7 0 17.00 19.00 18.00  1.00
B Vinyl Ester 300 7 0 23.76 24.91 24.33  0.58
A Epoxy 300 7 200 358.00 360.00 359.00  1.00
B Vinyl Ester 300 7 200 359.09 360.24 359.67  0.58
A Epoxy 300 7 20000 33728.06 33758.61 33743.33 15.28
B Vinyl Ester 300 7 20000 34100.89 34112.44 34106.67  5.77
A Epoxy 300 7 SeaWater 35090.89 35102.44 35096.67  5.77
B Vinyl Ester 300 7  SeaWater 34558.06 34588.61 34573.33 15.28
A Epoxy 300 10 0 6.81 9.86 8.33 1.53
B Vinyl Ester 300 10 0 7.09 8.24 7.67  0.58
A Epoxy 300 10 200 349.14 352.19 350.67  1.53
B Vinyl Ester 300 10 200 346.18 348.49 34733  1.15
A Epoxy 300 10 20000 33695.12 33718.21 33706.67 11.55
B Vinyl Ester 300 10 20000 33595.85 33637.48 33616.67 20.82

Continued on next page ...
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Table 1.5: Salinity Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Salinity
Manuf. Resin Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 10 SeaWater 36258.06 36288.61 36273.33 15.28
B Vinyl Ester 300 10 SeaWater 34970.00 34990.00 34980.00 10.00
A Epoxy 300 13 0 4340.89 4352.44 4346.67 5.77
B Vinyl Ester 300 13 0 4257.56 4269.11 4263.33 5.77
A Epoxy 300 13 200 4664.51 4666.82 4665.67 1.15
B Vinyl Ester 300 13 200 4628.09 4629.24 4628.67 0.58
A Epoxy 300 13 20000 39978.06 40008.61 39993.33 15.28
B Vinyl Ester 300 13 20000 37941.39 37971.94 37956.67 15.28
A Epoxy 300 13  SeaWater 43713.94 43786.06 43750.00 36.06
B Vinyl Ester 300 13 SeaWater 38703.94 38776.06 38740.00 36.06
Table 1.6: Salinity Test Statistical values for All Fiber Sample Groups
Sample Group Statistical Values
Salinity
Manuf. Fiber Exposure Period pH CI° A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 4 0 15.02 19.64 17.33 2.31
B Sized 300 4 0 28.76 29.91 29.33 0.58
C Sized 300 4 0 19.02 23.64 21.33 2.31
A Sized 300 4 200 342.59 346.75 344.67 2.08
B Sized 300 4 200 350.09 351.24 350.67 0.58
C Sized 300 4 200 344.59 348.75 346.67 2.08
A Sized 300 4 20000 33251.39 33281.94 33266.67 15.28
B Sized 300 4 20000 33425.12  33448.21 33436.67 11.55
C Sized 300 4 20000 33361.39 33391.94 33376.67 15.28
A Sized 300 4 SeaWater 34221.39 34251.94 34236.67 15.28
B Sized 300 4 SeaWater 33932.78 33993.88 33963.33 30.55
C Sized 300 4 SeaWater 34331.39 34361.94 34346.67 15.28
A Unsized 300 4 0 11.76 12.91 12.33 0.58
B Unsized 300 4 0 15.14 18.19 16.67 1.53
A Unsized 300 4 200 344.81 347.86 346.33 1.53
B Unsized 300 4 200 346.81 349.86 348.33 1.53
A Unsized 300 4 20000 33305.85 33347.48 33326.67 20.82

Continued on next page ...

16



Table 1.6: Salinity Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Salinity
Manuf. Fiber Exposure Period pH CI™ A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
B Unsized 300 4 20000 33417.56 33429.11 33423.33  5.77
A Unsized 300 4  SeaWater 34482.68 34517.32 34500.00 17.32
B Unsized 300 4 SeaWater 34198.06 34228.61 34213.33 15.28
A Sized 300 7 0 11.09 12.24 11.67  0.58
B Sized 300 7 0 22.00 24.00 23.00 1.00
C Sized 300 7 0 15.09 16.24 15.67  0.58
A Sized 300 7 200 352.00 354.00 353.00  1.00
B Sized 300 7 200 354.09 355.24 354.67  0.58
C Sized 300 7 200 354.00 356.00 355.00  1.00
A Sized 300 7 20000 33785.85 33827.48 33806.67 20.82
B Sized 300 7 20000 33381.55 33451.79 33416.67 35.12
C Sized 300 7 20000 33895.85 33937.48 33916.67 20.82
A Sized 300 7  SeaWater 34000.89 34012.44 34006.67  5.77
B Sized 300 7 SeaWater 3457547 34651.19 34613.33 37.86
C Sized 300 7 SeaWater 34110.89 34122.44 34116.67 5.77
A Unsized 300 7 0 21.00 23.00 22.00  1.00
B Unsized 300 7 0 24.76 25.91 25.33  0.58
A Unsized 300 7 200 363.27 366.73 365.00 1.73
B Unsized 300 7 200 354.76 355.91 355.33  0.58
A Unsized 300 7 20000 33630.00 33650.00 33640.00 10.00
B Unsized 300 7 20000 33731.39 33761.94 33746.67 15.28
A Unsized 300 7  SeaWater 34268.06 34298.61 34283.33 15.28
B Unsized 300 7 SeaWater 34308.06 34338.61 34323.33 15.28
A Sized 300 10 0 7.81 10.86 9.33 1.53
B Sized 300 10 0 12.25 16.41 14.33  2.08
C Sized 300 10 O 11.81 14.86 13.33  1.53
A Sized 300 10 200 351.51 353.82 352.67  1.15
B Sized 300 10 200 352.76 353.91 353.33  0.58
C Sized 300 10 200 353.51 355.82 354.67  1.15
A Sized 300 10 20000 34160.89 34172.44 34166.67  5.77
B Sized 300 10 20000 34032.52 34074.15 34053.33 20.82
C Sized 300 10 20000 34270.89 34282.44 34276.67 5.77
A Sized 300 10  SeaWater 35002.68 35037.32 35020.00 17.32
B Sized 300 10 SeaWater 35331.55 35401.79 35366.67 35.12
C Sized 300 10 SeaWater 35112.68 35147.32 35130.00 17.32
A Unsized 300 10 0 13.14 16.19 14.67  1.53
B Unsized 300 10 O 11.76 12.91 12.33 0.58

Continued on next page ...
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Table 1.6: Salinity Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Salinity
Manuf. Fiber Exposure Period pH CI™ A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
A Unsized 300 10 200 355.81 358.86 357.33  1.53
B Unsized 300 10 200 352.09 353.24 352.67  0.58
A Unsized 300 10 20000 33827.56 33839.11 33833.33  5.77
B Unsized 300 10 20000 33870.24 33916.43 33893.33 23.09
A Unsized 300 10 SeaWater 35865.85 35907.48 35886.67 20.82
B Unsized 300 10 SeaWater 35511.79 35534.88 35523.33 11.55
A Sized 300 13 0 3677.56 3689.11 3683.33  5.77
B Sized 300 13 0 3268.17 3318.50 3293.33 25.17
C Sized 300 13 0 3797.56 3809.11 3803.33  5.77
A Sized 300 13 200 4001.27 4004.73 4003.00  1.73
B Sized 300 13 200 3830.15 3837.18 3833.67  3.51
C Sized 300 13 200 4010.27 4013.73 4012.00  1.73
A Sized 300 13 20000 34140.00 34160.00 34150.00 10.00
B Sized 300 13 20000 34724.52 34788.81 34756.67 32.15
C Sized 300 13 20000 34250.00 34270.00 34260.00 10.00
A Sized 300 13 SeaWater 35306.41 35393.59 35350.00 43.59
B Sized 300 13 SeaWater 35826.12 35887.22 35856.67 30.55
C Sized 300 13 SeaWater 35416.41 35503.59 35460.00 43.59
A Unsized 300 13 0 3080.24 3126.43 3103.33  23.09
B Unsized 300 13 0 3397.56 3409.11 3403.33  5.77
A Unsized 300 13 200 3535.00 3541.00 3538.00  3.00
B Unsized 300 13 200 3835.12 3841.55 3838.33  3.21
A Unsized 300 13 20000 34581.39 34611.94 34596.67 15.28
B Unsized 300 13 20000 34742.52 34784.15 34763.33 20.82
A Unsized 300 13 SeaWater 35484.00 35582.66 35533.33 49.33
B Unsized 300 13 SeaWater 35960.00 35980.00 35970.00 10.00

For a better understanding, change in the salinity content of the environments was plotted

in graphs in Figure 1.4, 1.5, and 1.6.
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1.2.3 Dissolved oxygen (DO)

DO of the chemical environments was measured after 300 days of exposure. Tables 1.7, 1.8,
and 1.9 below shows the DO data of environments in which rebars, resins, and fibers were

exposed.

Table 1.7: Dissolved Oxygen Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Dissolved Oxygen

Manuf. Resin Lot Exposure Period pH Cl™ A \Y " o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
A Epoxy 1 300 4 0 8.66 8.70 8.68 0.02
B Vinyl Ester 1 300 4 0 870 873 872 0.02
C Epoxy 1 300 4 0 8.65 871 868 0.03
A Epoxy 1 300 4 200 8.60 8.64 8.62 0.02
B Vinyl Ester 1 300 4 200 8.64 878 871 0.07
C Epoxy 1 300 4 200 859 8.62 8.60 0.02
A Epoxy 1 300 4 20000 851 852 852 0.01
B Vinyl Ester 1 300 4 20000 8.65 8.66 8.65 0.01
C Epoxy 1 300 4 20000 848 854 851 0.03
A Epoxy 1 300 4  SeaWater 847 853 850 0.03
B Vinyl Ester 1 300 4 SeaWater 850 8.56 8.53 0.03
C Epoxy 1 300 4 SeaWater 840 842 841 0.01
A Epoxy 2 300 4 0 851 859 855 0.04
B Vinyl Ester 2 300 4 0 8.68 880 874 0.06
C Epoxy 2 300 4 0 8.38 848 843 0.05
A Epoxy 2 300 4 200 847 850 848 0.02
B Vinyl Ester 2 300 4 200 870 871 871 0.01
C Epoxy 2 300 4 200 841 843 8.42 0.01
A Epoxy 2 300 4 20000 8.38 843 841 0.03
B Vinyl Ester 2 300 4 20000 8.66 872 869 0.03
C Epoxy 2 300 4 20000 838 839 839 0.01
A Epoxy 2 300 4  SeaWater 8.26 8.29 8.28 0.02
B Vinyl Ester 2 300 4 SeaWater 8.45 855 850 0.05
C Epoxy 2 300 4  SeaWater 7.67 7.74 7.70 0.04
A Epoxy 1 300 7 0 8.66 8.68 8.67 0.01
B Vinyl Ester 1 300 7 0 8.67 877 872 0.05
C Epoxy 1 300 7 0 8.60 8.64 8.62 0.02

Continued on next page ...
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Table 1.7: Dissolved Oxygen Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
A Epoxy 1 300 7 200 8.57 861 859 0.02
B Vinyl Ester 1 300 7 200 8.67 875 871 0.04
C Epoxy 1 300 7 200 849 855 852 0.03
A Epoxy 1 300 7 20000 852 853 852 0.01
B Vinyl Ester 1 300 7 20000 8.62 864 8.63 0.01
C Epoxy 1 300 7 20000 8.44 848 8.46 0.02
A Epoxy 1 300 7 SeaWater 841 843 8.42 0.01
B Vinyl Ester 1 300 7 SeaWater 851 852 851 0.01
C Epoxy 1 300 7 SeaWater 833 835 834 0.01
A Epoxy 2 300 7 0 8.46 852 849 0.03
B Vinyl Ester 2 300 7 0 870 874 872 0.02
C Epoxy 2 300 7 0 837 843 840 0.03
A Epoxy 2 300 7 200 8.37 843 840 0.03
B Vinyl Ester 2 300 7 200 8.68 871 8.70 0.02
C Epoxy 2 300 7 200 834 843 839 0.05
A Epoxy 2 300 7 20000 830 836 833 0.03
B Vinyl Ester 2 300 7 20000 8.64 865 8.65 0.01
C Epoxy 2 300 7 20000 831 833 832 0.01
A Epoxy 2 300 7 SeaWater 820 823 821 0.02
B Vinyl Ester 2 300 7 SeaWater 849 851 850 0.01
C Epoxy 2 300 7 SeaWater 7.38 7.42 7.40 0.02
A Epoxy 1 300 10 O 8.62 8.69 8.66 0.03
B Vinyl Ester 1 300 10 0 8.68 874 871 0.03
C Epoxy 1 300 10 0 847 854 850 0.04
A Epoxy 1 300 10 200 8.56 861 858 0.03
B Vinyl Ester 1 300 10 200 8.68 873 870 0.03
C Epoxy 1 300 10 200 837 844 841 0.03
A Epoxy 1 300 10 20000 841 849 845 0.04
B Vinyl Ester 1 300 10 20000 8.55 8.67 861 0.06
C Epoxy 1 300 10 20000 8.30 837 834 0.03
A Epoxy 1 300 10  SeaWater 8.04 8.08 8.06 0.02
B Vinyl Ester 1 300 10 SeaWater 8.48 852 8.50 0.02

Continued on next page ...
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Table 1.7: Dissolved Oxygen Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 1 300 10 SeaWater 820 824 822 0.02
A Epoxy 2 300 10 O 8.35 842 838 0.04
B Vinyl Ester 2 300 10 0 8.64 8.65 8.65 0.01
C Epoxy 2 300 10 0 837 840 839 0.02
A Epoxy 2 300 10 200 8.27 831 829 0.02
B Vinyl Ester 2 300 10 200 8.64 8.65 8.65 0.01
C Epoxy 2 300 10 200 835 836 836 0.01
A Epoxy 2 300 10 20000 819 826 822 0.04
B Vinyl Ester 2 300 10 20000 855 863 859 0.04
C Epoxy 2 300 10 20000 8.22 834 828 0.06
A Epoxy 2 300 10 SeaWater 8.05 812 8.09 0.04
B Vinyl Ester 2 300 10 SeaWater 8.44 8.49 8.46 0.02
C Epoxy 2 300 10 SeaWater 7.34 7.35 7.34 0.01
A Epoxy 1 300 13 0 8.62 8.63 8.62 0.01
B Vinyl Ester 1 300 13 0 8.67 8.68 8.68 0.01
C Epoxy 1 300 13 0 788 792 790 0.02
A Epoxy 1 300 13 200 8.44 848  8.46 0.02
B Vinyl Ester 1 300 13 200 8.62 870 8.66 0.04
C Epoxy 1 300 13 200 780 7.82 7.81 0.01
A Epoxy 1 300 13 20000 813 816 814 0.02
B Vinyl Ester 1 300 13 20000 856 8.64 8.60 0.04
C Epoxy 1 300 13 20000 770 772 7.71 0.01
A Epoxy 1 300 13  SeaWater 7.56 7.61  7.58 0.03
B Vinyl Ester 1 300 13 SeaWater 8.44 8.50 8.47 0.03
C Epoxy 1 300 13 SeaWater 7.52 7.58 7.55 0.03
A Epoxy 2 300 13 0 774 780 7.77 0.03
B Vinyl Ester 2 300 13 0 8.61 864 8.63 0.02
C Epoxy 2 300 13 0 824 834 829 0.05
A Epoxy 2 300 13 200 7.68 7.70 7.69 0.01
B Vinyl Ester 2 300 13 200 8.56 857 857 0.01
C Epoxy 2 300 13 200 8.25 828 8.27 0.02
A Epoxy 2 300 13 20000 7.56  7.61 7.59 0.02

Continued on next page ...
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Table 1.7: Dissolved Oxygen Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Manuf.

Dissolved Oxygen

Resin Lot Exposure Period pH Cl° A \Y I o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 2 300 13 20000 8.52 858 855 0.03
C Epoxy 2 300 13 20000 813 816 814 0.02
A Epoxy 2 300 13 SeaWater 7.46 7.51 7.49 0.03
B Vinyl Ester 2 300 13 SeaWater 8.44 846 845 0.01
C Epoxy 2 300 13 SeaWater 7.06 7.16 7.11 0.05

Table 1.8: Dissolved Oxygen Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Resin Exposure Period pH CI™ A \% W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Epoxy 300 4 0 8.74 876 875 0.01
B Vinyl Ester 300 4 0 8.67 875 871 0.04
A Epoxy 300 4 200 8.66 874 870 0.04
B Vinyl Ester 300 4 200 8.68 8.69 869 0.01
A Epoxy 300 4 20000 8.65 8.67 8.66 0.01
B Vinyl Ester 300 4 20000 8.63 8.68 8.66 0.03
A Epoxy 300 4  SeaWater 8.47 848 847 0.01
B Vinyl Ester 300 4  SeaWater 847 855 851 0.04
A Epoxy 300 7 0 8.71 875 873 0.02
B Vinyl Ester 300 7 0 8.67 868 8.67 0.01
A Epoxy 300 7 200 8.66 8.69 8.68 0.02
B Vinyl Ester 300 7 200 8.63 8.69 8.66 0.03
A Epoxy 300 7 20000 8.63 8.66 8.64 0.02
B Vinyl Ester 300 7 20000 8.64 8.67 865 0.02
A Epoxy 300 7 SeaWater 845 847 8.46 0.01
B Vinyl Ester 300 7 SeaWater 845 855 850 0.05
A Epoxy 300 10 0 8.65 870 8.67 0.03

Continued on next page ...

25



Table 1.8: Dissolved Oxygen Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Resin Exposure Period pH CI™ A \% I o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 300 10 0 8.62 8.68 8.65 0.03
A Epoxy 300 10 200 8.61 8.65 8.63 0.02
B Vinyl Ester 300 10 200 8.65 8.68 8.66 0.02
A Epoxy 300 10 20000 8.60 8.62 8.61 0.01
B Vinyl Ester 300 10 20000 8.60 8.66 8.63 0.03
A Epoxy 300 10 SeaWater 8.40 8.52 8.46 0.06
B Vinyl Ester 300 10  SeaWater 8.46 848 847 0.01
A Epoxy 300 13 0 8.66 8.67 8.67 0.01
B Vinyl Ester 300 13 0 8.61 8.67 8.64 0.03
A Epoxy 300 13 200 8.62 8.63 8.62 0.01
B Vinyl Ester 300 13 200 8.60 8.66 8.63 0.03
A Epoxy 300 13 20000 8.54 8.64 859 0.05
B Vinyl Ester 300 13 20000 8.56  8.58 8.57 0.01
A Epoxy 300 13 SeaWater 8.44 8.47 8.45 0.02
B Vinyl Ester 300 13 SeaWater 8.45 849 847 0.02

Table 1.9: Dissolved Oxygen Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Manuf.

Fiber

Dissolved Oxygen

Exposure Period pH Cl™ A Vv 1 o
Type  Type Days ppm ppm  ppm  ppm ppm
A Sized 300 4 0 873 874 874 0.01
B Sized 300 4 0 877 878 877 0.01
C Sized 300 4 8.68 872 870 0.02
A Sized 300 4 200 870 873 871 0.02
B Sized 300 4 200 8.67 8.68 &8.68 0.01
C Sized 300 4 200 8.62 8.65 864 0.02

Continued on next page ...
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Table 1.9: Dissolved Oxygen Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Fiber Exposure Period pH Cl1™ A Vv 1 o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 20000 8.68 870 8.69 0.01
B Sized 300 4 20000 8.60 8.67 8.63 0.04
C Sized 300 4 20000 859 861 8.60 0.01
A Sized 300 4  SeaWater 851 854 852 0.02
B Sized 300 4  SeaWater 852 854 853 0.01
C Sized 300 4 SeaWater 855 857 856 0.01
A Unsized 300 4 0 874 875 875 0.01
B Unsized 300 4 0 872 876 874 0.02
A Unsized 300 4 200 8.69 873 871 0.02
B Unsized 300 4 200 871 873 872 0.01
A Unsized 300 4 20000 8.63 870 8.67 0.04
B Unsized 300 4 20000 8.67 871 8.69 0.02
A Unsized 300 4 SeaWater 846 850 8.48 0.02
B Unsized 300 4 SeaWater 850 852 851 0.01
A Sized 300 7 0 873 875 874 0.01
B Sized 300 7 0 8.67 873 8.70 0.03
C Sized 300 7 0 8.68 8.69 8.68 0.01
A Sized 300 7 200 8.66 8.69 8.68 0.02
B Sized 300 7 200 8.65 8.69 8.67 0.02
C Sized 300 7 200 859 861 8.60 0.01
A Sized 300 7 20000 8.64 870 8.67 0.03
B Sized 300 7 20000 8.60 8.64 8.62 0.02
C Sized 300 7 20000 851 855 853 0.02
A Sized 300 7  SeaWater 847 848 847 0.01
B Sized 300 7 SeaWater 846 854 850 0.04
C Sized 300 7 SeaWater 848 850 849 0.01
A Unsized 300 7 0 874 875 874 0.01
B Unsized 300 7 0 871 877 874 0.03
A Unsized 300 7 200 8.68 8.69 8.69 0.01
B Unsized 300 7 200 870 871 870 0.01

Continued on next page ...
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Table 1.9: Dissolved Oxygen Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Dissolved Oxygen

Manuf. Fiber Exposure Period pH Cl™ A Vv 1 o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Unsized 300 7 20000 8.61 869 865 0.04
B Unsized 300 7 20000 8.67 869 868 0.01
A Unsized 300 7 SeaWater 842 847 845 0.03
B Unsized 300 7 SeaWater 847 855 851 0.04
A Sized 300 10 0 870 872 871 0.01
B Sized 300 10 0 8.67 868 868 0.01
C Sized 300 10 0 8.60 863 861 0.02
A Sized 300 10 200 8.65 869 8.67 0.02
B Sized 300 10 200 8.66 8.67 867 0.01
C Sized 300 10 200 851 854 853 0.02
A Sized 300 10 20000 8.62 870 8.66 0.04
B Sized 300 10 20000 8.60 864 862 0.02
C Sized 300 10 20000 847 849 848 0.01
A Sized 300 10 SeaWater 844 848 8.46 0.02
B Sized 300 10 SeaWater 8.46 850 8.48 0.02
C Sized 300 10 SeaWater 837 841 839 0.02
A Unsized 300 10 0 870 872 871 0.01
B Unsized 300 10 0 8.69 877 873 0.04
A Unsized 300 10 200 8.67 869 868 0.01
B Unsized 300 10 200 8.67 872 870 0.03
A Unsized 300 10 20000 8.63 867 865 0.02
B Unsized 300 10 20000 8.66 8.67 866 0.01
A Unsized 300 10 SeaWater 844 846 8.45 0.01
B Unsized 300 10 SeaWater 8.48 853 851 0.02
A Sized 300 13 0 8.6 866 866 0.01
B Sized 300 13 0 8.65 869 867 0.02
C Sized 300 13 0 8.57 859 858 0.01
A Sized 300 13 200 8.64 8.67 8.66 0.02
B Sized 300 13 200 8.65 8.68 8.66 0.02
C Sized 300 13 200 848 851 8.49 0.02

Continued on next page ...
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Table 1.9: Dissolved Oxygen Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Dissolved Oxygen

Manuf. Fiber Exposure Period pH Cl1™ A Vv 1 o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 13 20000 8.61 871 8.66 0.05
B Sized 300 13 20000 858 8.61 8.60 0.02
C Sized 300 13 20000 838 841 8.40 0.02
A Sized 300 13 SeaWater 841 851 8.46 0.05
B Sized 300 13 SeaWater 842 850 8.46 0.04
C Sized 300 13 SeaWater 8.30 834 832 0.02
A Unsized 300 13 0 8.67 8.69 8.68 0.01
B Unsized 300 13 0 8.69 874 871 0.02
A Unsized 300 13 200 8.63 8.67 8.65 0.02
B Unsized 300 13 200 870 872 871 0.01
A Unsized 300 13 20000 8.64 8.65 8.64 0.01
B Unsized 300 13 20000 858 8.65 8.62 0.04
A Unsized 300 13  SeaWater 8.42 845 8.43 0.02
B Unsized 300 13 SeaWater 846 854 850 0.04

For a better understanding, change in the DO content of the environments was plotted
in graphs in Figure 1.7, 1.8, and 1.9. It can be seen that dissolved oxygen content of

environments has decreased overtime.
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1.2.4 Alkalinity

Alkalinity of the chemical environments was measured after 300 days of exposure. Tables 1.10,
1.11, and 1.12 below shows the pH data of environments in which rebars, resins, and fibers

were exposed.
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Table 1.11: Alkalinity Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Alkalinity as CaCOg

Manuf. Resin Exposure pH Cl A \Y W o
Type  Type Days ppm ppm ppm ppm  ppm
A Epoxy 300 4 0 —17.95 —7.59 —7.77 0.18
B Vinyl Ester 300 4 0 —8.92 —17.96 —8.44  0.48
A Epoxy 300 4 200 —8.59 —8.45 —8.52  0.07
B Vinyl Ester 300 4 200 -10.20 -10.15 —-10.17  0.02
A Epoxy 300 4 20000 —11.13 —-10.42 —-10.77  0.36
B Vinyl Ester 300 4 20000 —12.51 —12.37 —12.44 0.07
A Epoxy 300 4  SeaWater —12.91 —12.86 —12.89 0.02
B Vinyl Ester 300 4  SeaWater —14.73 —14.51 —-14.62 0.11
A Epoxy 300 7 0 0.71 1.78 1.25  0.53
B Vinyl Ester 300 7 0 0.29 1.62 0.95 0.67
A Epoxy 300 7 200 0.44 1.76 1.10  0.66
B Vinyl Ester 300 7 200 0.04 1.36 0.70  0.66
A Epoxy 300 7 20000 0.54 1.01 0.77  0.24
B Vinyl Ester 300 7 20000 —0.39 0.90 0.25 0.64
A Epoxy 300 7  SeaWater 55.27 55.93 55.60  0.33
B Vinyl Ester 300 7  SeaWater 53.48 54.15 53.81  0.34
A Epoxy 300 10 0 5.53 5.89 5.71  0.18
B Vinyl Ester 300 10 0 5.08 5.44 5.26  0.18
A Epoxy 300 10 200 3.95 4.37 4.16  0.21
B Vinyl Ester 300 10 200 3.65 4.13 3.89 0.24
A Epoxy 300 10 20000 3.64 4.07 3.85 0.21
B Vinyl Ester 300 10 20000 3.30 3.58 344 0.14
A Epoxy 300 10  SeaWater 94.67 95.84 95.25  0.58
B Vinyl Ester 300 10 SeaWater 92.41 93.58 93.00 0.59
A Epoxy 300 13 0 2137.00 2153.00 2145.00 8.00
B Vinyl Ester 300 13 0 2085.56 2097.78 2091.67  6.11
A Epoxy 300 13 200 2003.98 2015.35 2009.67  5.69
B Vinyl Ester 300 13 200 1943.98 1955.35 1949.67  5.69
A Epoxy 300 13 20000 1887.37 1915.96 1901.67 14.29
B Vinyl Ester 300 13 20000 1847.37 1875.96 1861.67 14.29
A Epoxy 300 13 SeaWater 3954.43 3992.24 3973.33 18.90
B Vinyl Ester 300 13 SeaWater 3927.76 3965.57 3946.67 18.90
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Table 1.12: Alkalinity Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Alkalinity as CaCOj3

Manuf. Fiber Exposure Period pH Cl™ A \Y " o
Type  Type Days ppm ppm ppm ppm  ppm
A Sized 300 4 —2.40 —2.21 —2.31 0.09
B Sized 300 4 0 —2.60 —2.55 —2.57  0.02
C Sized 300 4 —2.16 —1.99 —2.08 0.08
A Sized 300 4 200 —2.14 —2.08 —2.11  0.03
B Sized 300 4 200 —2.34 —2.24 —2.29  0.05
C Sized 300 4 200 —-1.93 —1.87 —-1.90 0.03
A Sized 300 4 20000 —1.86 —1.69 —1.77  0.08
B Sized 300 4 20000 —2.84 —1.83 —2.33  0.50
C Sized 300 4 20000 —1.67 —1.52 —-1.60 0.07
A Sized 300 4  SeaWater —1.30 —0.65 —-0.97 0.33
B Sized 300 4  SeaWater —1.57 —0.96 —-1.27  0.31
C Sized 300 4  SeaWater —1.17 —0.58 —-0.88 0.29
A Unsized 300 4 0 —2.07 —1.82 —1.95 0.13
B Unsized 300 4 0 —2.20 —2.15 —2.17  0.02
A Unsized 300 4 200 —2.03 —1.59 —1.81 0.22
B Unsized 300 4 200 —2.14 —2.12 —-2.13  0.01
A Unsized 300 4 20000 —2.20 —1.98 —2.09 0.11
B Unsized 300 4 20000 —2.13 —-1.07 —-1.60  0.53
A Unsized 300 4  SeaWater —1.60 —0.80 —1.20 0.40
B Unsized 300 4  SeaWater —1.50 —1.04 —-1.27  0.23
A Sized 300 7 0 4.69 4.89 4.79  0.10
B Sized 300 7 0 3.78 5.33 4.55  0.77
C Sized 300 7 0 4.93 5.14 5.03 0.10
A Sized 300 7 200 6.75 7.13 6.94 0.19
B Sized 300 7 200 5.43 6.61 6.02  0.59
C Sized 300 7 200 7.08 7.49 729  0.20
A Sized 300 7 20000 7.00 7.27 713  0.13
B Sized 300 7 20000 6.61 7.12 6.87 0.25
C Sized 300 7 20000 7.35 7.63 749 0.14
A Sized 300 7  SeaWater 78.84 80.07 79.46  0.62
B Sized 300 7  SeaWater 77.11 77.57 77.34  0.23
C Sized 300 7  SeaWater 82.78 84.08 83.43  0.65
A Unsized 300 7 0 3.87 5.39 4.63  0.76
B Unsized 300 7 0 3.71 5.27 4.49  0.78
A Unsized 300 7 200 5.43 6.62 6.02  0.59
B Unsized 300 7 200 5.27 6.43 5.85  0.58
A Unsized 300 7 20000 6.30 6.81 6.55  0.26

Continued on next page ...
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Table 1.12: Alkalinity Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Alkalinity as CaCOj3

Manuf. Fiber Exposure Period pH Cl™ A \Y " o
Type  Type Days ppm ppm ppm ppm  ppm
B Unsized 300 7 20000 6.19 6.70 6.44  0.26
A Unsized 300 7  SeaWater 76.00 77.34 76.67  0.67
B Unsized 300 7  SeaWater 73.81 75.16 74.48 0.68
A Sized 300 10 0 15.48 15.79 15.63  0.16
B Sized 300 10 0 13.98 14.04 14.01 0.03
C Sized 300 10 0 16.25 16.58 16.42  0.16
A Sized 300 10 200 18.78 19.06 18.92  0.14
B Sized 300 10 200 14.86 17.99 16.43 1.56
C Sized 300 10 200 19.72 20.01 19.87  0.15
A Sized 300 10 20000 22.89 24.34 23.61 0.73
B Sized 300 10 20000 18.85 20.57 19.71 0.86
C Sized 300 10 20000 24.03 25.56 24.79  0.76
A Sized 300 10 SeaWater  123.63 124.69 124.16  0.53
B Sized 300 10 SeaWater  122.24  122.62 122.43  0.19
C Sized 300 10 SeaWater  129.81 130.92 130.37  0.55
A Unsized 300 10 0 14.74 15.03 14.89  0.14
B Unsized 300 10 0 10.90 11.30 11.10  0.20
A Unsized 300 10 200 15.27 15.64 15.45  0.19
B Unsized 300 10 200 12.95 13.26 13.11 0.16
A Unsized 300 10 20000 16.64 17.38 17.01 0.37
B Unsized 300 10 20000 14.67 14.77 14.72  0.05
A Unsized 300 10 SeaWater 118.20 119.73 118.97  0.76
B Unsized 300 10 SeaWater 116.84 117.93 117.38 0.54
A Sized 300 13 0 1535.01 1568.32 1551.67 16.65
B Sized 300 13 0 1445.56  1457.78 1451.67  6.11
C Sized 300 13 0 1542.69 1576.16 1559.43 16.74
A Sized 300 13 200 2115.68 2128.99 2122.33  6.66
B Sized 300 13 200 2095.98 2107.35 2101.67  5.69
C Sized 300 13 200 2128.37 2141.77 2135.07  6.70
A Sized 300 13 20000 2187.69 2216.97 2202.33 14.64
B Sized 300 13 20000 2118.00 2140.00 2129.00 11.00
C Sized 300 13 20000 2203.01 2232.49 2217.75 14.74
A Sized 300 13 SeaWater 4220.00 4260.00 4240.00 20.00
B Sized 300 13 SeaWater 4165.56 4243.77 4204.67 39.11
C Sized 300 13 SeaWater 4232.66 4272.78 4252.72 20.06
A Unsized 300 13 0 1443.91 1478.09 1461.00 17.09
B Unsized 300 13 0 1085.56  1097.78 1091.67  6.11

Continued on next page ...
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Table 1.12: Alkalinity Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Alkalinity as CaCOj3

Manuf. Fiber Exposure Period pH Cl™ A \Y " o

Type  Type Days ppm ppm ppm ppm  ppm
A Unsized 300 13 200 1499.73 1522.27 1511.00 11.27
B Unsized 300 13 200 1195.98 1207.35 1201.67  5.69
A Unsized 300 13 20000 2079.72 2111.61 2095.67 15.95
B Unsized 300 13 20000 2118.00 2140.00 2129.00 11.00
A Unsized 300 13  SeaWater 4177.51 4231.82 4204.67 27.15
B Unsized 300 13 SeaWater 4124.43 4164.90 4144.67 20.23

For a better understanding, change in the alkalinity content of the environments was plotted
in graphs in Figure 1.10, 1.11, and 1.12. It can be seen that the alkalinity of all environments
has decreased except for 13pH environments. This would be expected even if the -OH ions
were being consumed since pH 13 has a 1000 times higher -OH content so the same net

consumption would not be noticeable.
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1.2.5 Anions

Chloride

Chloride content of the chemical environments was measured after 300 days of exposure.
Tables 1.13, 1.14, and 1.15 below shows the Chloride data of environments in which rebars,

resins, and fibers were exposed.

Table 1.13: Chloride Ion Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Chloride Ton

Manuf. Resin Lot  Exposure Period pH Cl™ A \Y, ”w o
Type Type No. Days ppm ppm ppm ppm ppm
A Epoxy 1 300 4 0 0.40 0.42 0.41 0.01
B Vinyl Ester 1 300 4 0 0.48 0.54 0.51 0.03
C Epoxy 1 300 4 0 0.52 0.55 0.53 0.01
A Epoxy 1 300 4 200 214.52 214.60 214.56 0.04
B Vinyl Ester 1 300 4 200 204.61 207.33 205.97 1.36
C Epoxy 1 300 4 200 220.95 221.04 220.99 0.04
A Epoxy 1 300 4 20000 19965.12 19988.21 19976.67 11.55
B Vinyl Ester 1 300 4 20000 19911.19 1997548 19943.33 32.15
C Epoxy 1 300 4 20000 19985.08 20008.20 19996.64 11.56
A Epoxy 1 300 4 SeaWater 19789.41 19883.92 19836.67 47.26
B Vinyl Ester 1 300 4 SeaWater 19861.79 19884.88 19873.33 11.55
C Epoxy 1 300 4 SeaWater 19809.20 19903.81 19856.50 47.31
A Epoxy 2 300 4 0 0.36 0.39 0.37 0.02
B Vinyl Ester 2 300 4 0 0.12 0.15 0.14 0.02
C Epoxy 2 300 4 0 0.44 0.47 0.46 0.02
A Epoxy 2 300 4 200 205.76 205.82 205.79 0.03
B Vinyl Ester 2 300 4 200 203.59 204.47 204.03 0.44
C Epoxy 2 300 4 200 211.52 211.58 211.55 0.03
A Epoxy 2 300 4 20000 19945.85 19987.48 19966.67 20.82
B Vinyl Ester 2 300 4 20000 19922.52  19964.15 19943.33  20.82
C Epoxy 2 300 4 20000 19975.77 20017.46 19996.62 20.85
A Epoxy 2 300 4 SeaWater 19796.41 19883.59 19840.00 43.59
B Vinyl Ester 2 300 4 SeaWater 19808.19 19868.47 19838.33 30.14
C Epoxy 2 300 4 SeaWater 19826.11 1991341 19869.76 43.65
A Epoxy 1 300 7 0 0.30 0.36 0.33 0.03
B Vinyl Ester 1 300 7 0 0.35 0.42 0.39 0.04
C Epoxy 1 300 7 0 0.39 0.47 0.43 0.04
A Epoxy 1 300 7 200 211.65 211.68 211.67 0.02
B Vinyl Ester 1 300 7 200 206.53 207.03 206.78 0.25
C Epoxy 1 300 7 200 218.00 218.03 218.02 0.02
A Epoxy 1 300 7 20000 19920.00 19940.00 19930.00 10.00
B Vinyl Ester 1 300 7 20000 19925.85 19967.48 19946.67 20.82
C Epoxy 1 300 7 20000 19939.92 19959.94 19949.93 10.01
A Epoxy 1 300 7 SeaWater 19803.94 19876.06 19840.00 36.06
B Vinyl Ester 1 300 7 SeaWater 19812.68 19847.32 19830.00 17.32
C Epoxy 1 300 7 SeaWater 19823.75 19895.93 19859.84 36.09
A Epoxy 2 300 7 0 0.35 0.37 0.36 0.01
B Vinyl Ester 2 300 7 0 0.27 0.29 0.28 0.01

Continued on next page ...
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Table 1.13: Chloride Ion Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Chloride Ton

Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o
Type  Type No. Days ppm ppm ppm ppm ppm
C Epoxy 2 300 70 0.42 0.45 0.44  0.01
A Epoxy 2 300 7 200 204.61 204.71 204.66 0.05
B Vinyl Ester 2 300 7 200 203.49 204.17 203.83 0.34
C Epoxy 2 300 7 200 210.34 210.44 210.39 0.05
A Epoxy 2 300 7 20000 19912.92 19993.75 19953.33 40.41
B Vinyl Ester 2 300 7 20000 19914.11 19949.23 19931.67 17.56
C Epoxy 2 300 7 20000 19942.79 20023.74 19983.26 40.48
A Epoxy 2 300 7 SeaWater 19832.52 19874.15 19853.33  20.82
B Vinyl Ester 2 300 7 SeaWater 19801.55 19871.79 19836.67 35.12
C Epoxy 2 300 7 SeaWater 19862.27 19903.96 19883.11 20.85
A Epoxy 1 300 10 0 0.61 0.65 0.63 0.02
B Vinyl Ester 1 300 10 0 0.25 0.31 0.28 0.03
C Epoxy 1 300 10 O 0.80 0.85 0.82 0.03
A Epoxy 1 300 10 200 205.26 205.30 205.28 0.02
B Vinyl Ester 1 300 10 200 206.07 207.53 206.80 0.73
C Epoxy 1 300 10 200 211.41 211.46 211.43 0.02
A Epoxy 1 300 10 20000 19894.17 19985.83 19940.00 45.83
B Vinyl Ester 1 300 10 20000 19913.94 19986.06 19950.00 36.06
C Epoxy 1 300 10 20000 19914.07 20005.81 19959.94 45.87
A Epoxy 1 300 10 SeaWater 1982547 19901.19 19863.33 37.86
B Vinyl Ester 1 300 10 SeaWater 19821.50 19871.83 19846.67 25.17
C Epoxy 1 300 10  SeaWater 19845.30 19921.09 19883.20 37.90
A Epoxy 2 300 10 0 0.83 0.87 0.85 0.02
B Vinyl Ester 2 300 10 0 0.50 0.53 0.51 0.02
C Epoxy 2 300 10 0 1.01 1.06 1.04 0.02
A Epoxy 2 300 10 200 206.58 206.64 206.61 0.03
B Vinyl Ester 2 300 10 200 201.61 202.42 202.02 0.40
C Epoxy 2 300 10 200 212.37 212.42 212.40 0.03
A Epoxy 2 300 10 20000 19898.81 19974.53 19936.67 37.86
B Vinyl Ester 2 300 10 20000 19908.17 19958.50 19933.33  25.17
C Epoxy 2 300 10 20000 19928.66 20004.49 19966.57 37.92
A Epoxy 2 300 10 SeaWater 19840.00 19880.00 19860.00 20.00
B Vinyl Ester 2 300 10 SeaWater 19815.47 19891.19 19853.33 37.86
C Epoxy 2 300 10  SeaWater 19869.76 19909.82 19889.79  20.03
A Epoxy 1 300 13 0 0.39 0.43 0.41 0.02
B Vinyl Ester 1 300 13 0 0.45 0.51 0.48 0.03
C Epoxy 1 300 13 0 0.51 0.56 0.54 0.03
A Epoxy 1 300 13 200 212.15 212.19 212.17 0.02
B Vinyl Ester 1 300 13 200 204.60 205.73 205.16 0.57
C Epoxy 1 300 13 200 218.51 218.55 218.53 0.02
A Epoxy 1 300 13 20000 19917.15 20009.52 19963.33 46.19
B Vinyl Ester 1 300 13 20000 19912.78 19973.88 19943.33  30.55
C Epoxy 1 300 13 20000 19937.06 20029.53 19983.30 46.23
A Epoxy 1 300 13 SeaWater 19821.53 19881.81 19851.67 30.14
B Vinyl Ester 1 300 13 SeaWater 19807.80 19865.53 19836.67 28.87
C Epoxy 1 300 13 SeaWater 19841.35 19901.69 19871.52  30.17
A Epoxy 2 300 13 0 0.48 0.51 0.49 0.02
B Vinyl Ester 2 300 13 0 0.60 0.67 0.63 0.03
C Epoxy 2 300 13 0 0.58 0.62 0.60 0.02
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Table 1.13: Chloride Ion Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Chloride Ton

Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o
Type  Type No. Days ppm ppm ppm ppm ppm
A Epoxy 2 300 13 200 207.87 207.91 207.89 0.02
B Vinyl Ester 2 300 13 200 203.01 204.80 203.90 0.90
C Epoxy 2 300 13 200 213.69 213.74 213.71 0.02
A Epoxy 2 300 13 20000 19911.19 19975.48 19943.33 32.15
B Vinyl Ester 2 300 13 20000 19901.70 19984.97 19943.33  41.63
C Epoxy 2 300 13 20000 19941.05 20005.44 19973.25 32.19
A Epoxy 2 300 13 SeaWater 19852.52 19894.15 19873.33 20.82
B Vinyl Ester 2 300 13  SeaWater 19800.81 19875.86 19838.33 37.53
C Epoxy 2 300 13 SeaWater 19882.30 19923.99 19903.14 20.85

Table 1.14: Chloride Ion Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Chloride Ion

Manuf. Resin Exposure Period pH Cl A \Y W o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 0.57 0.62 0.60 0.03
B Vinyl Ester 300 4 0 0.17 0.28 0.22  0.06
A Epoxy 300 4 200 203.60 204.77 204.19  0.59
B Vinyl Ester 300 4 200 205.06 206.04 205.55  0.49
A Epoxy 300 4 20000 19912.68 19947.32 19930.00 17.32
B Vinyl Ester 300 4 20000 19931.39 19961.94 19946.67 15.28
A Epoxy 300 4  SeaWater 19848.06 19878.61 19863.33 15.28
B Vinyl Ester 300 4  SeaWater 19815.47 19891.19 19853.33 37.86
A Epoxy 300 7 0 0.61 0.65 0.63  0.02
B Vinyl Ester 300 7 0 0.09 0.16 0.13 0.04
A Epoxy 300 7 200 204.99 205.03 205.01  0.02
B Vinyl Ester 300 7 200 202.47 204.82 203.65 1.17
A Epoxy 300 7 20000 19912.52 19954.15 19933.33 20.82
B Vinyl Ester 300 7 20000 19918.21 19988.45 19953.33 35.12
A Epoxy 300 7 SeaWater 19802.78 19863.88 19833.33 30.55
B Vinyl Ester 300 7  SeaWater 19821.50 19871.83 19846.67 25.17
A Epoxy 300 10 0 0.73 0.77 0.75  0.02
B Vinyl Ester 300 10 0 0.41 0.50 0.45 0.05
A Epoxy 300 10 200 205.43 206.74 206.08  0.65
B Vinyl Ester 300 10 200 205.40 206.39 205.90  0.49

Continued on next page ...
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Table 1.14: Chloride Ion Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Chloride Ion

Manuf. Resin Exposure Period pH Cl™ A \Y W o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 10 20000 19921.50 19971.83 19946.67 25.17
B Vinyl Ester 300 10 20000 19938.06 19968.61 19953.33 15.28
A Epoxy 300 10 SeaWater 19843.54 19896.46 19870.00 26.46
B Vinyl Ester 300 10 SeaWater 19807.34 19906.00 19856.67 49.33
A Epoxy 300 13 0 0.37 0.41 0.39 0.02
B Vinyl Ester 300 13 0 0.23 0.39 0.31 0.08
A Epoxy 300 13 200 208.92 210.07 209.49 0.58
B Vinyl Ester 300 13 200 200.99 207.16 204.07 3.08
A Epoxy 300 13 20000 19901.50 19951.83 19926.67 25.17
B Vinyl Ester 300 13 20000 19901.50 19951.83 19926.67 25.17
A Epoxy 300 13 SeaWater 19838.06 19868.61 19853.33 15.28
B Vinyl Ester 300 13  SeaWater 19830.24 19876.43 19853.33 23.09
Table 1.15: Chloride Ion Test Statistical values for All Fiber Sample Groups
Sample Group Statistical Values
Chloride Ion
Manuf. Fiber Exposure Period pH Cl° A Vv 0 o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 4 0 0.11 0.12 0.11 0.01
B Sized 300 4 0 0.11 0.13 0.12 0.01
C Sized 300 4 0 0.13 0.14 0.14 0.01
A Sized 300 4 200 204.94 205.00 204.97  0.03
B Sized 300 4 200 203.48 204.51 203.99 0.51
C Sized 300 4 200 209.04 209.10 209.07  0.03
A Sized 300 4 20000 19888.81 19964.53 19926.67 37.86
B Sized 300 4 20000 19935.85 19977.48 19956.67 20.82
C Sized 300 4 20000 19928.58 20004.46 19966.52 37.94
A Sized 300 4 SeaWater 19803.94 19876.06 19840.00 36.06
B Sized 300 4  SeaWater 19791.19 19855.48 19823.33 32.15
C Sized 300 4  SeaWater 19843.55 19915.81 19879.68 36.13
A Unsized 300 4 0 0.40 0.44 0.42 0.02
B Unsized 300 4 0 0.16 0.19 0.17 0.02
A Unsized 300 4 200 204.96 204.98 204.97  0.01

Continued on next page ...
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Table 1.15: Chloride Ion Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Chloride Ion

Manuf. Fiber Exposure Period pH CI™ A \% I o
Type  Type Days ppm ppm ppm ppm ppm
B Unsized 300 4 200 202.00 203.02 202.51  0.51
A Unsized 300 4 20000 19931.39 19961.94 19946.67 15.28
B Unsized 300 4 20000 19929.11 19964.23 19946.67 17.56
A Unsized 300 4 SeaWater 19798.81 19874.53 19836.67 37.86
B Unsized 300 4 SeaWater 19798.23 19878.44 19838.33 40.10
A Sized 300 70 0.14 0.18 0.16  0.02
B Sized 300 70 0.11 0.15 0.13  0.02
C Sized 300 70 0.17 0.21 0.19  0.02
A Sized 300 7 200 207.77 207.82 207.79  0.02
B Sized 300 7 200 202.86 204.14 203.50  0.64
C Sized 300 7 200 211.93 211.97 211.95  0.02
A Sized 300 7 20000 19886.41 19973.59 19930.00 43.59
B Sized 300 7 20000 19950.89 19962.44 19956.67  5.77
C Sized 300 7 20000 19926.18 20013.54 19969.86 43.68
A Sized 300 7  SeaWater 19843.54 19896.46 19870.00 26.46
B Sized 300 7  SeaWater 19803.94 19876.06 19840.00 36.06
C Sized 300 7 SeaWater 19883.23 19936.25 19909.74 26.51
A Unsized 300 70 0.24 0.27 0.26  0.02
B Unsized 300 70 0.11 0.17 0.14  0.03
A Unsized 300 7 200 207.39 207.43 207.41  0.02
B Unsized 300 7 200 203.53 205.25 204.39  0.86
A Unsized 300 7 20000 19932.52 19974.15 19953.33 20.82
B Unsized 300 7 20000 19939.11 19974.23 19956.67 17.56
A Unsized 300 7  SeaWater 19796.41 19883.59 19840.00 43.59
B Unsized 300 7 SeaWater 19832.09 19877.91 19855.00 22.91
A Sized 300 10 0 0.30 0.36 0.33  0.03
B Sized 300 10 0 0.09 0.12 0.10  0.02
C Sized 300 10 0 0.36 0.44 0.40  0.04
A Sized 300 10 200 207.02 207.06 207.04  0.02
B Sized 300 10 200 202.76 204.42 203.59  0.83
C Sized 300 10 200 211.16 211.20 211.18  0.02
A Sized 300 10 20000 19935.85 19977.48 19956.67 20.82
B Sized 300 10 20000 19948.06 19978.61 19963.33 15.28
C Sized 300 10 20000 19975.72 20017.44 19996.58 20.86
A Sized 300 10  SeaWater 19789.41 19883.92 19836.67 47.26
B Sized 300 10 SeaWater 19861.39 19891.94 19876.67 15.28
C Sized 300 10 SeaWater 1982899 19923.69 19876.34 47.35
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Table 1.15: Chloride Ion Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Chloride Ion

Manuf. Fiber Exposure Period pH CI™ A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
A Unsized 300 10 0 0.25 0.29 0.27  0.02
B Unsized 300 10 0 0.14 0.18 0.16  0.02
A Unsized 300 10 200 206.04 206.09 206.06  0.03
B Unsized 300 10 200 203.62 205.72 204.67  1.05
A Unsized 300 10 20000 19910.00 19950.00 19930.00 20.00
B Unsized 300 10 20000 19952.68 19987.32 19970.00 17.32
A Unsized 300 10 SeaWater 19823.94 19896.06 19860.00 36.06
B Unsized 300 10 SeaWater 19820.24 19866.43 19843.33 23.09
A Sized 300 13 0 0.52 0.59 0.56  0.03
B Sized 300 13 0 0.14 0.15 0.15 0.01
C Sized 300 13 0 0.63 0.71 0.67 0.04
A Sized 300 13 200 207.02 207.43 207.23  0.21
B Sized 300 13 200 202.62 204.29 203.45  0.84
C Sized 300 13 200 211.16 211.58 211.37  0.21
A Sized 300 13 20000 19921.19 19985.48 19953.33 32.15
B Sized 300 13 20000 19931.39 19961.94 19946.67 15.28
C Sized 300 13 20000 19961.03 20025.45 19993.24 32.21
A Sized 300 13 SeaWater 19804.17 19895.83 19850.00 45.83
B Sized 300 13 SeaWater 19789.41 19883.92 19836.67 47.26
C Sized 300 13 SeaWater 19843.78 19935.62 19889.70 45.92
A Unsized 300 13 0 0.28 0.32 0.30  0.02
B Unsized 300 13 0 0.11 0.19 0.15  0.04
A Unsized 300 13 200 208.95 209.03 208.99  0.04
B Unsized 300 13 200 201.85 204.48 203.16 1.32
A Unsized 300 13 20000 19935.85 19977.48 19956.67 20.82
B Unsized 300 13 20000 19960.75 19985.92 19973.33 12.58
A Unsized 300 13 SeaWater 19805.47 19881.19 19843.33 37.86
B Unsized 300 13 SeaWater 19842.52 19884.15 19863.33 20.82

For a better understanding, change in the chloride content of the environments was plotted
in graphs in Figure 1.13, 1.14, and 1.15. It can be seen that the chloride content of all

samples has increased except for the 20000ppm synthetic solution.
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Figure 1.13: Chloride concentration of all environments after exposure of rebars
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Figure 1.14: Chloride concentration of all environments after exposure of resins
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Figure 1.15: Chloride concentration of all environments after exposure of sized and unsized

fibers
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Sulfate

Sulfate content of the chemical environments was measured after 300 days of exposure. Ta-
bles 1.16, 1.17, and 1.18 below shows the sulfate data of environments in which rebars, resins,

and fibers were exposed.

Table 1.16: Sulfate Ion Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Sulfate Ion

Manuf. Resin Lot Exposure Period pH Cl° A \Y I o
Type  Type No. Days ppm ppm ppm ppm  ppm
A Epoxy 1 300 4 0 8.75 8.78 877  0.02
B Vinyl Ester 1 300 4 0 7.24 7.46 735 0.11
C Epoxy 1 300 4 0 11.11 11.15 11.13 0.02
A Epoxy 1 300 4 200 8.37 8.42 8.40  0.03
B Vinyl Ester 1 300 4 200 7.81 8.01 791  0.10
C Epoxy 1 300 4 200 10.63 10.70 10.66  0.03
A Epoxy 1 300 4 20000 8.16 8.21 8.19  0.03
B Vinyl Ester 1 300 4 20000 7.67 8.20 794  0.27
C Epoxy 1 300 4 20000 10.37 10.43 10.40  0.03
A Epoxy 1 300 4 SeaWater 2493.81 2569.53 2531.67 37.86
B Vinyl Ester 1 300 4  SeaWater 2540.12 2563.21 2551.67 11.55
C Epoxy 1 300 4  SeaWater 2498.79 2574.67 2536.73 37.94
A Epoxy 2 300 4 0 8.30 8.33 8.31  0.02
B Vinyl Ester 2 300 4 0 7.35 7.97 7.66 0.31
C Epoxy 2 300 4 0 10.79 10.83 10.81  0.02
A Epoxy 2 300 4 200 7.96 8.00 7.98  0.02
B Vinyl Ester 2 300 4 200 7.09 7.7 743  0.34
C Epoxy 2 300 4 200 10.35 10.40 10.37  0.03
A Epoxy 2 300 4 20000 8.16 8.20 8.18  0.02
B Vinyl Ester 2 300 4 20000 7.33 8.03 7.68 0.35
C Epoxy 2 300 4 20000 10.60 10.66 10.63  0.03
A Epoxy 2 300 4 SeaWater 2535.00 2555.00 2545.00 10.00
B Vinyl Ester 2 300 4  SeaWater 2554.16 2575.17 2564.67 10.50
C Epoxy 2 300 4 SeaWater 2542.61 2562.67 2552.64 10.03
A Epoxy 1 300 7 0 0.44 0.48 0.46  0.02
B Vinyl Ester 1 300 7 0 0.20 0.28 0.24  0.04
C Epoxy 1 300 7 0 0.55 0.61 0.58  0.03
A Epoxy 1 300 7 200 0.64 0.68 0.66  0.02
B Vinyl Ester 1 300 7 200 0.57 0.63 0.60  0.03
C Epoxy 1 300 7 200 0.81 0.86 0.83  0.03
A Epoxy 1 300 7 20000 0.71 0.74 0.73  0.02
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Table 1.16: Sulfate Ion Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Sulfate Ion

Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm ppm ppm ppm
B Vinyl Ester 1 300 7 20000 0.44 0.49 0.46  0.02
C Epoxy 1 300 7 20000 0.90 0.94 0.92  0.02
A Epoxy 1 300 7  SeaWater 2497.41 2591.92 2544.67 47.26
B Vinyl Ester 1 300 7  SeaWater 2556.73 2579.27 2568.00 11.27
C Epoxy 1 300 7  SeaWater 2502.40 2597.11 2549.76 47.35
A Epoxy 2 300 7 0 0.75 0.79 0.77  0.02
B Vinyl Ester 2 300 7 0 0.47 0.56 0.51  0.05
C Epoxy 2 300 7 0 0.97 1.02 1.00  0.03
A Epoxy 2 300 7 200 0.65 0.68 0.66  0.02
B Vinyl Ester 2 300 7 200 0.67 0.71 0.69  0.02
C Epoxy 2 300 7 200 0.84 0.88 0.86  0.02
A Epoxy 2 300 7 20000 0.91 0.96 0.93  0.02
B Vinyl Ester 2 300 7 20000 0.57 0.75 0.66  0.09
C Epoxy 2 300 7 20000 1.18 1.24 1.21  0.03
A Epoxy 2 300 7  SeaWater 2510.52 2552.15 2531.33 20.82
B Vinyl Ester 2 300 7  SeaWater 2536.85 2578.48 2557.67 20.82
C Epoxy 2 300 7  SeaWater 2518.05 2559.81 2538.93 20.88
A Epoxy 1 300 10 0 0.18 0.21 0.19  0.02
B Vinyl Ester 1 300 10 0 0.86 0.91 0.89  0.03
C Epoxy 1 300 10 O 0.23 0.26 0.25  0.02
A Epoxy 1 300 10 200 0.23 0.26 0.25  0.02
B Vinyl Ester 1 300 10 200 0.71 0.79 0.75  0.04
C Epoxy 1 300 10 200 0.29 0.33 0.31  0.02
A Epoxy 1 300 10 20000 0.33 0.36 0.35  0.02
B Vinyl Ester 1 300 10 20000 0.25 0.31 0.28  0.03
C Epoxy 1 300 10 20000 0.42 0.46 0.44  0.02
A Epoxy 1 300 10 SeaWater 2500.00 2540.00 2520.00 20.00
B Vinyl Ester 1 300 10 SeaWater 2556.16 2573.17 2564.67  8.50
C Epoxy 1 300 10 SeaWater 2505.00 2545.08 2525.04 20.04
A Epoxy 2 300 10 O 0.53 0.55 0.54 0.01
B Vinyl Ester 2 300 10 0 0.79 0.87 0.83  0.04
C Epoxy 2 300 10 O 0.69 0.72 0.70  0.01
A Epoxy 2 300 10 200 0.48 0.50 0.49 0.01
B Vinyl Ester 2 300 10 200 0.59 0.67 0.63  0.04
C Epoxy 2 300 10 200 0.62 0.65 0.64 0.01
A Epoxy 2 300 10 20000 0.58 0.61 0.59  0.02
B Vinyl Ester 2 300 10 20000 0.35 0.37 0.36  0.01
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Table 1.16: Sulfate Ion Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Sulfate Ion

Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm ppm ppm  ppm
C Epoxy 2 300 10 20000 0.75 0.79 0.77  0.02
A Epoxy 2 300 10 SeaWater 2511.79 2534.88 2523.33 11.55
B Vinyl Ester 2 300 10 SeaWater 2568.83 2593.17 2581.00 12.17
C Epoxy 2 300 10 SeaWater 2519.32 254248 2530.90 11.58
A Epoxy 1 300 13 0 0.46 0.50 0.48  0.02
B Vinyl Ester 1 300 13 0 0.51 0.58 0.55  0.04
C Epoxy 1 300 13 0 0.58 0.64 0.61  0.03
A Epoxy 1 300 13 200 0.45 0.48 0.46  0.02
B Vinyl Ester 1 300 13 200 0.55 0.62 0.58  0.03
C Epoxy 1 300 13 200 0.57 0.61 0.59  0.02
A Epoxy 1 300 13 20000 0.45 0.48 0.46  0.02
B Vinyl Ester 1 300 13 20000 0.43 0.47 0.45  0.02
C Epoxy 1 300 13 20000 0.57 0.61 0.59  0.02
A Epoxy 1 300 13 SeaWater 2547.17 2597.50 2572.33 25.17
B Vinyl Ester 1 300 13 SeaWater 2539.56 2551.11 2545.33  5.77
C Epoxy 1 300 13 SeaWater 2552.26 2602.69 2577.48 25.22
A Epoxy 2 300 13 0 0.44 0.46 0.45 0.01
B Vinyl Ester 2 300 13 0 0.61 0.65 0.63  0.02
C Epoxy 2 300 13 0 0.57 0.60 0.59 0.01
A Epoxy 2 300 13 200 0.33 0.36 0.35  0.02
B Vinyl Ester 2 300 13 200 0.34 0.42 0.38  0.04
C Epoxy 2 300 13 200 0.43 0.47 0.45  0.02
A Epoxy 2 300 13 20000 0.54 0.58 0.56  0.02
B Vinyl Ester 2 300 13 20000 0.53 0.59 0.56  0.03
C Epoxy 2 300 13 20000 0.71 0.76 0.73  0.03
A Epoxy 2 300 13 SeaWater 2554.12 2577.21 2565.67 11.55
B Vinyl Ester 2 300 13  SeaWater 2561.65 2581.68 2571.67 10.02
C Epoxy 2 300 13 SeaWater 2561.78 2584.95 2573.36 11.58
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Table 1.17: Sulfate Ton Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Sulfate Ion

Manuf. Resin Exposure Period pH Cl™ A \% 7 o
Type  Type Days ppm ppm ppm ppm  ppm
A Epoxy 300 4 0 7.67 7.76 7.71  0.05
B Vinyl Ester 300 4 0 7.55 7.88 7.71  0.17
A Epoxy 300 4 200 8.18 8.21 8.20 0.02
B Vinyl Ester 300 4 200 7.07 7.91 749 042
A Epoxy 300 4 20000 7.73 7.80 7.77  0.04
B Vinyl Ester 300 4 20000 7.49 8.55 8.02 0.53
A Epoxy 300 4  SeaWater 2554.16 2575.17 2564.67 10.50
B Vinyl Ester 300 4  SeaWater 2582.56 2594.11 2588.33  5.77
A Epoxy 300 7 0 0.66 0.71 0.68 0.02
B Vinyl Ester 300 7 0 0.72 0.78 0.75  0.03
A Epoxy 300 7 200 0.80 0.86 0.83 0.03
B Vinyl Ester 300 7 200 0.59 0.65 0.62  0.03
A Epoxy 300 7 20000 0.42 0.45 0.44  0.02
B Vinyl Ester 300 7 20000 0.51 0.56 0.54 0.03
A Epoxy 300 7 SeaWater 2571.14 2599.52 2585.33 14.19
B Vinyl Ester 300 7 SeaWater 2571.70 2586.97 2579.33 7.64
A Epoxy 300 10 0 0.85 0.92 0.89 0.04
B Vinyl Ester 300 10 0 0.31 0.39 0.35 0.04
A Epoxy 300 10 200 0.69 0.72 0.71  0.02
B Vinyl Ester 300 10 200 0.33 0.41 0.37  0.04
A Epoxy 300 10 20000 0.33 0.36 0.35  0.02
B Vinyl Ester 300 10 20000 0.59 0.67 0.63 0.04
A Epoxy 300 10 SeaWater 2565.12 2588.21 2576.67 11.55
B Vinyl Ester 300 10 SeaWater 2566.39 2596.94 2581.67 15.28
A Epoxy 300 13 0 0.70 0.75 0.72  0.02
B Vinyl Ester 300 13 0 0.50 0.54 0.52  0.02
A Epoxy 300 13 200 0.69 0.71 0.70  0.01
B Vinyl Ester 300 13 200 0.75 0.77 0.76  0.01
A Epoxy 300 13 20000 0.25 0.29 0.27  0.02
B Vinyl Ester 300 13 20000 0.53 0.57 0.55 0.02
A Epoxy 300 13 SeaWater 2549.89 2561.44 2555.67  5.77
B Vinyl Ester 300 13  SeaWater 2556.32 2582.35 2569.33 13.01
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Table 1.18: Sulfate Ion Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Sulfate Ion

Manuf. Fiber Exposure Period pH Cl™ A \% 1 o
Type  Type Days ppm ppm ppm ppm  ppm
A Sized 300 4 0 8.00 8.06 8.03 0.03
B Sized 300 4 0 7.66 7.79 7.72  0.07
C Sized 300 4 0 9.99 10.08 10.04  0.04
A Sized 300 4 200 7.66 7.71 7.68  0.03
B Sized 300 4 200 7.18 7.73 746  0.28
C Sized 300 4 200 9.57 9.64 9.60 0.03
A Sized 300 4 20000 7.34 7.38 7.36  0.02
B Sized 300 4 20000 7.11 8.11 7.61  0.50
C Sized 300 4 20000 9.17 9.22 9.20 0.03
A Sized 300 4  SeaWater 2526.39 2556.94 2541.67 15.28
B Sized 300 4  SeaWater 2570.93 2588.40 2579.67 8.74
C Sized 300 4  SeaWater 2539.02 2569.73 2554.38 15.35
A Unsized 300 4 0 7.68 7.80 7.74  0.06
B Unsized 300 4 0 7.09 8.03 7.56 047
A Unsized 300 4 200 7.41 7.49 745 0.04
B Unsized 300 4 200 7.52 7.95 7.74  0.21
A Unsized 300 4 20000 7.08 7.13 7.10  0.03
B Unsized 300 4 20000 7.19 7.43 7.31  0.12
A Unsized 300 4 SeaWater 2536.39 2566.94 2551.67 15.28
B Unsized 300 4  SeaWater 2566.39 2596.94 2581.67 15.28
A Sized 300 7 0 0.53 0.55 0.54 0.01
B Sized 300 7 0 0.38 0.46 0.42 0.04
C Sized 300 7 0 0.66 0.69 0.68  0.01
A Sized 300 7 200 0.31 0.35 0.33  0.02
B Sized 300 7 200 0.45 0.66 0.56 0.11
C Sized 300 7 200 0.39 0.44 0.42 0.03
A Sized 300 7 20000 0.57 0.60 0.58  0.02
B Sized 300 7 20000 0.17 0.24 0.21  0.03
C Sized 300 7 20000 0.71 0.75 0.73 0.02
A Sized 300 7 SeaWater 2553.12 2576.21 2564.67 11.55
B Sized 300 7 SeaWater 2579.55 2587.12 2583.33  3.79
C Sized 300 7 SeaWater 2565.89 2589.09 2577.49 11.60
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Table 1.18: Sulfate Ion Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Sulfate Ion

Manuf. Fiber Exposure Period pH Cl™ A \% 1 o
Type  Type Days ppm ppm ppm ppm  ppm
A Unsized 300 7 0 0.67 0.71 0.69 0.02
B Unsized 300 7 0 0.22 0.28 0.25 0.03
A Unsized 300 7 200 0.61 0.66 0.64 0.03
B Unsized 300 7 200 0.18 0.23 0.20 0.03
A Unsized 300 7 20000 0.44 0.47 0.46 0.02
B Unsized 300 7 20000 0.52 0.58 0.55 0.03
A Unsized 300 7 SeaWater 2519.55 2589.79 2554.67 35.12
B Unsized 300 7 SeaWater 2571.89 2583.44 2577.67  5.77
A Sized 300 10 0 0.48 0.51 0.49 0.02
B Sized 300 10 0 0.36 0.64 0.50 0.14
C Sized 300 10 0 0.60 0.64 0.62 0.02
A Sized 300 10 200 0.71 0.77 0.74  0.03
B Sized 300 10 200 0.08 0.85 0.47 0.38
C Sized 300 10 200 0.89 0.96 0.93 0.03
A Sized 300 10 20000 0.21 0.27 0.24 0.03
B Sized 300 10 20000 0.07 0.17 0.12  0.05
C Sized 300 10 20000 0.27 0.33 0.30 0.03
A Sized 300 10 SeaWater 2530.70 2545.97 2538.33 7.64
B Sized 300 10 SeaWater 2577.17 2585.50 2581.33  4.16
C Sized 300 10 SeaWater 2543.35 2558.70 2551.03  7.68
A Unsized 300 10 0 0.54 0.58 0.56  0.02
B Unsized 300 10 0 0.37 0.45 0.41 0.04
A Unsized 300 10 200 0.25 0.31 0.28  0.03
B Unsized 300 10 200 0.24 0.25 0.25 0.01
A Unsized 300 10 20000 0.15 0.17 0.16  0.01
B Unsized 300 10 20000 0.35 0.41 0.38 0.03
A Unsized 300 10 SeaWater 2525.85 2567.48 2546.67 20.82
B Unsized 300 10  SeaWater 2579.30 2594.04 2586.67  7.37
A Sized 300 13 0 0.26 0.27 0.26  0.01
B Sized 300 13 0 0.32 0.41 0.37  0.05
C Sized 300 13 0 0.32 0.34 0.33 0.01
A Sized 300 13 200 0.68 0.72 0.70  0.02
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Table 1.18: Sulfate Ion Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Sulfate Ion

Manuf. Fiber Exposure Period pH Cl A \% 1 o
Type  Type Days ppm ppm ppm ppm  ppm
B Sized 300 13 200 0.68 0.80 0.74  0.06
C Sized 300 13 200 0.84 0.90 0.87 0.03
A Sized 300 13 20000 0.23 0.29 0.26  0.03
B Sized 300 13 20000 0.10 0.11 0.11 0.01
C Sized 300 13 20000 0.29 0.36 0.33  0.03
A Sized 300 13  SeaWater 2560.79 2583.88 2572.33 11.55
B Sized 300 13 SeaWater 2577.35 2582.65 2580.00 2.65
C Sized 300 13  SeaWater 2573.59 2596.80 2585.20 11.60
A Unsized 300 13 0 0.49 0.53 0.51 0.02
B Unsized 300 13 0 0.32 0.34 0.33 0.01
A Unsized 300 13 200 0.36 0.40 0.38  0.02
B Unsized 300 13 200 0.64 0.69 0.67  0.02
A Unsized 300 13 20000 0.14 0.16 0.15  0.01
B Unsized 300 13 20000 0.45 0.54 0.50  0.05
A Unsized 300 13 SeaWater 2541.68 2576.32 2559.00 17.32
B Unsized 300 13 SeaWater 2572.58 2588.75 2580.67  8.08

For a better understanding, change in the sulfate content of the environments was plotted
in graphs in Figure 1.16, 1.17, and 1.18. It can be seen that sulfate concentration of all

samples has increased except the seawater samples.
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Figure 1.16: Sulfate concentration of all environments after exposure of rebars
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1.2.6 Metals

Metals such as Aluminum, Calcium, Chromium, Iron, Magnesium, Potassium, Silicon, and
Sodium were measured after 300 days of exposure and the results are tabulated in this

subsection.

Aluminum

Aluminum content of the chemical environments was measured after 300 days of exposure.
Tables 1.19, 1.20, and 1.21 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.19: Aluminum Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Aluminum
Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm ppm ppm ppm  ppm
A Epoxy 1 300 4 0 12.30  13.11 12.71  0.41
B Vinyl Ester 1 300 4 0 8.75 9.15 8.95 0.20
C Epoxy 1 300 4 0 16.65 17.66 17.15 0.51
A Epoxy 1 300 4 200 15.30 1895 17.13 1.83
B Vinyl Ester 1 300 4 200 10.51 12.32 1142 0.90
C Epoxy 1 300 4 200 20.84 2540 23.12 2.28
A Epoxy 1 300 4 20000 20.26 2238 21.32 1.06
B Vinyl Ester 1 300 4 20000 12.97 14.02 13.49 0.52
C Epoxy 1 300 4 20000 27.46  30.10 28.78 1.32
A Epoxy 1 300 4  SeaWater  29.20  30.99  30.09 0.89
B Vinyl Ester 1 300 4  SeaWater 17.69 18.57 18.13 0.44
C Epoxy 1 300 4  SeaWater  39.51  41.74  40.62 1.12
A Epoxy 2 300 4 0 17.63 1845 18.04 0.41
B Vinyl Ester 2 300 4 0 10.12 1059  10.36 0.23
C Epoxy 2 300 4 0 21.08 22.23 21.65 0.57
A Epoxy 2 300 4 200 23.84 27.53  25.69 1.85
B Vinyl Ester 2 300 4 200 12.17 14.25 13.21 1.04
C Epoxy 2 300 4 200 28.24  33.41  30.83 2.58
A Epoxy 2 300 4 20000 32.62 3475 33.68 1.07
B Vinyl Ester 2 300 4 20000 15.00 16.21 15.61  0.60
C Epoxy 2 300 4 20000 38.93 41.91 4042 1.49
A Epoxy 2 300 4  SeaWater  49.05  50.86 49.95 0.90
B Vinyl Ester 2 300 4  SeaWater  20.45 21.47 2096 0.51
C Epoxy 2 300 4  SeaWater  58.68 61.21 59.94 1.26
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Table 1.19: Aluminum Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Aluminum
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
A Epoxy 1 300 7 0 15.74 18.51 17.12  1.38
B Vinyl Ester 1 300 7 0 11.21 12.58  11.89 0.68
C Epoxy 1 300 7 0 21.39 2484 23.12 1.73
A Epoxy 1 300 7 200 16.99  25.19  21.09 4.10
B Vinyl Ester 1 300 7 200 11.85  15.91 13.88 2.03
C Epoxy 1 300 7 200 23.35  33.60 28.48 5.13
A Epoxy 1 300 7 20000 26.48 29.16 2782 1.34
B Vinyl Ester 1 300 7 20000 16.73  18.05  17.39 0.66
C Epoxy 1 300 7 20000 35.88 39.23 3756 1.67
A Epoxy 1 300 7 SeaWater 35.00 3857 36.79 1.79
B Vinyl Ester 1 300 7 SeaWater 21.01 2278 21.90 0.88
C Epoxy 1 300 7 SeaWater  47.43  51.90 49.66 2.23
A Epoxy 2 300 7 0 23.27  26.05 24.66 1.39
B Vinyl Ester 2 300 7 0 1297 1455  13.76 0.79
C Epoxy 2 300 7 0 27.64 31.54 2959 1.95
A Epoxy 2 300 7 200 27.92  36.20 32.06 4.14
B Vinyl Ester 2 300 7 200 13.71 18.40  16.056 2.34
C Epoxy 2 300 7 200 32.67  44.27 3847 5.80
A Epoxy 2 300 7 20000 43.16  45.87 4451 1.35
B Vinyl Ester 2 300 7 20000 19.35 20.88  20.11 0.77
C Epoxy 2 300 7 20000 51.52  55.31 53.42 1.89
A Epoxy 2 300 7 SeaWater  60.00 63.61 61.80 1.80
B Vinyl Ester 2 300 7 SeaWater 24.30 26.34 25.32 1.02
C Epoxy 2 300 7 SeaWater 71.64 76.69 74.16 2.53
A Epoxy 1 300 10 O 18.77 21.04 1991 1.14
B Vinyl Ester 1 300 10 O 13.07 1420 13.64 0.56
C Epoxy 1 300 10 0 25.45 2830 26.88 1.42
A Epoxy 1 300 10 200 25.06 26.92 25.99 0.93
B Vinyl Ester 1 300 10 200 16.41 17.34  16.87 0.46
C Epoxy 1 300 10 200 33.91  36.25  35.08 1.17
A Epoxy 1 300 10 20000 30.22 3745 33.83 3.61
B Vinyl Ester 1 300 10 20000 19.10 22.67 20.88 1.79
C Epoxy 1 300 10 20000 41.16  50.19  45.67 4.52
A Epoxy 1 300 10 SeaWater  40.93  47.11  44.02 3.09
B Vinyl Ester 1 300 10 SeaWater  24.37 27.42  25.89 1.53
C Epoxy 1 300 10 SeaWater  55.57  63.28  59.43 3.86
A Epoxy 2 300 10 O 27.92 30.21 29.07 1.15
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Table 1.19: Aluminum Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Aluminum
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 2 300 10 O 15.13 1643 15.78 0.65
C Epoxy 2 300 10 O 33.27 36.49 34.88 1.61
A Epoxy 2 300 10 200 39.08 4096 40.02 0.94
B Vinyl Ester 2 300 10 200 18.99  20.06 19.52 0.53
C Epoxy 2 300 10 200 46.70  49.34  48.02 1.32
A Epoxy 2 300 10 20000 51.16  58.46  54.81 3.65
B Vinyl Ester 2 300 10 20000 22.09  26.22 24.15 2.06
C Epoxy 2 300 10 20000 60.66  70.88  65.77 5.11
A Epoxy 2 300 10  SeaWater  71.72 7795 74.83 3.12
B Vinyl Ester 2 300 10 SeaWater  28.18 31.70 29.94 1.76
C Epoxy 2 300 10 SeaWater  85.44  94.17 89.80 4.36
A Epoxy 1 300 13 0 23.24 2941  26.33 3.09
B Vinyl Ester 1 300 13 0 16.26  19.32 1779 1.53
C Epoxy 1 300 13 0 31.68 39.40 35.54 3.86
A Epoxy 1 300 13 200 31.47  35.13 33.30 1.83
B Vinyl Ester 1 300 13 200 20.44 2225 2135 0.90
C Epoxy 1 300 13 200 42.67 4724 4496 2.28
A Epoxy 1 300 13 20000 36.19 43,50 39.84 3.65
B Vinyl Ester 1 300 13 20000 22.48 26.10 24.29 1.81
C Epoxy 1 300 13 20000 49.22 5835  53.79 4.57
A Epoxy 1 300 13 SeaWater  49.23  51.91  50.57 1.34
B Vinyl Ester 1 300 13  SeaWater  28.74  30.07 29.40 0.66
C Epoxy 1 300 13 SeaWater  66.60  69.95  68.27 1.67
A Epoxy 2 300 13 0 35.84 42.08 38.96 3.12
B Vinyl Ester 2 300 13 0 18.82 2234  20.58 1.76
C Epoxy 2 300 13 0 42.39  51.12  46.75 4.36
A Epoxy 2 300 13 200 50.11  53.80 51.95 1.85
B Vinyl Ester 2 300 13 200 23.65 25.74 24.69 1.04
C Epoxy 2 300 13 200 59.76 64.92  62.34 2.58
A Epoxy 2 300 13 20000 61.65 69.03 65.34 3.69
B Vinyl Ester 2 300 13 20000 26.01  30.18  28.09 2.09
C Epoxy 2 300 13 20000 73.24  83.58 7841 5.17
A Epoxy 2 300 13 SeaWater  85.63 88.34  86.98 1.35
B Vinyl Ester 2 300 13 SeaWater 33.23 34.76  33.99 0.77
C Epoxy 2 300 13 SeaWater 102.48 106.27 104.38 1.89
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Table 1.20: Aluminum Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Aluminum
Manuf. Resin Exposure Period pH Cl™ A \Y m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 Below 0.01 Below 0.01 Below 0.01  0.00
B Vinyl Ester 300 4 0 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 4 200 Below 0.01  Below 0.01  Below 0.01  0.00
B Vinyl Ester 300 4 200 Below 0.01  Below 0.01 Below 0.01  0.00
A Epoxy 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 300 4 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 4 SeaWater 1.55 1.95 1.75 0.20
B Vinyl Ester 300 4 SeaWater 1.62 1.82 1.72 0.10
A Epoxy 300 7 0 Below 0.01  Below 0.01  Below 0.01  0.00
B Vinyl Ester 300 7 0 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 7 200 Below 0.01  Below 0.01  Below 0.01  0.00
B Vinyl Ester 300 7 200 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 7 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Vinyl Ester 300 7 20000 Below 0.01 Below 0.01  Below 0.01  0.00
A Epoxy 300 7 SeaWater 1.49 2.09 1.79 0.30
B Vinyl Ester 300 7 SeaWater 1.54 1.94 1.74 0.20
A Epoxy 300 10 O Below 0.01 Below 0.01 Below 0.01  0.00
B Vinyl Ester 300 10 O Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 10 200 Below 0.01 Below 0.01 Below 0.01  0.00
B Vinyl Ester 300 10 200 Below 0.01  Below 0.01 Below 0.01  0.00
A Epoxy 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 300 10 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 10  SeaWater 1.72 1.92 1.82 0.10
B Vinyl Ester 300 10  SeaWater 1.57 1.97 1.77 0.20
A Epoxy 300 13 0 Below 0.01  Below 0.01  Below 0.01  0.00
B Vinyl Ester 300 13 0 Below 0.01  Below 0.01 Below 0.01  0.00
A Epoxy 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 300 13 200 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 13 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Vinyl Ester 300 13 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Epoxy 300 13 SeaWater 1.75 1.95 1.85 0.10
B Vinyl Ester 300 13 SeaWater 1.65 1.95 1.8 0.15

Table 1.21: Aluminum Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Aluminum
Manuf. Fiber Exposure Period pH Cl™ A \% 1 o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 0 262 284 273 0.11

Continued on next page ...
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Table 1.21: Aluminum Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Aluminum
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Sized 300 4 0 1.91 2.11 2.01 0.10
C Sized 300 4 0 296 321 3.08 0.13
A Sized 300 4 200 273 375 324 0.51
B Sized 300 4 200 2.11  3.01 256 045
C Sized 300 4 200 3.08 4.24 3.66 0.58
A Sized 300 4 20000 3.69 429 399 0.30
B Sized 300 4 20000 2.76  3.28 3.02 0.26
C Sized 300 4 20000 4.17 484 451 0.33
A Sized 300 4 SeaWater 6.65 7.15 6.90 0.25
B Sized 300 4 SeaWater 3.83 4.27 4.05 0.22
C Sized 300 4 SeaWater 7.51 8.08 7.80 0.28
A Unsized 300 4 0 226 255 241 0.14
B Unsized 300 4 0 1.81 2.02 1.91 0.11
A Unsized 300 4 200 223 351 287 0.64
B Unsized 300 4 200 2.01 2.95 2.48 047
A Unsized 300 4 20000 3.18 392 3.55 0.37
B Unsized 300 4 20000 262 317 289 0.27
A Unsized 300 4 SeaWater 3.62 4.08 3.85 0.23
B Unsized 300 4 SeaWater 587 6.50 6.18 0.31
A Sized 300 7T 0 3.06 384 345 0.39
B Sized 300 70 233 3.01 267 0.34
C Sized 300 7T 0 3.46 434 390 0.44
A Sized 300 7 200 2.96 526 4.11 1.15
B Sized 300 7 200 2.10 412 3.11 1.01
C Sized 300 7 200 334 595 4.64 1.30
A Sized 300 7 20000 440 5.16 4.78 0.38
B Sized 300 7 20000 3.56 4.22 3.89 0.33
C Sized 300 7 20000 498 583 540 043
A Sized 300 7 SeaWater 7.17 817 7.67 0.50
B Sized 300 7 SeaWater 445 533 489 0.44
C Sized 300 7 SeaWater 810 9.23 8.67 0.57
A Unsized 300 7 0 256 3.53 3.04 048
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Table 1.21: Aluminum Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Aluminum
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 7 0 219 290 2.55 0.36
A Unsized 300 7 200 220 508 3.64 144
B Unsized 300 7 200 1.96 4.08 3.02 1.06
A Unsized 300 7 20000 3.78 4.72 4.25 047
B Unsized 300 7 20000 3.37 4.06 3.71 0.35
A Unsized 300 7 SeaWater 6.26 7.51 6.89 0.63
B Unsized 300 7 SeaWater 4.19 5.12 4.66 0.46
A Sized 300 10 0 3.58 4.22 390 0.32
B Sized 300 10 0 2.78 334 3.06 0.28
C Sized 300 10 0 4.05 4.77 441 0.36
A Sized 300 10 200 4.96 5.48 5.22  0.26
B Sized 300 10 200 3.55 4.01 3.78 0.23
C Sized 300 10 200 5.60 6.19 590 0.30
A Sized 300 10 20000 497 6.99 598 1.01
B Sized 300 10 20000 3.78 556 4.67 0.89
C Sized 300 10 20000 561 7.90 6.76 1.15
A Sized 300 10 SeaWater 7.45 9.19 8.32 0.87
B Sized 300 10 SeaWater 5.02 6.54 5.78 0.76
C Sized 300 10 SeaWater 8.42 10.38 9.40 0.98
A Unsized 300 10 0 3.04 384 344 0.40
B Unsized 300 10 0 2.63 322 293 0.29
A Unsized 300 10 200 430 4.96 4.63 0.33
B Unsized 300 10 200 344 393 3.69 0.24
A Unsized 300 10 20000 4.07 6.60 5.33 1.27
B Unsized 300 10 20000 3.53 540 4.47 0.93
A Unsized 300 10 SeaWater 6.41 857 7.49 1.08
B Unsized 300 10 SeaWater 4.72 6.31 5.51 0.80
A Sized 300 13 0 4.14 588 5.01 0.87
B Sized 300 13 0 3.23 4.75  3.99 0.76
C Sized 300 13 0 4.68 6.64 5.66 0.98
A Sized 300 13 200 564 6.66 6.15 0.51
B Sized 300 13 200 433 523 4.78 045
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Table 1.21: Aluminum Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Aluminum
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
C Sized 300 13 200 6.37 7.53 6.95 0.58
A Sized 300 13 20000 598 8.04 7.01 1.03
B Sized 300 13 20000 453 6.33 5.43 0.90
C Sized 300 13 20000 6.76  9.08 7.92 1.16
A Sized 300 13 SeaWater 9.56 10.32 9.94 0.38
B Sized 300 13 SeaWater 6.23 6.89 6.56 0.33
C Sized 300 13 SeaWater 10.81 11.66 11.23 0.43
A Unsized 300 13 0 335 551 4.43 1.08
B Unsized 300 13 0 3.04 4.64 3.84 0.80
A Unsized 300 13 200 482 6.10 546 0.64
B Unsized 300 13 200 4.21 5.16  4.68 0.47
A Unsized 300 13 20000 498 7.55 6.27 1.28
B Unsized 300 13 20000 423 6.12 5.18 0.95
A Unsized 300 13 SeaWater 8.67 9.62 9.14 0.47
B Unsized 300 13 SeaWater 591 6.61 6.26 0.35

For a better understanding, change in the Aluminum content of the environments was plotted
in graphs in Figure 1.19, 1.20, and 1.21. It can be seen that the Aluminum concentration

has decreased in all environments except the environments that had resin samples.
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Calcium

Calcium content of the chemical environments was measured after 300 days of exposure.
Tables 1.22, 1.23, and 1.24 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.22: Calcium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Calcium
Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm ppm ppm ppm  ppm
A Epoxy 1 300 4 0 2.92 3.05 2.99 0.07
B Vinyl Ester 1 300 4 0 2.09 2.12 2.10 0.01
C Epoxy 1 300 4 0 3.45 3.63 3.54 0.09
A Epoxy 1 300 4 200 3.04 3.97 3.51  0.46
B Vinyl Ester 1 300 4 200 2.38 2.55 247 0.09
C Epoxy 1 300 4 200 3.54 4.78 4.16 0.62
A Epoxy 1 300 4 20000 7.42 9.40 8.41 0.99
B Vinyl Ester 1 300 4 20000 5.73 6.10 5.92  0.19
C Epoxy 1 300 4 20000 8.63  11.29 9.96 1.33
A Epoxy 1 300 4  SeaWater 509.82 516.68 513.25 3.43
B Vinyl Ester 1 300 4  SeaWater 501.73 507.45 504.59 2.86
C Epoxy 1 300 4  SeaWater 522.76 534.11 528.44 5.67
A Epoxy 2 300 4 0 7.56 8.28 7.92  0.36
B Vinyl Ester 2 300 4 0 5.35 5.38 5.36  0.01
C Epoxy 2 300 4 0 9.70  10.62 10.16 0.46
A Epoxy 2 300 4 200 6.75  11.83 9.29 2.54
B Vinyl Ester 2 300 4 200 6.19 6.39 6.29 0.10
C Epoxy 2 300 4 200 8.70 1515 11.92 3.22
A Epoxy 2 300 4 20000 16.84  27.73 2228 5.45
B Vinyl Ester 2 300 4 20000 14.87 1529  15.08 0.21
C Epoxy 2 300 4 20000 26.13 31.05 28.59 2.46
A Epoxy 2 300 4  SeaWater 533.51 541.23 537.37 3.86
B Vinyl Ester 2 300 4  SeaWater 534.14 540.63 537.39 3.24
C Epoxy 2 300 4  SeaWater 550.55 564.45 557.50 6.95
A Epoxy 1 300 7 0 2.80 3.33 3.07 0.26
B Vinyl Ester 1 300 7 0 2.11 2.21 2.16 0.05
C Epoxy 1 300 7 0 3.28 3.99 3.64 0.35
A Epoxy 1 300 7 200 3.97 5.57 4.77  0.80
B Vinyl Ester 1 300 7 200 2.72 2.94 2.83 0.11
C Epoxy 1 300 7 200 3.43 4.62 4.02 0.59
A Epoxy 1 300 7 20000 8.65 13.67 11.16 2.51
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Table 1.22: Calcium Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Calcium
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 1 300 7 20000 7.38 8.32 7.85 0.47
C Epoxy 1 300 7 20000 9.85 16.59  13.22 3.37
A Epoxy 1 300 7  SeaWater 520.07 524.70 522.38 2.32
B Vinyl Ester 1 300 7 SeaWater 511.64 515.50 513.57 1.93
C Epoxy 1 300 7  SeaWater 535.01 540.67 537.84 2.83
A Epoxy 2 300 7 0 6.68 9.58 8.13 1.45
B Vinyl Ester 2 300 7 0 5.45 5.56 5.50 0.06
C Epoxy 2 300 7 0 8.59 12.28 1043 1.84
A Epoxy 2 300 7 200 740 1393 10.67 3.27
B Vinyl Ester 2 300 7 200 7.09 7.35 7.22  0.13
C Epoxy 2 300 7 200 9.54 17.83 13.69 4.15
A Epoxy 2 300 7 20000 25.77  33.36 29.57 3.79
B Vinyl Ester 2 300 7 20000 19.48  20.55  20.02 0.53
C Epoxy 2 300 7 20000 31.72 4417 3794 6.23
A Epoxy 2 300 7  SeaWater 544.33 549.54 546.93 2.61
B Vinyl Ester 2 300 7 SeaWater 544.76 549.14 546.95 2.19
C Epoxy 2 300 7  SeaWater 563.96 570.88 567.42 3.46
A Epoxy 1 300 10 0 3.18 3.44 3.31 0.13
B Vinyl Ester 1 300 10 0 2.30 2.35 2.33  0.02
C Epoxy 1 300 10 O 3.74 4.10 3.92 0.18
A Epoxy 1 300 10 200 4.28 5.60 4.94 0.66
B Vinyl Ester 1 300 10 200 3.35 3.60 3.48 0.12
C Epoxy 1 300 10 200 4.97 6.74 5.85 0.89
A Epoxy 1 300 10 20000 9.06 15.00 12.03 297
B Vinyl Ester 1 300 10 20000 7.91 9.02 8.47 0.56
C Epoxy 1 300 10 20000 10.27 1825  14.26 3.99
A Epoxy 1 300 10 SeaWater 519.18 532.69 525.93 6.76
B Vinyl Ester 1 300 10 SeaWater 511.43 522.69 517.06 5.63
C Epoxy 1 300 10 SeaWater 533.25 549.74 541.50 8.24
A Epoxy 2 300 10 O 8.04 9.49 8.76 0.73
B Vinyl Ester 2 300 10 O 5.91 5.96 5.93 0.03
C Epoxy 2 300 10 O 10.33  12.17  11.25 0.92
A Epoxy 2 300 10 200 9.46  16.72  13.09 3.63
B Vinyl Ester 2 300 10 200 8.72 9.01 8.86 0.14
C Epoxy 2 300 10 200 1220 2141 16.80 4.61
A Epoxy 2 300 10 20000 25.65  38.22 3189 6.34
B Vinyl Ester 2 300 10 20000 20.96  22.22 2159 0.63
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Table 1.22: Calcium Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Calcium
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 2 300 10 20000 33.55  48.30 40.92 7.37
A Epoxy 2 300 10 SeaWater 543.05 558.25 550.65 7.60
B Vinyl Ester 2 300 10 SeaWater 544.28 557.06 550.67 6.39
C Epoxy 2 300 10 SeaWater 561.18 581.38 571.28 10.10
A Epoxy 1 300 13 0 2.90 5.54 4.22  1.32
B Vinyl Ester 1 300 13 0 2.72 3.22 2.97 0.25
C Epoxy 1 300 13 0 3.23 6.78 5.00 1.77
A Epoxy 1 300 13 200 4.89  10.17 7.53 2.64
B Vinyl Ester 1 300 13 200 4.80 5.79 5.30  0.50
C Epoxy 1 300 13 200 6.44 11.40 8.92 2.48
A Epoxy 1 300 13 20000 1493 1783 16.38 1.45
B Vinyl Ester 1 300 13 20000 11.25  11.79  11.52 0.27
C Epoxy 1 300 13 20000 1746  21.35 1941 1.95
A Epoxy 1 300 13 SeaWater 521.23 536.11 528.67 7.44
B Vinyl Ester 1 300 13 SeaWater 513.55 525.95 519.75 6.20
C Epoxy 1 300 13 SeaWater 535.24 553.39 544.31 9.08
A Epoxy 2 300 13 0 3.93 1845 11.19 7.26
B Vinyl Ester 2 300 13 0 7.30 7.86 7.58 0.28
C Epoxy 2 300 13 0 5.15 23.58 14.36  9.21
A Epoxy 2 300 13 200 12.43 2748 19.96 7.52
B Vinyl Ester 2 300 13 200 12.95 14.07 13.51 0.56
C Epoxy 2 300 13 200 21.02  30.20 25.61 4.59
A Epoxy 2 300 13 20000 35.41 51.39 43.40 7.99
B Vinyl Ester 2 300 13 20000 29.07  29.69 29.38 0.31
C Epoxy 2 300 13 20000 52.09 59.30 55.70 3.60
A Epoxy 2 300 13 SeaWater 545.15 561.89 553.52 8.37
B Vinyl Ester 2 300 13 SeaWater 546.49 560.57 553.53 7.04
C Epoxy 2 300 13 SeaWater 563.13 585.37 574.25 11.12
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Table 1.23: Calcium Test Statistical values for All Resin Sample Groups

Sample Group Statistical Values
Calcium
Manuf. Resin Exposure Period pH Cl™ A \Y m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 4 0 Below 0.05 Below 0.05 Below 0.05 0.00
A Epoxy 300 4 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 4 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 4 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 4 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 4 SeaWater 458.38 460.46 459.42 1.04
B Vinyl Ester 300 4 SeaWater 456.94 461.46 459.2 2.26
A Epoxy 300 7 0 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 7 0 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 200 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 7 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 7 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 SeaWater 465.93 469.27 467.6 1.67
B Vinyl Ester 300 7 SeaWater 465.62 469.12 467.37 1.75
A Epoxy 300 10 O Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 10 O Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 10 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 10 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10  SeaWater 468.74 472.82 470.78 2.04
B Vinyl Ester 300 10  SeaWater 468.45 472.63 470.54 2.09
A Epoxy 300 13 0 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 0 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 13 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.00
A Epoxy 300 13 SeaWater 471.73 474.73 473.23 1.50
B Vinyl Ester 300 13 SeaWater 471.88 474.1 472.99 1.11

Table 1.24: Calcium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Calcium
Manuf. Fiber Exposure Period pH Cl™ A \Y, o o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 0 0.85 0.88 0.87 0.01
B Sized 300 4 0 0.78 0.80 0.79 0.01
C Sized 300 4 0 0.95 0.99 0.97 0.02
A Sized 300 4 200 0.92 1.11 1.02  0.09
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Table 1.24: Calcium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Calcium
Manuf. Fiber Exposure Period pH CI™ A \Y, m o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Sized 300 4 200 0.85 1.00 0.92 0.08
C Sized 300 4 200 1.03 1.25 1.14 0.11
A Sized 300 4 20000 2.24 2.64 2.44 0.20
B Sized 300 4 20000 2.05 2.38 2.22 0.17
C Sized 300 4 20000 2.49 2.97 2.73 0.24
A Sized 300 4 SeaWater 473.51 479.60 476.56  3.05
B Sized 300 4 SeaWater 464.67 469.75 467.21 2.54
C Sized 300 4 SeaWater 483.32 490.76 487.04 3.72
A Unsized 300 4 0 0.75 0.77 0.76  0.01
B Unsized 300 4 0 0.70 0.72 0.71  0.01
A Unsized 300 4 200 0.81 0.98 0.89 0.08
B Unsized 300 4 200 0.76 0.91 0.83 0.08
A Unsized 300 4 20000 1.97 2.32 2.14 0.17
B Unsized 300 4 20000 1.83 2.16 1.99 0.16
A Unsized 300 4 SeaWater 466.72 472.09 469.41 2.68
B Unsized 300 4 SeaWater 460.02 465.05 462.54 2.52
A Sized 300 7 0 0.84 0.94 0.89 0.05
B Sized 300 7 0 0.76 0.85 0.81 0.04
(@] Sized 300 7 0 0.93 1.06 1.00 0.06
A Sized 300 7 200 1.05 1.29 1.17 0.12
B Sized 300 7 200 0.96 1.16 1.06 0.10
C Sized 300 7 200 1.16 1.45 1.31 0.14
A Sized 300 7 20000 2.73 3.74 3.23  0.50
B Sized 300 7 20000 2.52 3.36 2.94 042
(@] Sized 300 7 20000 3.01 4.23 3.62 0.61
A Sized 300 7 SeaWater 482.98 487.09 485.03  2.06
B Sized 300 7 SeaWater 473.81 477.24 475.52 1.72
C Sized 300 7 SeaWater 493.19 498.22 495.71 2.51
A Unsized 300 7 0 0.74 0.83 0.78 0.05
B Unsized 300 7 0 0.68 0.77 0.73 0.04
A Unsized 300 7 200 0.92 1.13 1.03 0.10
B Unsized 300 7 200 0.86 1.05 0.95 0.10
A Unsized 300 7 20000 2.40 3.29 2.85 0.44
B Unsized 300 7 20000 2.23 3.06 2.65 041
A Unsized 300 7 SeaWater 475.95 479.57 477.76 1.81
B Unsized 300 7 SeaWater 469.07 472.47 470.77 1.70
A Sized 300 10 O 0.93 0.99 0.96 0.03
B Sized 300 10 0 0.85 0.89 0.87  0.02
C Sized 300 10 O 1.04 1.11 1.07 0.03
A Sized 300 10 200 1.30 1.56 1.43 0.13
B Sized 300 10 200 1.19 1.41 1.30 0.11
C Sized 300 10 200 1.44 1.77 1.60 0.16
A Sized 300 10 20000 2.89 4.08 3.49 0.59
B Sized 300 10 20000 2.68 3.67 3.17  0.50
C Sized 300 10 20000 3.18 4.63 391 0.72
A Sized 300 10 SeaWater 482.33 494.34 488.33 6.01
B Sized 300 10 SeaWater 473.75 483.76 478.76  5.01
C Sized 300 10  SeaWater 491.75 506.40 499.08 7.33
A Unsized 300 10 O 0.82 0.87 0.84 0.02
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Table 1.24: Calcium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Calcium
Manuf. Fiber Exposure Period pH CI™ A \Y, m o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 10 0 0.76 0.81 0.78  0.02
A Unsized 300 10 200 1.14 1.38 1.26 0.12
B Unsized 300 10 200 1.06 1.28 1.17 0.11
A Unsized 300 10 20000 2.55 3.59 3.07 0.52
B Unsized 300 10 20000 2.36 3.34 2.85 0.49
A Unsized 300 10 SeaWater 475.72 486.29 481.01 5.29
B Unsized 300 10 SeaWater 469.01 478.92 473.97 4.95
A Sized 300 13 0 0.96 1.49 1.22  0.26
B Sized 300 13 0 0.89 1.33 1.11 0.22
(@] Sized 300 13 0 1.05 1.69 1.37 0.32
A Sized 300 13 200 1.65 2.71 2.18 0.53
B Sized 300 13 200 1.54 2.42 1.98 0.44
(@] Sized 300 13 200 1.80 3.09 2.44  0.64
A Sized 300 13 20000 4.46 5.04 4.75  0.29
B Sized 300 13 20000 4.07 4.56 4.32 0.24
(@] Sized 300 13 20000 4.96 5.67 5.32 0.35
A Sized 300 13 SeaWater 484.26 497.48 490.87 6.61
B Sized 300 13  SeaWater 475.74 486.76 481.25 5.51
C Sized 300 13 SeaWater 493.60 509.74 501.67 8.07
A Unsized 300 13 0 0.85 1.31 1.08 0.23
B Unsized 300 13 0 0.78 1.22 1.00 0.22
A Unsized 300 13 200 1.46 2.39 1.92 0.46
B Unsized 300 13 200 1.35 2.22 1.79 0.44
A Unsized 300 13 20000 3.92 4.43 4.18 0.26
B Unsized 300 13 20000 3.64 4.12 3.88 0.24
A Unsized 300 13  SeaWater 477.69 489.33 483.51 5.82
B Unsized 300 13  SeaWater 470.98 481.89 476.43 5.46

For a better understanding, change in the Calcium content of the environments was plotted
in graphs in Figure 1.22, 1.23, and 1.24. It can be seen that the Calcium content has

increased in all environments except the environments that had resin samples.
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Figure 1.22: Calcium concentration of all environments after exposure of rebars

—— TypeA Lot 1 —— TypeB Lot 1 —— TypeC Lot 1
TypeA Lot 2 —e— TypeB Lot 2 —=- TypeC Lot 2
0Ci~ 200 CT~ 20000 CI~ Seawater
— | | |
300 600 0 300 600 0 300 600 0 300
Time (Day) Time (Day) Time (Day) Time (Day)

81

600



4 pH

7 pH

10 pH

13 pH

1072

0Cl-

——  TypeA Resin

TypeB Resin

200 C1-

20000 Cl~

Seawater

Calcium Content (ppm)

Below 0.05 ppm

Below 0.05 ppm

Below 0.05 ppm

1072

Calcium Content (ppm)

Below 0.05 ppm

Below 0.05 ppm

Below 0.05 ppm

1072

Calcium Content (ppm)

Below 0.05 ppm

Below 0.05 ppm

Below 0.05 ppm

1072

Calcium Content (ppm)

Below 0.05 ppm

Below 0.05 ppm

Below 0.05 ppm
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Figure 1.24: Calcium concentration of all environments after exposure of sized and unsized

fibers
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Chromium

Chromium content of the chemical environments was measured after 300 days of exposure.
Tables 1.25, 1.26, and 1.27 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.25: Chromium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Chromium

Manuf. Resin Lot  Exposure Period pH Cl™ A \Y “w o
Type Type No. Days ppm ppm ppm ppm ppm
A Epoxy 1 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 4 0 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 1 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 4 200 Below 0.01  Below 0.01  Below 0.01 0.0
A Epoxy 1 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 4 20000 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 1 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 4 SeaWater Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 4 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 4 SeaWater  Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 2 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 4 0 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 2 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 4 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 4 20000 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 2 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 4 SeaWater Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 4 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 4 SeaWater  Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 1 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 7 0 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 1 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 7 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 7 200 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 7 SeaWater Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 7 0 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 2 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 7 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
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Table 1.25: Chromium Test Statistical values for All Rebar Sample Groups
Sample Group Statistical Values
Chromium
Manuf. Resin Lot  Exposure Period pH Cl™ A \% w o
Type  Type No. Days ppm ppm ppm ppm ppm
C Epoxy 2 300 7 200 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 7 SeaWater Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 7 SeaWater Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 1 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 10 O Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 1 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 10 SeaWater  Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 2 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 10 20000 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 2 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 13 0 Below 0.01 Below 0.01  Below 0.01 0.0
C Epoxy 1 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 13 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 13 200 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 1 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 1 300 13 20000 Below 0.01  Below 0.01  Below 0.01 0.0
C Epoxy 1 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 1 300 13 SeaWater Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 1 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 1 300 13  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.0
C Epoxy 2 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 13 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 13 200 Below 0.01 Below 0.01  Below 0.01 0.0
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Table 1.25: Chromium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Chromium
Manuf. Resin Lot Exposure Period pH Cl™ A \Y, w o
Type  Type No. Days ppm ppm ppm ppm ppm
A Epoxy 2 300 13 20000 Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 2 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 2 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 2 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Epoxy 2 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
Table 1.26: Chromium Test Statistical values for All Resin Sample Groups
Sample Group Statistical Values
Chromium
Manuf. Resin Exposure Period pH Cl™ A \Y m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 4 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 4 200 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 4 20000 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 300 4 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 4 SeaWater Below 0.01  Below 0.01  Below 0.01 0.0
A Epoxy 300 7 0 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 7 0 Below 0.01  Below 0.01 Below 0.01 0.0
A Epoxy 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 7 20000 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 7 20000 Below 0.01 Below 0.01  Below 0.01 0.0
A Epoxy 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 7 SeaWater Below 0.01  Below 0.01  Below 0.01 0.0
A Epoxy 300 10 0 Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.0
A Epoxy 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.0
A Epoxy 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Epoxy 300 13 20000 Below 0.01 Below 0.01  Below 0.01 0.0
B Vinyl Ester 300 13 20000 Below 0.01  Below 0.01  Below 0.01 0.0
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Table 1.26: Chromium Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Chromium
Manuf. Resin Exposure Period pH Cl™ A V m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 13  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Vinyl Ester 300 13  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0

Table 1.27: Chromium Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Chromium
Manuf. Fiber Exposure Period pH Cl° A \Y, 1 o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 4  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 4  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 4  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 4  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 4  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
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Table 1.27: Chromium Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Chromium
Manuf. Fiber Exposure Period pH Cl™ A \Y W o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 7  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 7 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 10 O Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 10 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
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Table 1.27: Chromium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Chromium
Manuf. Fiber Exposure Period pH Cl™ A \Y W o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Sized 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Sized 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
C Sized 300 13  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.0
A Unsized 300 13  SeaWater Below 0.01 Below 0.01 Below 0.01 0.0
B Unsized 300 13 SeaWater Below 0.01 Below 0.01 Below 0.01 0.0

For a better understanding, change in the Chromium content of the environments was plotted
in graphs in Figure 1.25, 1.26, and 1.27. It can be seen that the Chromium concentration

has not changed over time in all exposure environments.
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Figure 1.25: Chromium concentration of all environments after exposure of rebars
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Figure 1.27: Chromium concentration of all environments after exposure of sized and unsized

fibers
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Iron

Iron content of the chemical environments was measured after 300 days of exposure. Ta-
bles 1.28, 1.29, and 1.30 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.28: Iron Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Iron
Manuf. Resin Lot Exposure Period pH Cl° A \% I o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
A Epoxy 1 300 4 0 4.71 4.78 4.74 0.04
B Vinyl Ester 1 300 4 0 3.32 3.35 3.34 0.01
C Epoxy 1 300 4 0 6.12 6.21 6.16 0.04
A Epoxy 1 300 4 200 5.64 6.13 5.89 0.25
B Vinyl Ester 1 300 4 200 3.82 4.03 3.92 0.10
C Epoxy 1 300 4 200 7.36 7.95 7.65 0.30
A Epoxy 1 300 4 20000 14.37 1542  14.90 0.53
B Vinyl Ester 1 300 4 20000 9.21 9.64 9.43 0.22
C Epoxy 1 300 4 20000 1873  20.00 19.36 0.64
A Epoxy 1 300 4  SeaWater 16.58 21.31 18.95 2.36
B Vinyl Ester 1 300 4  SeaWater 10.45 12.38 11.41  0.96
C Epoxy 1 300 4  SeaWater  21.79  27.47 24.63 2.84
A Epoxy 2 300 4 0 6.68 6.78 6.73 0.05
B Vinyl Ester 2 300 4 0 5.05 5.10 5.07 0.02
C Epoxy 2 300 4 0 7.67 7.81 7.74  0.07
A Epoxy 2 300 4 200 9.68 10.64 10.16 0.48
B Vinyl Ester 2 300 4 200 5.79 6.13 596 0.17
C Epoxy 2 300 4 200 8.47 9.19 8.83 0.36
A Epoxy 2 300 4 20000 22.77 2430 23.53 0.77
B Vinyl Ester 2 300 4 20000 13.95 14.69 14.32 0.37
C Epoxy 2 300 4 20000 26.04 28.09 27.06 1.03
A Epoxy 2 300 4  SeaWater  28.02  34.88 31.45 3.43
B Vinyl Ester 2 300 4  SeaWater 15.70 18.97 17.34 1.63
C Epoxy 2 300 4  SeaWater  31.58  40.76  36.17 4.59
A Epoxy 1 300 7 0 4.80 5.08 4.94 0.14
B Vinyl Ester 1 300 7 0 3.37 3.49 3.43 0.06
C Epoxy 1 300 7 0 6.25 6.59 6.42 0.17
A Epoxy 1 300 7 200 6.53 7.17 6.85 0.32
B Vinyl Ester 1 300 7 200 4.38 4.64 4.51 0.13
C Epoxy 1 300 7 200 8.52 9.29 891 0.38
A Epoxy 1 300 7 20000 18.68 21.37  20.03 1.34
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Table 1.28: Iron Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Iron
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 1 300 7 20000 11.97 13.06  12.52 0.55
C Epoxy 1 300 7 20000 24.42  27.64  26.03 1.61
A Epoxy 1 300 7 SeaWater 23.93  26.33  25.13 1.20
B Vinyl Ester 1 300 7  SeaWater 14.47 15.45 14.96 0.49
C Epoxy 1 300 7 SeaWater 31.23  34.10 32.67 1.44
A Epoxy 2 300 7 0 6.91 7.32 711  0.20
B Vinyl Ester 2 300 7 0 5.11 5.31 5.21 0.10
C Epoxy 2 300 7 0 7.90 8.45 8.18 0.27
A Epoxy 2 300 7 200 9.95 10.87 1041 0.46
B Vinyl Ester 2 300 7 200 6.63 7.07 6.85 0.22
C Epoxy 2 300 7 200 11.36 12,59 1197 0.62
A Epoxy 2 300 7 20000 30.10 33.98 32.04 1.94
B Vinyl Ester 2 300 7 20000 18.08 1994 19.01 0.93
C Epoxy 2 300 7 20000 34.24  39.45  36.85 2.60
A Epoxy 2 300 7 SeaWater  40.47 4395 4221 1.74
B Vinyl Ester 2 300 7 SeaWater 21.89  23.55  22.72 0.83
C Epoxy 2 300 7  SeaWater  46.21 50.88  48.55 2.33
A Epoxy 1 300 10 0 5.33 5.47 5.40 0.07
B Vinyl Ester 1 300 10 0 3.67 3.73 3.70 0.03
C Epoxy 1 300 10 O 6.94 7.10 7.02 0.08
A Epoxy 1 300 10 200 8.17 8.88 8.52  0.35
B Vinyl Ester 1 300 10 200 5.39 5.68 5.54 0.14
C Epoxy 1 300 10 200 10.66  11.51 11.08 0.42
A Epoxy 1 300 10 20000 20.29 2347 21.88 1.59
B Vinyl Ester 1 300 10 20000 12.86  14.15  13.51 0.65
C Epoxy 1 300 10 20000 26.54  30.35 2844 1091
A Epoxy 1 300 10  SeaWater  28.65  35.78  32.22 3.56
B Vinyl Ester 1 300 10 SeaWater  17.50  20.40 18.95 1.45
C Epoxy 1 300 10 SeaWater  37.60  46.16  41.88 4.28
A Epoxy 2 300 10 O 7.78 7.99 7.88 0.10
B Vinyl Ester 2 300 10 O 5.57 5.67 5.62 0.05
C Epoxy 2 300 10 O 8.93 9.20 9.07 0.14
A Epoxy 2 300 10 200 12.62 13.64 13.13 0.51
B Vinyl Ester 2 300 10 200 8.17 8.65 8.41 0.24
C Epoxy 2 300 10 200 14.41 15.78  15.10 0.69
A Epoxy 2 300 10 20000 33.14 3775 3544 2.30
B Vinyl Ester 2 300 10 20000 19.42 21.61 20.51 1.10
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Table 1.28: Iron Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Iron
Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 2 300 10 20000 37.68 43.84 40.76 3.08
A Epoxy 2 300 10 SeaWater  49.60  59.93  54.77 5.17
B Vinyl Ester 2 300 10 SeaWater  26.32  31.25  28.78 2.46
C Epoxy 2 300 10 SeaWater  56.06 69.91  62.98 6.92
A Epoxy 1 300 13 0 6.29 7.70 6.99 0.71
B Vinyl Ester 1 300 13 0 4.44 5.01 4.73 0.29
C Epoxy 1 300 13 0 8.25 9.94 9.09 0.85
A Epoxy 1 300 13 200 11.76  14.58  13.17 141
B Vinyl Ester 1 300 13 200 7.86 9.02 8.44 0.58
C Epoxy 1 300 13 200 15.42 18.81 17.12  1.69
A Epoxy 1 300 13 20000 29.38 30.93 30.16 0.78
B Vinyl Ester 1 300 13 20000 18.07  18.70  18.39 0.32
C Epoxy 1 300 13 20000 38.27  40.13  39.20 0.93
A Epoxy 1 300 13 SeaWater  40.54  46.89  43.71 3.18
B Vinyl Ester 1 300 13 SeaWater 24.12 26.71 25.41 1.30
C Epoxy 1 300 13 SeaWater  53.01 60.63 56.82 3.81
A Epoxy 2 300 13 0 9.33 11.37 1035 1.02
B Vinyl Ester 2 300 13 0 6.69 7.67 7.18 0.49
C Epoxy 2 300 13 0 10.53  13.27  11.90 1.37
A Epoxy 2 300 13 200 18.50 22,59  20.54 2.05
B Vinyl Ester 2 300 13 200 11.85 13.80 12.82 0.98
C Epoxy 2 300 13 200 20.88  26.36  23.62 2.74
A Epoxy 2 300 13 20000 48.33  50.58  49.46 1.13
B Vinyl Ester 2 300 13 20000 27.39 2847 2793 0.54
C Epoxy 2 300 13 20000 55.37  58.38  56.88 1.51
A Epoxy 2 300 13 SeaWater  60.58  69.79  65.18 4.60
B Vinyl Ester 2 300 13 SeaWater  36.40 40.79  38.59 2.20
C Epoxy 2 300 13 SeaWater  68.79  81.13 74.96 6.17
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Table 1.29: Iron Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Iron
Manuf. Resin Exposure Period pH Cl™ A \Y m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 4 0 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 4 200 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 4 200 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 4 20000 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 4 20000 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 4 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 4 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 7 0 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 7 0 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 7 200 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 7 200 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 7 20000 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 7 20000 Below 0.05 Below 0.05  Below 0.05 0.0
A Epoxy 300 7 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 7 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 10 0 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 10 O Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 10 200 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 10 200 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 10 20000 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 10 20000 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 10 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 10 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 13 0 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 13 0 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 13 200 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 13 200 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.0
A Epoxy 300 13 SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
B Vinyl Ester 300 13  SeaWater Below 0.05 Below 0.05 Below 0.05 0.0
Table 1.30: Iron Test Statistical values for All Fiber Sample Groups
Sample Group Statistical Values
Iron
Manuf. Fiber Exposure Period pH Cl™ A \% 1 o

Type  Type Days ppm ppm  ppm  ppm  ppm

A Sized 300 4 0 094 096 095 0.01

Continued on next page ...

96



Table 1.30: Iron Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Iron
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Sized 300 4 0 0.74 0.76 0.75 0.01
C Sized 300 4 0 1.05 1.08 1.06 0.01
A Sized 300 4 200 1.40 1.56 1.48 0.08
B Sized 300 4 200 0.81 0.95 0.88 0.07
C Sized 300 4 200 1.56 1.75 1.66 0.09
A Sized 300 4 20000 2.83 319 3.01 0.18
B Sized 300 4 20000 1.96 2.26 2.11 0.15
C Sized 300 4 20000 3.17 3,57 3.37 0.20
A Sized 300 4 SeaWater 5.53 7.15 6.34 0.81
B Sized 300 4 SeaWater 1.88 3.22 255 0.67
C Sized 300 4  SeaWater 6.19 8.01 7.10 091
A Unsized 300 4 0 0.88 0.91 0.89 0.01
B Unsized 300 4 0 0.69 0.71 0.70 0.01
A Unsized 300 4 200 1.31 1.51 1.41 0.10
B Unsized 300 4 200 0.76 091 0.84 0.08
A Unsized 300 4 20000 2.67 3.10 2.88 0.21
B Unsized 300 4 20000 1.89 2.22 2.06 0.17
A Unsized 300 4 SeaWater 5.17 7.08 6.12 0.96
B Unsized 300 4 SeaWater 1.80 3.27 2.53 0.74
A Sized 300 7T 0 0.93 1.03 0.98 0.05
B Sized 300 70 0.73 0.81 0.77 0.04
C Sized 300 7 0 1.04 1.15 1.10 0.05
A Sized 300 7 200 1.45 1.67 1.56 0.11
B Sized 300 7 200 0.92 1.10 1.01 0.09
C Sized 300 7 200 1.63 1.87 1.75 0.12
A Sized 300 7 20000 332 424 3.78 0.46
B Sized 300 7 20000 242 318 2.80 0.38
C Sized 300 7 20000 3.72 4.75 423 0.51
A Sized 300 7 SeaWater 6.60 7.42 7.01 0.41
B Sized 300 7 SeaWater 3.00 3.68 3.34 0.34
C Sized 300 7 SeaWater 7.39 831 7.85 0.46
A Unsized 300 7 0 0.87 0.98 0.93 0.06
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Table 1.30: Iron Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Iron
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 7 0 0.68 0.76 0.72 0.04
A Unsized 300 7 200 1.36 1.61 1.49 0.13
B Unsized 300 7 200 0.87 1.06 0.96 0.10
A Unsized 300 7 20000 3.09 4.17 3.63 0.54
B Unsized 300 7 20000 235 319 277 042
A Unsized 300 7 SeaWater 6.30 7.27 6.79 0.49
B Unsized 300 7 SeaWater 295 3.70 3.33 0.37
A Sized 300 10 0 1.09 1.13 1.11 0.02
B Sized 300 10 0 0.81 0.85 0.83 0.02
C Sized 300 10 0 1.22 1.27 1.24 0.03
A Sized 300 10 200 1.77  2.01 1.89 0.12
B Sized 300 10 200 1.14 134 1.24 0.10
C Sized 300 10 200 1.98 2.25 212 0.14
A Sized 300 10 20000 3.69 4.77 4.23 0.54
B Sized 300 10 20000 257 347 3.02 045
C Sized 300 10 20000 413 535 4.74 0.61
A Sized 300 10 SeaWater 6.45 8.89 7.67 1.22
B Sized 300 10 SeaWater 3.22 524 4.23 1.01
C Sized 300 10 SeaWater 7.22 996 8.59 1.37
A Unsized 300 10 0 1.02 1.08 1.05 0.03
B Unsized 300 10 0 0.76  0.80 0.78 0.02
A Unsized 300 10 200 1.08 1.30 1.19 0.11
B Unsized 300 10 200 1.66 1.95 1.80 0.14
A Unsized 300 10 20000 3.43 4.71 4.07 0.64
B Unsized 300 10 20000 249 348 299 0.50
A Unsized 300 10 SeaWater 5.97 886 7.42 1.44
B Unsized 300 10 SeaWater 3.11 5.33 4.22 1.11
A Sized 300 13 0 1.12  1.60 1.36 0.24
B Sized 300 13 0 0.86 1.26 1.06 0.20
C Sized 300 13 0 1.25 1.79 1.52 0.27
A Sized 300 13 200 219 315 267 048
B Sized 300 13 200 149 229 1.89 0.40
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Table 1.30: Iron Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Iron
Manuf. Fiber Exposure Period pH Cl™ A \% n o
Type  Type Days ppm ppm  ppm  ppm  ppm
C Sized 300 13 200 245 353 299 0.54
A Sized 300 13 20000 562 6.16 5.89 0.27
B Sized 300 13 20000 3.89 433 4.11 0.22
C Sized 300 13 20000 6.30 6.89 6.60 0.30
A Sized 300 13  SeaWater 7.66 9.84 875 1.09
B Sized 300 13 SeaWater 4.77 6.57 5.67 0.90
C Sized 300 13 SeaWater  8.58 11.02 9.80 1.22
A Unsized 300 13 0 1.00 1.57 1.29 0.29
B Unsized 300 13 0 0.78 1.22 1.00 0.22
A Unsized 300 13 200 1.98 3.12 255 0.57
B Unsized 300 13 200 1.39 2.27 1.83 0.44
A Unsized 300 13 20000 536 5.99 5.68 0.31
B Unsized 300 13 20000 3.83 432 407 0.24
A Unsized 300 13 SeaWater 7.19 9.76 8.48 1.29
B Unsized 300 13 SeaWater 4.62 6.60 5.61 0.99

For a better understanding, change in the Iron content of the environments was plotted in
graphs in Figure 1.28, 1.29, and 1.30. It can be seen that the Iron content of all environments

has increased except for the environments in which resin samples were exposed.
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Figure 1.30: Iron concentration of all environments after exposure of sized and unsized fibers
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Magnesium

Magnesium content of the chemical environments was measured after 300 days of exposure.
Tables 1.31, 1.32, and 1.33 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.31: Magnesium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Magnesium
Manuf. Resin Lot  Exposure Period pH Cl™ A \Y, “w o
Type  Type No. Days ppm ppm ppm ppm ppm
A Epoxy 1 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 4 200 Below 0.01  Below 0.01 Below 0.01 0.00
A Epoxy 1 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 4 SeaWater 1382.45 1392.89 1387.67 5.22
B Vinyl Ester 1 300 4 SeaWater 1405.04 1414.14 1409.59 4.55
C Epoxy 1 300 4 SeaWater 1395.75 1407.34 1401.55 5.79
A Epoxy 2 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 4 0 Below 0.01 Below 0.01  Below 0.01 0.00
C Epoxy 2 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 4 200 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 2 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 4 200 Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 2 300 4 20000 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 2 300 4 20000 Below 0.01 Below 0.01  Below 0.01 0.00
C Epoxy 2 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 4 SeaWater 1376.21 1386.45 1381.33 5.12
B Vinyl Ester 2 300 4 SeaWater 1393.92 1405.72 1399.82 5.90
C Epoxy 2 300 4 SeaWater 1383.81 1397.64 1390.73 6.91
A Epoxy 1 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 7 0 Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 1 300 7 200 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 1 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 7 200 Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 7 SeaWater 1370.89 1380.01 1375.45 4.56
B Vinyl Ester 1 300 7 SeaWater 1389.33 1407.17 1398.25 8.92
C Epoxy 1 300 7 SeaWater 1384.14 1394.26 1389.20 5.06
A Epoxy 2 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 7 0 Below 0.01 Below 0.01  Below 0.01 0.00
C Epoxy 2 300 7 0 Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 2 300 7 200 Below 0.01  Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.00
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Table 1.31: Magnesium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Magnesium
Manuf. Resin Lot  Exposure Period pH Cl™ A V m o
Type  Type No. Days ppm ppm ppm ppm ppm
C Epoxy 2 300 7 200 Below 0.01  Below 0.01 Below 0.01 0.00
A Epoxy 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 7 SeaWater 1364.54 1374.50 1369.52 4.98
B Vinyl Ester 2 300 7 SeaWater 1386.70 1396.26 1391.48 4.78
C Epoxy 2 300 7 SeaWater 1372.11 1385.55 1378.83 6.72
A Epoxy 1 300 10 O Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 10 O Below 0.01 Below 0.01  Below 0.01 0.00
C Epoxy 1 300 10 O Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 1 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 10  SeaWater 1359.14 1373.34 1366.24 7.10
B Vinyl Ester 1 300 10  SeaWater 1382.01 1393.35 1387.68 5.67
C Epoxy 1 300 10  SeaWater 1372.02 1387.78 1379.90 7.88
A Epoxy 2 300 10 O Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 10 O Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 10 O Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 2 300 10 200 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 2 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 10 200 Below 0.01 Below 0.01  Below 0.01 0.00
A Epoxy 2 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 10  SeaWater 1357.11 1368.69 1362.90 5.79
B Vinyl Ester 2 300 10  SeaWater 1371.03 1386.79 1378.91 7.88
C Epoxy 2 300 10  SeaWater 1364.35 1379.98 1372.17 7.82
A Epoxy 1 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 13 0 Below 0.01 Below 0.01  Below 0.01 0.00
C Epoxy 1 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.00
A Epoxy 1 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 1 300 13 200 Below 0.01 Below 0.01  Below 0.01 0.00
A Epoxy 1 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 1 300 13 20000 Below 0.01  Below 0.01  Below 0.01 0.00
C Epoxy 1 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 1 300 13 SeaWater 1358.00 1365.12 1361.56 3.56
B Vinyl Ester 1 300 13 SeaWater 1373.06 1386.90 1379.98 6.92
C Epoxy 1 300 13 SeaWater 1371.23 1379.13 1375.18 3.95
A Epoxy 2 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.00
B Vinyl Ester 2 300 13 0 Below 0.01  Below 0.01  Below 0.01 0.00
C Epoxy 2 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Vinyl Ester 2 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
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Table 1.31: Magnesium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Magnesium

Manuf. Resin Lot  Exposure Period pH Cl™ A V m o

Type  Type No. Days ppm ppm ppm ppm ppm
A Epoxy 2 300 13 20000 Below 0.01 Below 0.01  Below 0.01 0.00
B Vinyl Ester 2 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Epoxy 2 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Epoxy 2 300 13 SeaWater 1346.33 1359.89 1353.11 6.78
B Vinyl Ester 2 300 13 SeaWater 1363.09 1381.33 1372.21 9.12
C Epoxy 2 300 13 SeaWater 1353.16 1371.47 1362.32 9.15

Table 1.32: Magnesium Test Statistical values for All Resin Sample Groups

Sample Group Statistical Values
Magnesium
Manuf. Resin Exposure Period pH CI° A \% 7 o
Type  Type Days ppm ppm ppm ppm  ppm
A Epoxy 300 4 0 0.0212  0.0218  0.0215 0.00
B Vinyl Ester 300 4 0 0.0210 0.0214  0.0212 0.00
A Epoxy 300 4 200 0.0203 0.0211  0.0207 0.00
B Vinyl Ester 300 4 200 0.0202  0.0206  0.0204 0.00
A Epoxy 300 4 20000 0.0215 0.0217 0.0216 0.00
B Vinyl Ester 300 4 20000 0.0210 0.0216  0.0213 0.00
A Epoxy 300 4  SeaWater 1452.47 1467.59 1460.03  7.56
B Vinyl Ester 300 4  SeaWater 1453.54 1463.50 1458.52  4.98
A Epoxy 300 7 0 0.0217  0.0223  0.0220 0.00
B Vinyl Ester 300 7T 0 0.0216  0.0218  0.0217 0.00
A Epoxy 300 7 200 0.0202 0.0212  0.0207 0.00
B Vinyl Ester 300 7 200 0.0201  0.0207  0.0204 0.00
A Epoxy 300 7 20000 0.0211  0.0215 0.0213 0.00
B Vinyl Ester 300 7 20000 0.0206  0.0214 0.0210 0.00
A Epoxy 300 7 SeaWater 1473.97 1486.43 1480.20 6.23
B Vinyl Ester 300 7 SeaWater 1468.81 1488.57 1478.69  9.88
A Epoxy 300 10 0 0.0206  0.0214  0.0210 0.00
B Vinyl Ester 300 10 0 0.0206  0.0208  0.0207 0.00
A Epoxy 300 10 200 0.0197  0.0209  0.0203 0.00
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Table 1.32: Magnesium Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Magnesium
Manuf. Resin Exposure Period pH Cl™ A \Y, 7 o
Type  Type Days ppm ppm ppm ppm  ppm
B Vinyl Ester 300 10 200 0.0199  0.0201  0.0200 0.00
A Epoxy 300 10 20000 0.0203  0.0207  0.0205 0.00
B Vinyl Ester 300 10 20000 0.0197  0.0207  0.0202 0.00
A Epoxy 300 10 SeaWater 1468.61 1486.63 1477.62 9.01
B Vinyl Ester 300 10 SeaWater 1469.22 1483.00 1476.11 6.89
A Epoxy 300 13 0 0.0211  0.0215 0.0213 0.00
B Vinyl Ester 300 13 0 0.0206  0.0214  0.0210 0.00
A Epoxy 300 13 200 0.0210 0.0212  0.0211 0.00
B Vinyl Ester 300 13 200 0.0207  0.0209  0.0208 0.00
A Epoxy 300 13 20000 0.0205 0.0209  0.0207 0.00
B Vinyl Ester 300 13 20000 0.0201  0.0207  0.0204 0.00
A Epoxy 300 13 SeaWater 1493.83 1504.71 1499.27 5.44
B Vinyl Ester 300 13  SeaWater 1488.88 1506.64 1497.76  8.88
Table 1.33: Magnesium Test Statistical values for All Fiber Sample Groups
Sample Group Statistical Values
Magnesium
Manuf. Fiber Exposure Period pH Cl° A Vv L o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
C Sized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
C Sized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Sized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 4  SeaWater 1402.74 1416.52 1409.63 6.89
B Sized 300 4  SeaWater 1416.15 1434.83 1425.49 9.34
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Table 1.33: Magnesium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Magnesium
Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm ppm ppm ppm
C Sized 300 4  SeaWater 1419.52 1433.58 1426.55 7.03
A Unsized 300 4 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 4 0 Below 0.01 Below 0.01 Below 0.01  0.00
A Unsized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 4 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 4 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 4 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Unsized 300 4  SeaWater 1415.10 1429.56 1422.33 7.23
B Unsized 300 4  SeaWater 1425.49 1447.97 1436.73 11.24
A Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
C Sized 300 7 0 Below 0.01 Below 0.01 Below 0.01  0.00
A Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 7 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Sized 300 7  SeaWater 1394.23 1412.69 1403.46 9.23
B Sized 300 7  SeaWater 1409.55 1425.15 1417.35 7.80
C Sized 300 7  SeaWater 1410.89 1429.72 1420.30 9.41
A Unsized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 7 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 7 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 7 200 Below 0.01 Below 0.01 Below 0.01  0.00
A Unsized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 7 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 7  SeaWater 1405.51 1427.53 1416.52 11.01
B Unsized 300 7  SeaWater 1422.44 1436.00 1429.22 6.78
A Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 10 200 Below 0.01 Below 0.01 Below 0.01  0.00
A Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
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Table 1.33: Magnesium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Magnesium
Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm ppm ppm ppm
C Sized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 10 SeaWater 1388.34 1402.56 1395.45 7.11
B Sized 300 10 SeaWater 1395.13 1417.23 1406.18 11.05
C Sized 300 10 SeaWater 1404.94 1419.45 1412.19 7.25
A Unsized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 10 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 10 200 Below 0.01 Below 0.01 Below 0.01  0.00
B Unsized 300 10 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 10 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Unsized 300 10 20000 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 10 SeaWater 1393.88 1417.92 1405.90 12.02
B Unsized 300 10  SeaWater 1406.36 1424.24 1415.30 8.94
A Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01  0.00
B Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01  0.00
C Sized 300 13 200 Below 0.01 Below 0.01 Below 0.01  0.00
A Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
B Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01 0.00
C Sized 300 13 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Sized 300 13 SeaWater 1377.49 1389.75 1383.62 6.13
B Sized 300 13 SeaWater 1385.46 1406.10 1395.78 10.32
C Sized 300 13 SeaWater 1393.97 1406.47 1400.22 6.25
A Unsized 300 13 0 Below 0.01 Below 0.01 Below 0.01  0.00
B Unsized 300 13 0 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
B Unsized 300 13 200 Below 0.01 Below 0.01 Below 0.01 0.00
A Unsized 300 13 20000 Below 0.01 Below 0.01 Below 0.01  0.00
B Unsized 300 13 20000 Below 0.01 Below 0.01 Below 0.01  0.00
A Unsized 300 13 SeaWater 1388.55 1407.01 1397.78 9.23
B Unsized 300 13 SeaWater 1396.95 1415.17 1406.06 9.11

For a better understanding, change in the Magnesium content of the environments was plotted
in graphs in Figure 1.31, 1.32, and 1.33. It can be seen that the Magnesium concentration

in all environments has decreased except for the environments in which resin samples were
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Potassium

Potassium content of the chemical environments was measured after 300 days of exposure.
Tables 1.34, 1.35, and 1.36 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.34: Potassium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Potassium
Manuf. Resin Lot Exposure Period pH Cl° A vV 1 o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
A Epoxy 1 300 4 0 0.08 0.08 0.08  0.00
B Vinyl Ester 1 300 4 0 0.05 0.06 0.05  0.00
C Epoxy 1 300 4 0 0.09 0.09 0.09 0.00
A Epoxy 1 300 4 200 0.09 0.09 0.09  0.00
B Vinyl Ester 1 300 4 200 0.06 0.07 0.06  0.00
C Epoxy 1 300 4 200 0.10 0.10 0.10  0.00
A Epoxy 1 300 4 20000 0.10 0.10 0.10  0.00
B Vinyl Ester 1 300 4 20000 0.07 0.08 0.07  0.00
C Epoxy 1 300 4 20000 0.11 0.12 0.12  0.00
A Epoxy 1 300 4  SeaWater 408.56 420.80 414.68  6.12
B Vinyl Ester 1 300 4  SeaWater 399.81 411.15 405.48  5.67
C Epoxy 1 300 4  SeaWater 428.31 442.51 435.41 7.10
A Epoxy 2 300 4 0 0.10 0.10 0.10  0.00
B Vinyl Ester 2 300 4 0 0.06 0.06 0.06  0.00
C Epoxy 2 300 4 0 0.14 0.14 0.14  0.00
A Epoxy 2 300 4 200 0.11 0.12 0.12  0.00
B Vinyl Ester 2 300 4 200 0.07 0.07 0.07  0.00
C Epoxy 2 300 4 200 0.16 0.16 0.16  0.00
A Epoxy 2 300 4 20000 0.13 0.13 0.13  0.00
B Vinyl Ester 2 300 4 20000 0.08 0.08 0.08  0.00
C Epoxy 2 300 4 20000 0.18 0.18 0.18  0.00
A Epoxy 2 300 4  SeaWater 419.58 435.12 427.35  7.77
B Vinyl Ester 2 300 4  SeaWater 402.26 420.30 411.28  9.02
C Epoxy 2 300 4  SeaWater 431.66 452.95 442.30 10.64
A Epoxy 1 300 7 0 0.08 0.08 0.08 0.00
B Vinyl Ester 1 300 7 0 0.06 0.06 0.06  0.00
C Epoxy 1 300 7 0 0.09 0.09 0.09  0.00
A Epoxy 1 300 7 200 0.09 0.09 0.09  0.00
B Vinyl Ester 1 300 7 200 0.07 0.07 0.07  0.00
C Epoxy 1 300 7 200 0.10 0.11 0.11  0.00
A Epoxy 1 300 7 20000 0.10 0.10 0.10  0.00
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Table 1.34: Potassium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Potassium
Manuf. Resin Lot Exposure Period pH Cl A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 1 300 7 20000 0.07 0.08 0.08  0.00
C Epoxy 1 300 7 20000 0.12 0.12 0.12  0.00
A Epoxy 1 300 7 SeaWater 416.35 42991 423.13  6.78
B Vinyl Ester 1 300 7 SeaWater 406.64 420.06 413.35 6.71
C Epoxy 1 300 7  SeaWater 436.42 452.15 444.28  7.86
A Epoxy 2 300 7 0 0.10 0.11 0.11  0.00
B Vinyl Ester 2 300 7 0 0.06 0.06 0.06  0.00
C Epoxy 2 300 7 0 0.15 0.15 0.15  0.00
A Epoxy 2 300 7 200 0.12 0.12 0.12  0.00
B Vinyl Ester 2 300 7 200 0.07 0.07 0.07  0.00
C Epoxy 2 300 7 200 0.17 0.17 0.17  0.00
A Epoxy 2 300 7 20000 0.13 0.13 0.13  0.00
B Vinyl Ester 2 300 7 20000 0.08 0.08 0.08  0.00
C Epoxy 2 300 7 20000 0.18 0.19 0.19  0.00
A Epoxy 2 300 7  SeaWater 433.89 44591 439.90 6.01
B Vinyl Ester 2 300 7  SeaWater 407.65 429.67 418.66 11.01
C Epoxy 2 300 7  SeaWater 447.06 463.53 455.29  8.23
A Epoxy 1 300 10 O 0.08 0.08 0.08  0.00
B Vinyl Ester 1 300 10 0 0.06 0.06 0.06  0.00
C Epoxy 1 300 10 O 0.09 0.10 0.09  0.00
A Epoxy 1 300 10 200 0.09 0.10 0.09  0.00
B Vinyl Ester 1 300 10 200 0.07 0.07 0.07  0.00
C Epoxy 1 300 10 200 0.11 0.11 0.11  0.00
A Epoxy 1 300 10 20000 0.10 0.11 0.10  0.00
B Vinyl Ester 1 300 10 20000 0.08 0.08 0.08  0.00
C Epoxy 1 300 10 20000 0.12 0.12 0.12  0.00
A Epoxy 1 300 10 SeaWater 423.11 441.53 43232 9.21
B Vinyl Ester 1 300 10 SeaWater 410.71 422.93 416.82 6.11
C Epoxy 1 300 10 SeaWater 443.26 464.62 453.94 10.68
A Epoxy 2 300 10 O 0.11 0.11 0.11  0.00
B Vinyl Ester 2 300 10 0 0.06 0.07 0.06  0.00
C Epoxy 2 300 10 O 0.15 0.15 0.15  0.00
A Epoxy 2 300 10 200 0.12 0.12 0.12 0.00
B Vinyl Ester 2 300 10 200 0.07 0.08 0.07  0.00
C Epoxy 2 300 10 200 0.17 0.17 0.17  0.00
A Epoxy 2 300 10 20000 0.13 0.14 0.14  0.00
B Vinyl Ester 2 300 10 20000 0.08 0.08 0.08  0.00
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Table 1.34: Potassium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Potassium
Manuf. Resin Lot Exposure Period pH Cl A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 2 300 10 20000 0.19 0.19 0.19  0.00
A Epoxy 2 300 10 SeaWater 437.29 449.27 443.28  5.99
B Vinyl Ester 2 300 10 SeaWater 414.75 435.21 424.98 10.23
C Epoxy 2 300 10 SeaWater 450.59 467.01 458.80  8.21
A Epoxy 1 300 13 0 0.08 0.09 0.09  0.00
B Vinyl Ester 1 300 13 0 0.06 0.07 0.06  0.00
C Epoxy 1 300 13 0 0.10 0.10 0.10  0.00
A Epoxy 1 300 13 200 0.09 0.10 0.10  0.00
B Vinyl Ester 1 300 13 200 0.07 0.07 0.07  0.00
C Epoxy 1 300 13 200 0.11 0.11 0.11 0.00
A Epoxy 1 300 13 20000 0.10 0.11 0.11  0.00
B Vinyl Ester 1 300 13 20000 0.08 0.08 0.08  0.00
C Epoxy 1 300 13 20000 0.12 0.13 0.12  0.00
A Epoxy 1 300 13 SeaWater 429.29 445.59 437.44  8.15
B Vinyl Ester 1 300 13  SeaWater 413.26 431.28 422.27 9.01
C Epoxy 1 300 13 SeaWater 449.86 468.77 459.31  9.45
A Epoxy 2 300 13 0 0.11 0.12 0.11  0.00
B Vinyl Ester 2 300 13 0 0.07 0.07 0.07  0.00
C Epoxy 2 300 13 0 0.15 0.16 0.16  0.00
A Epoxy 2 300 13 200 0.12 0.13 0.13  0.00
B Vinyl Ester 2 300 13 200 0.07 0.08 0.08  0.00
C Epoxy 2 300 13 200 0.17 0.18 0.18  0.00
A Epoxy 2 300 13 20000 0.13 0.14 0.14  0.00
B Vinyl Ester 2 300 13 20000 0.08 0.09 0.08  0.00
C Epoxy 2 300 13 20000 0.19 0.20 0.19  0.00
A Epoxy 2 300 13 SeaWater 442.33 462.11 452.22  9.89
B Vinyl Ester 2 300 13  SeaWater 424.29 438.53 431.41 7.12
C Epoxy 2 300 13 SeaWater 454.50 481.60 468.05 13.55
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Table 1.35: Potassium Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Potassium
Manuf. Resin Exposure Period pH Cl™ A \Y I o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Epoxy 300 4 0 0.0069 0.0073 0.0071 0.00
B Vinyl Ester 300 4 0 0.0069 0.0071 0.0070 0.00
A Epoxy 300 4 200 0.0068 0.0074 0.0071 0.00
B Vinyl Ester 300 4 200 0.0069 0.0071 0.0070 0.00
A Epoxy 300 4 20000 0.0070 0.0072 0.0071 0.00
B Vinyl Ester 300 4 20000 0.0068 0.0072 0.0070 0.00
A Epoxy 300 4  SeaWater 375.86 388.32 382.09 6.23
B Vinyl Ester 300 4  SeaWater 378.53 384.97 381.75 3.22
A Epoxy 300 7 0 0.0066 0.0076 0.0071 0.00
B Vinyl Ester 300 7 0 0.0067 0.0073 0.0070 0.00
A Epoxy 300 7 200 0.0069 0.0073 0.0071 0.00
B Vinyl Ester 300 7 200 0.0069 0.0071 0.0070 0.00
A Epoxy 300 7 20000 0.0070 0.0072 0.0071 0.00
B Vinyl Ester 300 7 20000 0.0068 0.0072 0.0070 0.00
A Epoxy 300 7 SeaWater 387.58 399.14 393.36 5.78
B Vinyl Ester 300 7 SeaWater 387.35 398.69 393.02 5.67
A Epoxy 300 10 0 0.0069 0.0071 0.0070 0.00
B Vinyl Ester 300 10 0 0.0067 0.0071 0.0069 0.00
A Epoxy 300 10 200 0.0069 0.0073 0.0071 0.00
B Vinyl Ester 300 10 200 0.0066 0.0074 0.0070 0.00
A Epoxy 300 10 20000 0.0068 0.0074 0.0071 0.00
B Vinyl Ester 300 10 20000 0.0069 0.0071 0.0070 0.00
A Epoxy 300 10 SeaWater 384.14 392.80 388.47 4.33
B Vinyl Ester 300 10 SeaWater 381.35 394.91 388.13 6.78
A Epoxy 300 13 0 0.0071 0.0073 0.0072 0.00
B Vinyl Ester 300 13 0 0.0070 0.0072 0.0071 0.00
A Epoxy 300 13 200 0.0068 0.0074 0.0071 0.00
B Vinyl Ester 300 13 200 0.0067 0.0073 0.0070 0.00
A Epoxy 300 13 20000 0.0066 0.0074 0.0070 0.00
B Vinyl Ester 300 13 20000 0.0064 0.0074 0.0069 0.00
A Epoxy 300 13 SeaWater 391.25 400.59 395.92 4.67
B Vinyl Ester 300 13 SeaWater 391.03 400.13 395.58 4.55
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Table 1.36: Potassium Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Potassium
Manuf. Fiber Exposure Period pH Cl™ A vV W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 0 0.03 0.03 0.03  0.00
B Sized 300 4 0 0.01 0.02 0.01  0.00
C Sized 300 4 0 0.03 0.03 0.03  0.00
A Sized 300 4 200 0.04 0.04 0.04  0.00
B Sized 300 4 200 0.02 0.02 0.02  0.00
C Sized 300 4 200 0.04 0.04 0.04  0.00
A Sized 300 4 20000 0.04 0.05 0.05  0.00
B Sized 300 4 20000 0.02 0.03 0.03  0.00
C Sized 300 4 20000 0.05 0.05 0.05  0.00
A Sized 300 4  SeaWater 391.33 411.35 401.34 10.01
B Sized 300 4  SeaWater 388.20 398.00 393.10 4.90
C Sized 300 4  SeaWater 402.37 424.39 413.38 11.01
A Unsized 300 4 0 0.02 0.02 0.02  0.00
B Unsized 300 4 0 0.01 0.01 0.01  0.00
A Unsized 300 4 200 0.02 0.02 0.02  0.00
B Unsized 300 4 200 0.01 0.01 0.01  0.00
A Unsized 300 4 20000 0.02 0.03 0.03  0.00
B Unsized 300 4 20000 0.01 0.01 0.01  0.00
A Unsized 300 4  SeaWater 379.43 395.45 387.44 8.01
B Unsized 300 4  SeaWater 379.43 384.09 381.76  2.33
A Sized 300 7 0 0.03 0.03 0.03  0.00
B Sized 300 7 0 0.02 0.02 0.02  0.00
C Sized 300 7 0 0.03 0.03 0.03  0.00
A Sized 300 7 200 0.04 0.04 0.04  0.00
B Sized 300 7 200 0.02 0.02 0.02  0.00
C Sized 300 7 200 0.04 0.04 0.04  0.00
A Sized 300 7 20000 0.05 0.05 0.05  0.00
B Sized 300 7 20000 0.03 0.03 0.03  0.00
C Sized 300 7 20000 0.05 0.05 0.05  0.00
A Sized 300 7  SeaWater 402.46 421.36 411.91  9.45
B Sized 300 7 SeaWater 393.83 409.59 401.71  7.88
C Sized 300 7  SeaWater 413.87 434.66 424.26 10.40
A Unsized 300 7 0 0.02 0.02 0.02  0.00
B Unsized 300 7 0 0.01 0.01 0.01  0.00
A Unsized 300 7 200 0.02 0.02 0.02  0.00
B Unsized 300 7 200 0.01 0.01 0.01  0.00
A Unsized 300 7 20000 0.03 0.03 0.03  0.00
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Table 1.36: Potassium Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Potassium
Manuf. Fiber Exposure Period pH Cl™ A vV W o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 7 20000 0.01 0.01 0.01  0.00
A Unsized 300 7 SeaWater 387.67 405.11 396.39  8.72
B Unsized 300 7 SeaWater 383.15 393.13 388.14 4.99
A Sized 300 10 0 0.03 0.03 0.03  0.00
B Sized 300 10 0 0.02 0.02 0.02  0.00
C Sized 300 10 0 0.04 0.04 0.04  0.00
A Sized 300 10 200 0.04 0.04 0.04  0.00
B Sized 300 10 200 0.02 0.02 0.02  0.00
C Sized 300 10 200 0.04 0.05 0.05  0.00
A Sized 300 10 20000 0.05 0.05 0.05  0.00
B Sized 300 10 20000 0.03 0.03 0.03  0.00
C Sized 300 10 20000 0.05 0.06 0.05  0.00
A Sized 300 10 SeaWater 408.10 426.56 417.33  9.23
B Sized 300 10 SeaWater 398.41 416.43 407.42  9.01
C Sized 300 10 SeaWater 419.69 440.00 429.85 10.15
A Unsized 300 10 0 0.02 0.02 0.02  0.00
B Unsized 300 10 0 0.01 0.01 0.01  0.00
A Unsized 300 10 200 0.02 0.03 0.02  0.00
B Unsized 300 10 200 0.01 0.01 0.01  0.00
A Unsized 300 10 20000 0.03 0.03 0.03  0.00
B Unsized 300 10 20000 0.01 0.02 0.01  0.00
A Unsized 300 10 SeaWater 396.18 409.72 402.95 6.77
B Unsized 300 10 SeaWater 387.14 397.26 392.20 5.06
A Sized 300 13 0 0.03 0.04 0.04  0.00
B Sized 300 13 0 0.02 0.02 0.02  0.00
C Sized 300 13 0 0.04 0.04 0.04  0.00
A Sized 300 13 200 0.04 0.05 0.04  0.00
B Sized 300 13 200 0.02 0.03 0.02  0.00
C Sized 300 13 200 0.05 0.05 0.05  0.00
A Sized 300 13 20000 0.05 0.05 0.05  0.00
B Sized 300 13 20000 0.03 0.03 0.03  0.00
C Sized 300 13 20000 0.05 0.06 0.06  0.00
A Sized 300 13  SeaWater 412.60 434.80 423.70 11.10
B Sized 300 13 SeaWater 401.92 420.56 411.24  9.32
C Sized 300 13 SeaWater 424.21 448.63 436.42 12.21
A Unsized 300 13 0 0.02 0.03 0.02  0.00
B Unsized 300 13 0 0.01 0.01 0.01  0.00

Continued on next page ...
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Table 1.36: Potassium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Potassium
Manuf. Fiber Exposure Period pH Cl° A \Y W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Unsized 300 13 200 0.02 0.03 0.03 0.00
B Unsized 300 13 200 0.01 0.01 0.01 0.00
A Unsized 300 13 20000 0.03 0.03 0.03 0.00
B Unsized 300 13 20000 0.01 0.02 0.01 0.00
A Unsized 300 13  SeaWater 400.32 415.66 407.99 7.67
B Unsized 300 13 SeaWater 390.64 404.82 397.73 7.09

For a better understanding, change in the Potassium content of the environments was plotted
in graphs in Figure 1.34, 1.35, and 1.36. It can be seen that the Potassium concentration
in all environments has increased except for the environments in which resin samples were

exposed.
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Figure 1.34: Potassium concentration of all environments after exposure of rebars
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Silicon

Silicon content of the chemical environments was measured after 300 days of exposure. Ta-
bles 1.37, 1.38, and 1.39 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.37: Silicon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Silicon
Manuf. Resin Lot Exposure Period pH Cl° A V n o
Type  Type No. Days ppm ppm  ppm  ppm ppm
A Epoxy 1 300 4 0 20.52 23.45 21.99 1.46
B Vinyl Ester 1 300 4 0 14.76 16.21 1548 0.72
C Epoxy 1 300 4 0 27.85 31.51 29.68 1.83
A Epoxy 1 300 4 200 25.80 30.53 28.17 2.37
B Vinyl Ester 1 300 4 200 17.61 19.95 18.78 1.17
C Epoxy 1 300 4 200 35.07 40.99 38.03 2.96
A Epoxy 1 300 4 20000 33.04 34.07 33.56 0.52
B Vinyl Ester 1 300 4 20000 20.98 2149 21.24 0.26
C Epoxy 1 300 4 20000 44.65 4595 45.30 0.65
A Epoxy 1 300 4  SeaWater 293  3.96 3.44  0.52
B Vinyl Ester 1 300 4  SeaWater 3.29 3.80 3.54 0.26
C Epoxy 1 300 4  SeaWater 284 418 3.51 0.67
A Epoxy 2 300 4 0 29.74 32.70 31.22 1.48
B Vinyl Ester 2 300 4 0 21.21 22.76 21.99 0.78
C Epoxy 2 300 4 0 38.66 42.51 40.58 1.92
A Epoxy 2 300 4 200 39.86 44.64 42.25 2.39
B Vinyl Ester 2 300 4 200 26.91 29.43 28.17 1.26
C Epoxy 2 300 4 200 51.82 58.04 54.93 3.11
A Epoxy 2 300 4 20000 52.50 53.54 53.02 0.52
B Vinyl Ester 2 300 4 20000 33.28 33.83 33.56 0.27
C Epoxy 2 300 4 20000 68.25 69.60 68.92 0.68
A Epoxy 2 300 4  SeaWater 295 399 347 0.52
B Vinyl Ester 2 300 4  SeaWater  3.31 3.85 3.58 0.27
C Epoxy 2 300 4  SeaWater 2.86 4.22 3.54 0.68
A Epoxy 1 300 7 0 24.88 30.64 27.76 2.88
B Vinyl Ester 1 300 7 0 17.85 20.71 19.28 1.43
C Epoxy 1 300 7 0 33.87 41.08 37.48 3.60
A Epoxy 1 300 7 200 30.62 32.60 31.61 0.99
B Vinyl Ester 1 300 7 200 20.31 21.29 20.80 0.49
C Epoxy 1 300 7 200 41.44 43.92 42.68 1.24
A Epoxy 1 300 7 20000 37.51 41.21 39.36 1.85

Continued on next page ...
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Table 1.37: Silicon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Silicon
Manuf. Resin Lot Exposure Period pH Cl A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 1 300 7 20000 23.69 25.52 24.60 0.92
C Epoxy 1 300 7 20000 50.83 55.45 53.14 231
A Epoxy 1 300 7 SeaWater 2.73 4.79 3.76 1.03
B Vinyl Ester 1 300 7 SeaWater 3.37 439 3.88 0.51
C Epoxy 1 300 7 SeaWater 249 518 3.84 1.34
A Epoxy 2 300 7 0 37.06 42.89 39.98 2.91
B Vinyl Ester 2 300 7 0 26.23 29.30 27.76 1.53
C Epoxy 2 300 7 0 48.18 55.75 51.97 3.79
A Epoxy 2 300 7 200 47.05 49.05 48.05 1.00
B Vinyl Ester 2 300 7 200 31.09 32.14 31.61 0.53
C Epoxy 2 300 7 200 61.17 63.77 6247 1.30
A Epoxy 2 300 7 20000 61.11 64.85 62.98 1.87
B Vinyl Ester 2 300 7 20000 38.38 40.35 39.36 0.98
C Epoxy 2 300 7 20000 79.45 84.31 81.88 2.43
A Epoxy 2 300 7  SeaWater 2.77 4.85 381 1.04
B Vinyl Ester 2 300 7 SeaWater 3.39 449 394 0.55
C Epoxy 2 300 7 SeaWater  2.53 524 389 1.36
A Epoxy 1 300 10 0 28.08 35.40 31.74 3.66
B Vinyl Ester 1 300 10 O 19.93 23.55 21.74 1.81
C Epoxy 1 300 10 O 38.28 47.42 42.85 4.57
A Epoxy 1 300 10 200 34.52  40.03 37.27 2.75
B Vinyl Ester 1 300 10 200 22.84 25.57 24.20 1.36
C Epoxy 1 300 10 200 46.88 53.76 50.32 3.44
A Epoxy 1 300 10 20000 42.63 4727 44.95 2.32
B Vinyl Ester 1 300 10 20000 26.60 28.90 27.75 1.15
C Epoxy 1 300 10 20000 57.78 63.59 60.68 2.90
A Epoxy 1 300 10 SeaWater 2.66 532 3.99 1.33
B Vinyl Ester 1 300 10 SeaWater 3.36 4.68 4.02 0.66
C Epoxy 1 300 10 SeaWater 234 580 4.07 1.73
A Epoxy 2 300 10 0 42.65 50.04 46.34 3.69
B Vinyl Ester 2 300 10 0 29.80 33.69 31.74 1.95
C Epoxy 2 300 10 O 55.44 65.056 60.25 4.80
A Epoxy 2 300 10 200 54.62 60.18 57.40 2.78
B Vinyl Ester 2 300 10 200 35.81 38.74 37.27 1.47
C Epoxy 2 300 10 200 71.01 78.24 74.62 3.62
A Epoxy 2 300 10 20000 70.47 7517 7282 2.35
B Vinyl Ester 2 300 10 20000 43.71 46.19 44.95 1.24
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Table 1.37: Silicon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Silicon
Manuf. Resin Lot Exposure Period pH Cl A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 2 300 10 20000 91.62 97.72 94.67 3.05
A Epoxy 2 300 10 SeaWater 2.60 530 3.95 1.35
B Vinyl Ester 2 300 10 SeaWater 3.38 4.80 4.09 0.71
C Epoxy 2 300 10 SeaWater 2.28 578 4.03 1.75
A Epoxy 1 300 13 0 35.63 37.61 36.62 0.99
B Vinyl Ester 1 300 13 0 24.25 2523 24.74 0.49
C Epoxy 1 300 13 0 48.20 50.67 49.43 1.24
A Epoxy 1 300 13 200 41.10 43.94 42.52 1.42
B Vinyl Ester 1 300 13 200 26.55 27.96 27.25 0.70
C Epoxy 1 300 13 200 55.62 59.17 57.40 1.77
A Epoxy 1 300 13 20000 44.83 52.83 48.83 4.00
B Vinyl Ester 1 300 13 20000 27.80 31.76 29.78 1.98
C Epoxy 1 300 13 20000 60.92 70.93 65.92 5.00
A Epoxy 1 300 13 SeaWater 2.62 546 4.04 1.42
B Vinyl Ester 1 300 13 SeaWater 341 481 4.11 0.70
C Epoxy 1 300 13 SeaWater 2.27 597 4.12 1.85
A Epoxy 2 300 13 0 53.19 55.19 54.19 1.00
B Vinyl Ester 2 300 13 0 36.09 37.14 36.62 0.53
C Epoxy 2 300 13 0 69.15 71.75 70.45 1.30
A Epoxy 2 300 13 200 64.89 67.76 66.33 1.43
B Vinyl Ester 2 300 13 200 41.76  43.27 42,52 0.76
C Epoxy 2 300 13 200 84.36 88.09 86.22 1.86
A Epoxy 2 300 13 20000 76.04 84.13 80.09 4.04
B Vinyl Ester 2 300 13 20000 46.70 50.96 48.83 2.13
C Epoxy 2 300 13 20000 98.86 109.37 104.11 5.25
A Epoxy 2 300 13 SeaWater 2.64 550 4.07 1.43
B Vinyl Ester 2 300 13 SeaWater 3.37 4.89 4.13 0.76
C Epoxy 2 300 13 SeaWater 2.29 6.02 4.15 1.86
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Table 1.38: Silicon Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Silicon
Manuf. Resin Exposure Period pH Cl™ A \Y m o
Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 4 0 Below 0.05 Below 0.05 Below 0.05 0.00
A Epoxy 300 4 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 4 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 4 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 4 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 4 SeaWater 2.97 4.99 3.98 1.01
B Vinyl Ester 300 4 SeaWater 2.77 4.99 3.88 1.11
A Epoxy 300 7 0 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 7 0 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 200 Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 7 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 7 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 7 SeaWater 2.83 5.47 4.15 1.32
B Vinyl Ester 300 7 SeaWater 3.03 5.07 4.05 1.02
A Epoxy 300 10 O Below 0.05 Below 0.05 Below 0.05  0.00
B Vinyl Ester 300 10 O Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 10 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 10 20000 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 10  SeaWater 3.30 5.46 4.38 1.08
B Vinyl Ester 300 10  SeaWater 3.11 5.45 4.28 1.17
A Epoxy 300 13 0 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 0 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 13 200 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 200 Below 0.05 Below 0.05 Below 0.05  0.00
A Epoxy 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.00
B Vinyl Ester 300 13 20000 Below 0.05 Below 0.05 Below 0.05 0.00
A Epoxy 300 13 SeaWater 3.26 5.60 4.43 1.17
B Vinyl Ester 300 13 SeaWater 3.12 5.54 4.33 1.21

Table 1.39: Silicon Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Silicon
Manuf. Fiber Exposure Period pH Cl° \% I o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 0 6.33 7.03 6.68 0.35
B Sized 300 4 0 4.71 5.39 5.05 0.34

Continued on next page ...
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Table 1.39: Silicon Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Silicon
Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm  ppm  ppm  ppm
C Sized 300 4 0 721 801 7.61 0.40
A Sized 300 4 200 711 824  7.68 0.57
B Sized 300 4 200 523 6.33 5.78 0.55
C Sized 300 4 200 810 940 875 0.65
A Sized 300 4 20000 8.32 857 844 0.12
B Sized 300 4 20000 6.20 644 6.32 0.12
C Sized 300 4 20000 9.48 9.77 9.63 0.14
A Sized 300 4 SeaWater 3.14 3.38 326 0.12
B Sized 300 4  SeaWater 3.10 3.34 322 0.12
C Sized 300 4 SeaWater 3.18 3.46 3.32 0.14
A Unsized 300 4 0 5.18 597 557 0.39
B Unsized 300 4 0 3.89 472 430 041
A Unsized 300 4 200 584 711 6.47 0.63
B Unsized 300 4 200 430 5.64 497 0.67
A Unsized 300 4 20000 7.05 732 719 0.14
B Unsized 300 4 20000 534 5.63 549 0.15
A Unsized 300 4 SeaWater 283 3.11 2.97 0.14
B Unsized 300 4  SeaWater 2.60 2.89 2.74 0.15
A Sized 300 7 0 7.12 850 7.81 0.69
B Sized 300 7 0 523 6.57 590 0.67
C Sized 300 7 0 812 9.69 891 0.79
A Sized 300 7 200 8.05 852 829 0.24
B Sized 300 7 200 6.00 6.46 6.23 0.23
C Sized 300 7 200 9.18 9.72 945 0.27
A Sized 300 7 20000 9.02 990 946 0.44
B Sized 300 7 20000 6.64 750 7.07 043
C Sized 300 7 20000 10.28 11.29 10.78 0.50
A Sized 300 7 SeaWater 3.59 4.08 3.83 0.25
B Sized 300 7 SeaWater 3.54 4.02 3.78 0.24
C Sized 300 7 SeaWater 3.63 4.19 391 0.28
A Unsized 300 7 0 5.77 731  6.54 0.77
B Unsized 300 7 0 422 586 5.04 0.82
A Unsized 300 7 200 6.74 727 7.00 0.27
B Unsized 300 7 200 5.09 5.65 537 0.28
A Unsized 300 7 20000 7.57 857 807 0.50
B Unsized 300 7 20000 5.63 6.68 6.15 0.52
A Unsized 300 7 SeaWater 3.23 3.78 3.50 0.28
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Table 1.39: Silicon Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Silicon
Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 7  SeaWater 2.94 3.52 3.23  0.29
A Sized 300 10 0 7.66 942 854 0.88
B Sized 300 10 0 5,60 7.30 6.45 0.85
C Sized 300 10 0 8.74 10.73 9.74 1.00
A Sized 300 10 200 8.6 997 931 0.66
B Sized 300 10 200 6.35 7.63 6.99 0.64
C Sized 300 10 200 9.86 11.37 10.61 0.75
A Sized 300 10 20000 9.86 10.97 10.41 0.56
B Sized 300 10 20000 7.23 831 777 0.54
C Sized 300 10 20000 11.24 12,50 11.87 0.63
A Sized 300 10 SeaWater  3.78  4.41 4.09 0.32
B Sized 300 10 SeaWater 3.72 434 4.03 0.31
C Sized 300 10 SeaWater 3.82 454 4.18 0.36
A Unsized 300 10 0 6.18 815 7.16 0.98
B Unsized 300 10 0 4.48  6.56 5.52 1.04
A Unsized 300 10 200 715 862 7.89 0.74
B Unsized 300 10 200 526 682 6.04 0.78
A Unsized 300 10 20000 828 953 890 0.62
B Unsized 300 10 20000 6.12 743 6.78 0.66
A Unsized 300 10 SeaWater 3.39 4.11  3.75 0.36
B Unsized 300 10 SeaWater 3.07 3.83 3.45 0.38
A Sized 300 13 0 9.20 9.68 944 0.24
B Sized 300 13 0 6.89 735 T7.12 0.23
C Sized 300 13 0 10.49 11.03 10.76 0.27
A Sized 300 13 200 9.89 10.57 10.23 0.34
B Sized 300 13 200 7.34 800 7.67 0.33
C Sized 300 13 200 11.28 12.05 11.66 0.39
A Sized 300 13 20000 10.07 11.99 11.03 0.96
B Sized 300 13 20000 729 915 822 0.93
C Sized 300 13 20000 11.48 13.67 12.58 1.09
A Sized 300 13 SeaWater 3.84 452 4.18 0.34
B Sized 300 13 SeaWater 3.78 4.44 411 0.33
C Sized 300 13  SeaWater 3.88 4.65 4.27 0.38
A Unsized 300 13 0 7.67 821 7.94 0.27
B Unsized 300 13 0 583 6.39 6.11 0.28
A Unsized 300 13 200 8.31 9.07 8.69 0.38
B Unsized 300 13 200 6.24 7.04 6.64 0.40

Continued on next page ...
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Table 1.39: Silicon Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Silicon
Manuf. Fiber Exposure Period pH Cl° A \Y W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Unsized 300 13 20000 8.38 10.53 945 1.07
B Unsized 300 13 20000 6.05 8.32 7.18 1.13
A Unsized 300 13 SeaWater 3.72  4.48 4.10 0.38
B Unsized 300 13 SeaWater 3.12 3.93 3.53 0.40

For a better understanding, change in the Silicon content of the environments was plotted
in graphs in Figure 1.37, 1.38, and 1.39.

increased in al exposure environments except the sea water environments and the exposure

environments with resin samples.
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Figure 1.37: Silicon concentration of all environments after exposure of rebars
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Sodium

Sodium content of the chemical environments was measured after 300 days of exposure.
Tables 1.40, 1.41, and 1.42 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.40: Sodium Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values
Sodium
Manuf. Resin Lot  Exposure Period pH Cl1™ A vV ”w o
Type Type No. Days ppm ppm ppm ppm ppm
A Epoxy 1 300 4 0 0.04 0.12 0.08 0.04
B Vinyl Ester 1 300 4 0 0.04 0.12 0.08 0.04
C Epoxy 1 300 4 0 0.05 0.09 0.07 0.02
A Epoxy 1 300 4 200 113.27 122.23 117.75 4.48
B Vinyl Ester 1 300 4 200 120.37 127.53 123.95 3.58
C Epoxy 1 300 4 200 107.40 113.66 110.53 3.13
A Epoxy 1 300 4 20000 13158.61 13206.70 13182.66 24.04
B Vinyl Ester 1 300 4 20000 13166.35 13212.15 13189.25 22.90
C Epoxy 1 300 4 20000 13132.82 13211.41 13172.11 39.29
A Epoxy 1 300 4 SeaWater 11419.96 11515.70 11467.83 47.87
B Vinyl Ester 1 300 4 SeaWater 11440.83 11506.31 11473.57 32.74
C Epoxy 1 300 4 SeaWater 11420.26 11497.06 11458.66 38.40
A Epoxy 2 300 4 0 0.06 0.08 0.07 0.01
B Vinyl Ester 2 300 4 0 0.07 0.08 0.08 0.01
C Epoxy 2 300 4 0 0.06 0.08 0.07 0.01
A Epoxy 2 300 4 200 100.68 111.27 105.98 5.29
B Vinyl Ester 2 300 4 200 109.53 113.58 111.55 2.02
C Epoxy 2 300 4 200 94.59 104.36 99.48 4.88
A Epoxy 2 300 4 20000 13137.88 13201.07 13169.47 31.59
B Vinyl Ester 2 300 4 20000 13148.36 13203.76 13176.06  27.70
C Epoxy 2 300 4 20000 13119.92 13197.96 13158.94 39.02
A Epoxy 2 300 4 SeaWater 11415.74 11496.99 11456.36 40.63
B Vinyl Ester 2 300 4 SeaWater 11439.59 11484.60 11462.09 22.50
C Epoxy 2 300 4 SeaWater 11420.43 11473.96 11447.20 26.77
A Epoxy 1 300 7 0 0.07 0.09 0.08 0.01
B Vinyl Ester 1 300 7 0 0.07 0.09 0.08 0.01
C Epoxy 1 300 7 0 0.06 0.09 0.08 0.01
A Epoxy 1 300 7 200 115.41 123.48 119.44 4.03
B Vinyl Ester 1 300 7 200 120.33 131.13 125.73 5.40
C Epoxy 1 300 7 200 109.78 114.46 112.12 2.34
A Epoxy 1 300 7 20000 13226.76 13281.74 13254.25 27.49
B Vinyl Ester 1 300 7 20000 13224.37 13297.39 13260.88 36.51
C Epoxy 1 300 7 20000 13222.77 13264.52 13243.64 20.88
A Epoxy 1 300 7 SeaWater 11448.45 11502.93 11475.69 27.24
B Vinyl Ester 1 300 7 SeaWater 11461.40 11501.47 11481.43 20.04
C Epoxy 1 300 7 SeaWater 11434.48 11498.55 11466.51  32.03
A Epoxy 2 300 7 0 0.07 0.08 0.08 0.01
B Vinyl Ester 2 300 7 0 0.07 0.09 0.08 0.01
C Epoxy 2 300 7 0 0.06 0.08 0.07 0.01
A Epoxy 2 300 7 200 101.34 113.66 107.50 6.16
B Vinyl Ester 2 300 7 200 109.54 116.77 113.16 3.61
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Table 1.40: Sodium Test Statistical values for All Rebar Sample Groups
Sample Group Statistical Values
Sodium
Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o
Type  Type No. Days ppm ppm ppm ppm ppm
C Epoxy 2 300 7 200 95.01 106.80 100.91 5.90
A Epoxy 2 300 7 20000 13211.72 13270.27 13240.99 29.27
B Vinyl Ester 2 300 7 20000 13215.62 13279.62 13247.62 32.00
C Epoxy 2 300 7 20000 13207.79 13253.01 13230.40 22.61
A Epoxy 2 300 7 SeaWater 11425.57 11502.86 11464.22 38.65
B Vinyl Ester 2 300 7 SeaWater 11439.46 11500.44 11469.95 30.49
C Epoxy 2 300 7 SeaWater 11414.32 11495.77 11455.04 40.73
A Epoxy 1 300 10 O 0.78 3.35 2.07 1.29
B Vinyl Ester 1 300 10 0 1.01 3.31 2.16 1.15
C Epoxy 1 300 10 O 0.40 3.54 1.97 1.57
A Epoxy 1 300 10 200 119.10 131.02 125.06 5.96
B Vinyl Ester 1 300 10 200 124.90 138.38 131.64 6.74
C Epoxy 1 300 10 200 111.58 123.20 117.39 5.81
A Epoxy 1 300 10 20000 13231.22 13305.90 13268.56 37.34
B Vinyl Ester 1 300 10 20000 13235.79 13314.61 13275.20 39.41
C Epoxy 1 300 10 20000 13232.51 13283.38 13257.95 25.43
A Epoxy 1 300 10 SeaWater 11452.66 11533.82 11493.24  40.58
B Vinyl Ester 1 300 10 SeaWater 11465.97 11532.01 11498.99 33.02
C Epoxy 1 300 10 SeaWater 11437.93 11530.15 11484.04 46.11
A Epoxy 2 300 10 0 1.72 2.21 1.96 0.24
B Vinyl Ester 2 300 10 O 1.73 2.38 2.06 0.32
C Epoxy 2 300 10 0 1.75 2.00 1.87 0.12
A Epoxy 2 300 10 200 106.53 118.57 112.55 6.02
B Vinyl Ester 2 300 10 200 111.49 125.46 118.48 6.99
C Epoxy 2 300 10 200 101.01 110.29 105.65 4.64
A Epoxy 2 300 10 20000 13231.20 13279.39 13255.29 24.09
B Vinyl Ester 2 300 10 20000 13232.61 13291.24 13261.92 29.31
C Epoxy 2 300 10 20000 13210.60 13278.78 13244.69 34.09
A Epoxy 2 300 10 SeaWater 11449.48 11514.01 11481.74  32.27
B Vinyl Ester 2 300 10 SeaWater 11454.28 11520.70 11487.49 33.21
C Epoxy 2 300 10 SeaWater 11446.36 11498.76 11472.56  26.20
A Epoxy 1 300 13 0 2258.68 2283.44 2271.06 12.38
B Vinyl Ester 1 300 13 0 2275.85 2298.29 2287.07 11.22
C Epoxy 1 300 13 0 2250.21 2262.38 2256.30 6.09
A Epoxy 1 300 13 200 2443.93 2462.04 2452.99 9.05
B Vinyl Ester 1 300 13 200 2457.84 2482.72 2470.28 12.44
C Epoxy 1 300 13 200 2426.72 2447.37 2437.04 10.33
A Epoxy 1 300 13 20000 15212.09 15281.59 15246.84 34.75
B Vinyl Ester 1 300 13 20000 15213.08 15295.85 15254.47 41.38
C Epoxy 1 300 13 20000 15200.33 15268.96 15234.64 34.32
A Epoxy 1 300 13 SeaWater 13810.73 13877.87 13844.30 33.57
B Vinyl Ester 1 300 13 SeaWater 13808.75 13893.70 13851.23 42.47
C Epoxy 1 300 13 SeaWater 13804.67 13861.78 13833.22 28.56
A Epoxy 2 300 13 0 2233.15 2263.55 2248.35 15.20
B Vinyl Ester 2 300 13 0 2258.92 2269.48 2264.20 5.28
C Epoxy 2 300 13 0 2218.40 2249.07 2233.74 15.34
A Epoxy 2 300 13 200 2415.64 2441.27 2428.46  12.82
B Vinyl Ester 2 300 13 200 2414.22 2476.93 2445.58  31.35
C Epoxy 2 300 13 200 2400.65 2424.70 2412.67  12.02
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Table 1.40: Sodium Test Statistical values for All Rebar Sample Groups

Sample Group

Statistical Values

Sodium
Manuf. Resin Lot  Exposure Period pH Cl™ A vV w o

Type  Type No. Days ppm ppm ppm ppm ppm

A Epoxy 2 300 13 20000 15194.02 15269.16 15231.59 37.57

B Vinyl Ester 2 300 13 20000 15204.92 15273.50 15239.21 34.29

C Epoxy 2 300 13 20000 15182.93 15255.88 15219.41 36.47

A Epoxy 2 300 13 SeaWater 13785.86 13875.05 13830.46 44.60

B Vinyl Ester 2 300 13 SeaWater 13790.34 13884.41 13837.37 47.03

C Epoxy 2 300 13 SeaWater 13787.43 13851.35 13819.39 31.96

Table 1.41: Sodium Test Statistical values for All Resin Sample Groups
Sample Group Statistical Values
Sodium
Manuf. Resin Exposure Period pH Cl™ A \Y W o

Type  Type Days ppm ppm ppm ppm ppm
A Epoxy 300 4 0 0.07 0.10 0.09 0.01
B Vinyl Ester 300 4 0 0.07 0.10 0.09 0.02
A Epoxy 300 4 200 135.50 151.51 143.50  8.01
B Vinyl Ester 300 4 200 134.47 152.48 143.47  9.01
A Epoxy 300 4 20000 13182.77 13256.50 13219.63 36.86
B Vinyl Ester 300 4 20000 13175.52 13258.46 13216.99 41.47
A Epoxy 300 4  SeaWater 11483.04 11516.96 11500.00 16.96
B Vinyl Ester 300 4  SeaWater 11478.62 11516.78 11497.70 19.08
A Epoxy 300 7 0 0.06 0.13 0.09 0.04
B Vinyl Ester 300 7 0 0.05 0.13 0.09 0.04
A Epoxy 300 7 200 138.45 152.68 145.56  7.11
B Vinyl Ester 300 7 200 137.53 153.54 145.53  8.00
A Epoxy 300 7 20000 13265.03 13317.82 13291.43 26.39
B Vinyl Ester 300 7 20000 13259.08 13318.46 13288.77 29.69
A Epoxy 300 7 SeaWater 11484.06 11531.71 11507.88 23.82
B Vinyl Ester 300 7  SeaWater 11478.78 11532.38 11505.58 26.80
A Epoxy 300 10 0 1.94 2.85 2.40 0.46
B Vinyl Ester 300 10 0 1.88 2.91 2.40 0.51
A Epoxy 300 10 200 143.35 161.46 152.41 9.06
B Vinyl Ester 300 10 200 142.19 162.56 152.38 10.19
A Epoxy 300 10 20000 13266.33 13345.23 13305.78 39.45
B Vinyl Ester 300 10 20000 13258.74 13347.50 13303.12 44.38
A Epoxy 300 10 SeaWater 11500.47 11550.48 11525.48 25.01
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Table 1.41: Sodium Test Statistical values for All Resin Sample Groups

Sample Group

Statistical Values

Sodium
Manuf. Resin Exposure Period pH Cl° A \Y W o
Type  Type Days ppm ppm ppm ppm ppm
B Vinyl Ester 300 10 SeaWater 11495.04 11551.31 11523.17 28.13
A Epoxy 300 13 0 2310.44 2334.52 2322.48 12.04
B Vinyl Ester 300 13 0 2308.47 2335.56 2322.01 13.55
A Epoxy 300 13 200 2496.44 2520.60 2508.52 12.08
B Vinyl Ester 300 13 200 2494.43 2521.61 2508.02 13.59
A Epoxy 300 13 20000 15245.41 15333.81 15289.61 44.20
B Vinyl Ester 300 13 20000 15236.82 15336.27 15286.55 49.73
A Epoxy 300 13 SeaWater 13846.44 13919.83 13883.13 36.70
B Vinyl Ester 300 13 SeaWater 13839.07 13921.64 13880.36 41.28
Table 1.42: Sodium Test Statistical values for All Fiber Sample Groups
Sample Group Statistical Values
Sodium
Manuf. Fiber Exposure Period pH Cl° A \% 1 o
Type  Type Days ppm ppm ppm ppm ppm
A Sized 300 4 0 0.06 0.10 0.08 0.02
B Sized 300 4 0 0.07 0.10 0.08  0.01
C Sized 300 4 0 0.06 0.10 0.08 0.02
A Sized 300 4 200 127.87 133.80 130.84 297
B Sized 300 4 200 134.71 140.73 137.72  3.01
C Sized 300 4 200 121.98 129.22 125.60  3.62
A Sized 300 4 20000 13154.57 13237.14 13195.85 41.29
B Sized 300 4 20000 13165.59 13239.32 13202.45 36.86
C Sized 300 4 20000 13141.93 13228.67 13185.30 43.37
A Sized 300 4  SeaWater 11460.32 11498.31 11479.31 19.00
B Sized 300 4  SeaWater 11468.09 11502.01 11485.05 16.96
C Sized 300 4  SeaWater 11446.95 11493.30 11470.13 23.17
A Unsized 300 4 0 0.05 0.11 0.08 0.03
B Unsized 300 4 0 0.06 0.10 0.08 0.02
A Unsized 300 4 200 125.65 138.64 132.14  6.49
B Unsized 300 4 200 134.83 143.37 139.10  4.27
A Unsized 300 4 20000 13167.80 13234.46 13201.13 33.33
B Unsized 300 4 20000 13167.39 13248.08 13207.74 40.35
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Table 1.42: Sodium Test Statistical values for All Fiber Sample Groups

Sample Group

Statistical Values

Sodium
Manuf. Fiber Exposure Period pH CI™ A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
A Unsized 300 4  SeaWater 11447.30 11520.51 11483.90 36.61
B Unsized 300 4  SeaWater 11465.56 11513.73 11489.65 24.08
A Sized 300 7 0 0.04 0.12 0.08 0.04
B Sized 300 7 0 0.05 0.12 0.09 0.04
C Sized 300 7 0 0.03 0.13 0.08 0.05
A Sized 300 7 200 126.75 138.68 132.71 5.97
B Sized 300 7 200 133.59 145.81 139.70  6.11
C Sized 300 7 200 120.13 134.68 127.41 7.28
A Sized 300 7 20000 13237.96 13297.07 13267.52 29.56
B Sized 300 7 20000 13247.76  13300.54 13274.15 26.39
C Sized 300 7 20000 13220.84 13292.96 13256.90 36.06
A Sized 300 7  SeaWater 11460.50 11513.86 11487.18 26.68
B Sized 300 7 SeaWater 11469.10 11516.75 11492.93 23.82
C Sized 300 7 SeaWater 11445.44 11510.54 11477.99 32.55
A Unsized 300 7 0 0.01 0.16 0.08 0.08
B Unsized 300 7 0 0.04 0.14 0.09 0.05
A Unsized 300 7 200 126.85 141.23 134.04  7.19
B Unsized 300 7 200 132.42 149.78 141.10  8.68
A Unsized 300 7 20000 13227.86 13317.79 13272.82 44.96
B Unsized 300 7 20000 13241.99 13316.94 13279.46 37.48
A Unsized 300 7 SeaWater 11460.35 11523.20 11491.77 31.42
B Unsized 300 7 SeaWater 11463.69 11531.35 11497.52 33.83
A Sized 300 10 0 1.66 2.69 2.17  0.51
B Sized 300 10 O 1.82 2.73 2.28 0.46
C Sized 300 10 0 1.45 2.70 2.08  0.62
A Sized 300 10 200 133.81 144.10 138.95 5.14
B Sized 300 10 200 141.21 151.32 146.27  5.06
C Sized 300 10 200 127.12 139.67 133.39  6.27
A Sized 300 10 20000 13237.66 13326.03 13281.84 44.18
B Sized 300 10 20000 13249.04 13327.94 13288.49 39.45
C Sized 300 10 20000 13237.32 13305.12 13271.22 33.90
A Sized 300 10 SeaWater 11476.73 11532.75 11504.74 28.01
B Sized 300 10 SeaWater 11485.49 11535.51 11510.50 25.01
C Sized 300 10 SeaWater 11461.37 11529.71 11495.54 34.17
A Unsized 300 10 0 1.21 3.18 2.20  0.98
B Unsized 300 10 0 1.65 2.95 2.30  0.65
A Unsized 300 10 200 131.43 149.25 140.34 8.91
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Table 1.42: Sodium Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values
Sodium
Manuf. Fiber Exposure Period pH CI™ A \Y, I o
Type  Type Days ppm ppm ppm ppm ppm
B Unsized 300 10 200 140.55 154.91 147.73  7.18
A Unsized 300 10 20000 13251.77 13322.54 13287.16 35.38
B Unsized 300 10 20000 13250.79 13336.82 13293.80 43.02
A Unsized 300 10 SeaWater 11485.37 11533.32 11509.34 23.98
B Unsized 300 10 SeaWater 11479.59 11550.61 11515.10 35.51
A Sized 300 13 0 2285.52 2302.48 2294.00  8.48
B Sized 300 13 0 2304.13 2316.21 2310.17  6.04
C Sized 300 13 0 2268.74 2289.44 2279.09 10.35
A Sized 300 13 200 2466.23 2489.29 247776  11.53
B Sized 300 13 200 2483.15 2507.31 2495.23 12.08
C Sized 300 13 200 2453.59 2469.73 2461.66  8.07
A Sized 300 13 20000 15212.60 15311.60 15262.10 49.50
B Sized 300 13 20000 15225.53 15313.93 15269.73 44.20
C Sized 300 13 20000 15208.50 15291.29 15249.89 41.39
A Sized 300 13 SeaWater 13817.06 13899.26 13858.16 41.10
B Sized 300 13 SeaWater 13828.40 13901.79 13865.09 36.70
C Sized 300 13 SeaWater 13811.93 13882.21 13847.07 35.14
A Unsized 300 13 0 2296.43 2314.51 230547  9.04
B Unsized 300 13 0 2306.21 2323.37 2314.79  8.58
A Unsized 300 13 200 2480.08 2500.23 2490.15 10.07
B Unsized 300 13 200 2483.07 2517.38 2500.22 17.15
A Unsized 300 13 20000 15238.40 15298.01 15268.20 29.80
B Unsized 300 13 20000 15243.08 15308.61 15275.84 32.76
A Unsized 300 13 SeaWater 13818.82 13908.59 13863.70 44.88
B Unsized 300 13 SeaWater 13834.53 13906.75 13870.64 36.11

For a better understanding, change in the Sodium content of the environments was plotted
in graphs in Figure 1.40, 1.41, and 1.42. It can be seen that the Sodium concentration of

exposure environments has decreased except in the environments with resin samples.
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Figure 1.40: Sodium concentration of all environments after exposure of rebars
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Figure 1.41: Sodium concentration of all environments after exposure of resins
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Figure 1.42: Sodium concentration of all environments after exposure of sized and unsized

fibers
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1.2.7 Total Organic Carbon (TOC)

TOC content of the chemical environments was measured after 300 days of exposure. Ta-
bles 1.43, 1.44, and 1.45 below shows the pH data of environments in which rebars, resins,

and fibers were exposed.

Table 1.43: Total Organic Carbon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Resin Lot Exposure Period pH Cl° A \Y, 1 o
Type  Type No. Days ppm ppm ppm ppm  ppm
A Epoxy 1 300 4 0 60.65 62.20 61.42 0.77
B Vinyl Ester 1 300 4 0 51.60 51.85 51.72 0.12
C Epoxy 1 300 4 0 66.71  68.42  67.57 0.85
A Epoxy 1 300 4 200 63.54 68.83 66.18 2.65
B Vinyl Ester 1 300 4 200 56.45 57.14  56.80 0.34
C Epoxy 1 300 4 200 69.89  75.71 72.80 2.91
A Epoxy 1 300 4 20000 94.67 98.23 96.45 1.78
B Vinyl Ester 1 300 4 20000 75.10 81.07  78.09 2.98
C Epoxy 1 300 4 20000 104.14 108.06 106.10 1.96
A Epoxy 1 300 4  SeaWater 102.50 103.78 103.14 0.64
B Vinyl Ester 1 300 4  SeaWater  81.31 89.66  85.48 4.18
C Epoxy 1 300 4  SeaWater 112.75 114.16 113.45 0.71
A Epoxy 2 300 4 0 80.65 82.20 81.42 0.77
B Vinyl Ester 2 300 4 0 68.60 68.85 68.72 0.12
C Epoxy 2 300 4 0 90.33 92.06 91.20 0.87
A Epoxy 2 300 4 200 83.54 88.83 86.18 2.65
B Vinyl Ester 2 300 4 200 73.45 7414  73.80 0.34
C Epoxy 2 300 4 200 93.56 9949  96.52 2.96
A Epoxy 2 300 4 20000 114.67 118.23 116.45 1.78
B Vinyl Ester 2 300 4 20000 92.10 98.07  95.09 2.98
C Epoxy 2 300 4 20000 128.43 132.42 130.43 1.99
A Epoxy 2 300 4 SeaWater 122.50 123.78 123.14 0.64
B Vinyl Ester 2 300 4  SeaWater 98.31 106.66 102.48 4.18
C Epoxy 2 300 4  SeaWater 137.20 138.64 137.92 0.72
A Epoxy 1 300 7 0 66.02  66.68  66.35 0.33
B Vinyl Ester 1 300 7 0 53.21  53.68 53.45 0.24
C Epoxy 1 300 7 0 72.63 73.35 72.99 0.36
A Epoxy 1 300 7 200 70.06 7143  70.74 0.68
B Vinyl Ester 1 300 7 200 57.78  58.08 57.93 0.15
C Epoxy 1 300 7 200 77.06 7857 77.81 0.75
A Epoxy 1 300 7 20000 106.19 112.67 109.43 3.24
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Table 1.43: Total Organic Carbon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
B Vinyl Ester 1 300 7 20000 85.92 9217 89.04 3.13
C Epoxy 1 300 7 20000 116.80 123.94 120.37 3.57
A Epoxy 1 300 7 SeaWater 113.86 124.83 119.34 5.49
B Vinyl Ester 1 300 7 SeaWater 9248  95.81 94.15 1.67
C Epoxy 1 300 7  SeaWater 125.24 137.31 131.28 6.03
A Epoxy 2 300 7 0 86.02 86.68 86.35 0.33
B Vinyl Ester 2 300 7 0 70.21  70.68 70.45 0.24
C Epoxy 2 300 7 0 96.35 97.08 96.72 0.37
A Epoxy 2 300 7 200 90.06 91.43 90.74 0.68
B Vinyl Ester 2 300 7 200 74.78  75.08 74.93 0.15
C Epoxy 2 300 7 200 100.86 102.40 101.63 0.77
A Epoxy 2 300 7 20000 126.19 132.67 129.43 3.24
B Vinyl Ester 2 300 7 20000 102.92  109.17 106.04 3.13
C Epoxy 2 300 7 20000 141.33 148.59 144.96 3.63
A Epoxy 2 300 7  SeaWater 133.86 144.83 139.34 5.49
B Vinyl Ester 2 300 7 SeaWater 109.48 112.81 111.15 1.67
C Epoxy 2 300 7  SeaWater 149.92 162.21 156.07 6.14
A Epoxy 1 300 10 0 70.35  72.04 71.19 0.85
B Vinyl Ester 1 300 10 0 57.66 ~ 57.87  57.77 0.11
C Epoxy 1 300 10 O 77.38  79.25 7831 0.93
A Epoxy 1 300 10 200 78.88  81.74 80.31 1.43
B Vinyl Ester 1 300 10 200 65.45 66.05 65.75 0.30
C Epoxy 1 300 10 200 86.76  89.92 88.34 1.58
A Epoxy 1 300 10 20000 109.82 115.75 112.79 2.96
B Vinyl Ester 1 300 10 20000 93.75 9543 94,59 0.84
C Epoxy 1 300 10 20000 120.81 127.32 124.06 3.26
A Epoxy 1 300 10 SeaWater 123.73 129.14 126.44 2.71
B Vinyl Ester 1 300 10 SeaWater 107.41 113.39 110.40 2.99
C Epoxy 1 300 10 SeaWater 136.11 142.06 139.08 2.98
A Epoxy 2 300 10 O 90.35 92.04 91.19 0.85
B Vinyl Ester 2 300 10 O 74.66  74.87 7477 0.11
C Epoxy 2 300 10 O 101.19 103.09 102.14 0.95
A Epoxy 2 300 10 200 121.94 125.35 123.64 1.70
B Vinyl Ester 2 300 10 200 82.45 83.05 8275 0.30
C Epoxy 2 300 10 200 136.57 140.39 138.48 1.91
A Epoxy 2 300 10 20000 129.82  135.75 132.79 2.96
B Vinyl Ester 2 300 10 20000 110.75 11243 111.59 0.84
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Table 1.43: Total Organic Carbon Test Statistical values for All Rebar Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Resin Lot Exposure Period pH CI° A \% W o
Type  Type No. Days ppm ppm  ppm  ppm  ppm
C Epoxy 2 300 10 20000 145.40 152.04 148.72 3.32
A Epoxy 2 300 10 SeaWater 181.20 182.03 181.62 0.41
B Vinyl Ester 2 300 10 SeaWater 149.24 158.16 153.70 4.46
C Epoxy 2 300 10 SeaWater 202.95 203.87 203.41 0.46
A Epoxy 1 300 13 0 108.08 109.61 108.85 0.77
B Vinyl Ester 1 300 13 0 97.69  98.37  98.03 0.34
C Epoxy 1 300 13 0 118.89 120.57 119.73 0.84
A Epoxy 1 300 13 200 118.34 126.79 122.57 4.22
B Vinyl Ester 1 300 13 200 103.90 105.74 104.82 0.92
C Epoxy 1 300 13 200 130.18 139.47 134.82 4.64
A Epoxy 1 300 13 20000 148.39 152.62 150.51 2.11
B Vinyl Ester 1 300 13 20000 120.60 128.08 124.34 3.74
C Epoxy 1 300 13 20000 163.23 167.88 165.56 2.32
A Epoxy 1 300 13 SeaWater 161.20 162.03 161.62 0.41
B Vinyl Ester 1 300 13 SeaWater 131.96 134.77 133.37 1.41
C Epoxy 1 300 13 SeaWater 177.33 178.23 177.78 0.45
A Epoxy 2 300 13 0 128.08 129.61 128.85 0.77
B Vinyl Ester 2 300 13 0 114.69 115.37 115.03 0.34
C Epoxy 2 300 13 0 143.45 145.17 144.31 0.86
A Epoxy 2 300 13 200 156.18 162.28 159.23 3.05
B Vinyl Ester 2 300 13 200 120.90 122.74 121.82 0.92
C Epoxy 2 300 13 200 174.93 181.76 178.34 3.42
A Epoxy 2 300 13 20000 168.39 172.62 170.51 2.11
B Vinyl Ester 2 300 13 20000 137.60 145.08 141.34 3.74
C Epoxy 2 300 13 20000 188.60 193.33 190.97 2.37
A Epoxy 2 300 13 SeaWater 181.20 182.03 181.62 0.41
B Vinyl Ester 2 300 13 SeaWater 149.24 158.16 153.70 4.46
C Epoxy 2 300 13 SeaWater 202.95 203.87 203.41 0.46
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Table 1.44: Total Organic Carbon Test Statistical values for All Resin Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Resin Exposure Period pH Cl™ A \Y o o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Epoxy 300 4 0 12.49 13.25 12.87 0.38
B Vinyl Ester 300 4 0 10.58 10.80 10.69 0.11
A Epoxy 300 4 200 34.89 35.31 35.10 0.21
B Vinyl Ester 300 4 200 32.72  33.68 33.20 0.48
A Epoxy 300 4 20000 38.98 41.36 40.17 1.19
B Vinyl Ester 300 4 20000 35.70 39.39 37.54 1.84
A Epoxy 300 4  SeaWater 54.77 57.50 56.14 1.36
B Vinyl Ester 300 4  SeaWater 45.03 47.53 46.28 1.25
A Epoxy 300 7 0 14.33 1494 14.64 0.30
B Vinyl Ester 300 7 0 11.90 12.02 11.96 0.06
A Epoxy 300 7 200 14.82 15.63 15.22 0.41
B Vinyl Ester 300 7 200 13.24 13.36 13.30 0.06
A Epoxy 300 7 20000 37.08 37.55 37.32 0.23
B Vinyl Ester 300 7 20000 28.54 29.96 29.25 0.71
A Epoxy 300 7  SeaWater 41.52 42.25 41.89 0.36
B Vinyl Ester 300 7 SeaWater 31.62 35.19 33.41 1.78
A Epoxy 300 10 0 18.33 19.06 18.69 0.36
B Vinyl Ester 300 10 0 14.49 14.68 14.59 0.09
A Epoxy 300 10 200 2245 23.15 2280 0.35
B Vinyl Ester 300 10 200 18.31 18.60 18.45 0.15
A Epoxy 300 10 20000 39.77 40.99 40.38 0.61
B Vinyl Ester 300 10 20000 31.40 32.67 32.03 0.64
A Epoxy 300 10 SeaWater 44.94 46.03 45.49 0.54
B Vinyl Ester 300 10 SeaWater 35.33 39.99 37.66 2.33
A Epoxy 300 13 0 34.89 35.31 35.10 0.21
B Vinyl Ester 300 13 0 32.72  33.68 33.20 0.48
A Epoxy 300 13 200 38.98 41.36 40.17 1.19
B Vinyl Ester 300 13 200 35.70 39.39 37.54 1.84
A Epoxy 300 13 20000 54.77 57.50 56.14 1.36
B Vinyl Ester 300 13 20000 45.03 47.53 46.28 1.25
A Epoxy 300 13  SeaWater 63.05 65.00 64.03 0.98
B Vinyl Ester 300 13 SeaWater 54.84 61.39 58.11 3.28

144



Table 1.45: Total Organic Carbon Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Sized 300 4 0 16.96 18.15 17.56 0.60
B Sized 300 4 0 14.01 14.05 14.03 0.02
C Sized 300 4 0 20.35 21.78 21.07 0.71
A Sized 300 4 200 18.54 22.86 20.70 2.16
B Sized 300 4 200 16.60 17.20 16.90 0.30
C Sized 300 4 200 22.24 2743 24.84 2.59
A Sized 300 4 20000 35.89 38.23 37.06 1.17
B Sized 300 4 20000 25.60 27.51 26.55 0.96
C Sized 300 4 20000 43.07 45.88 44.47 1.40
A Sized 300 4  SeaWater 37.91 38.17 38.04 0.13
B Sized 300 4  SeaWater 29.01 33.05 31.03 2.02
C Sized 300 4  SeaWater 45.50 45.81 45.65 0.16
A Unsized 300 4 0 724 9.71 848 1.23
B Unsized 300 4 0 582 6.03 593 0.11
A Unsized 300 4 200 13.25 13.63 13.44 0.19
B Unsized 300 4 200 8.98 10.14 9.56 0.58
A Unsized 300 4 20000 17.11 21.19 19.15 2.04
B Unsized 300 4 20000 19.04 21.37 20.21 1.17
A Unsized 300 4 SeaWater 22.79 23.84 23.31 0.52
B Unsized 300 4  SeaWater 29.17 30.65 29.91 0.74
A Sized 300 7 0 20.51 20.92 20.72 0.20
B Sized 300 7 0 14.20 14.78 14.49 0.29
C Sized 300 7 0 24.61 25.11 24.86 0.25
A Sized 300 7 200 23.44 25.60 24.52 1.08
B Sized 300 7 200 1752 17.72 17.62 0.10
C Sized 300 7 200 28.13 30.72 29.42 1.30
A Sized 300 7 20000 37.96 44.26 41.11 3.15
B Sized 300 7 20000 30.03 35.57 32.80 2.77
C Sized 300 7 20000 45.56 53.11 49.33 3.78
A Sized 300 7 SeaWater 41.12 51.79 46.46 5.33
B Sized 300 7 SeaWater 33.61 33.88 33.74 0.14
C Sized 300 7 SeaWater 49.35 62.14 55.75 6.40
A Unsized 300 7 0 10.34 10.41 10.38 0.04
B Unsized 300 7 0 741 11.36  9.39 1.97
A Unsized 300 7 200 13.24 15.74 1449 1.25
B Unsized 300 7 200 10.49 11.52 11.01 0.51
A Unsized 300 7 20000 19.00 19.81 19.40 0.40

Continued on next page ...
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Table 1.45: Total Organic Carbon Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Fiber Exposure Period pH Cl™ A \Y, W o
Type  Type Days ppm ppm  ppm  ppm  ppm
B Unsized 300 7 20000 24.43 27.63 26.03 1.60
A Unsized 300 7 SeaWater 24.13 27.91 26.02 1.89
B Unsized 300 7  SeaWater 31.38 34.26 32.82 1.44
A Sized 300 10 0 20.97 22.03 21.50 0.53
B Sized 300 10 0 16.16 16.19 16.18 0.01
C Sized 300 10 0 25.16 26.44 25.80 0.64
A Sized 300 10 200 24.91 28.11 26.51 1.60
B Sized 300 10 200 20.14 20.45 20.30 0.15
C Sized 300 10 200 29.90 33.74 31.82 1.92
A Sized 300 10 20000 38.68 44.14 4141 2.73
B Sized 300 10 20000 34.09 37.02 3556 1.46
C Sized 300 10 20000 46.41 52.97 49.69 3.28
A Sized 300 10 SeaWater 47.78 52.12 49.95 2.17
B Sized 300 10 SeaWater 44.97 46.51 45.74 0.77
C Sized 300 10 SeaWater 57.34 62.54 59.94 2.60
A Unsized 300 10 0 12.73 13.34 13.03 0.31
B Unsized 300 10 0 10.28 10.88 10.58 0.30
A Unsized 300 10 200 18.69 20.65 19.67 0.98
B Unsized 300 10 200 12.64 15.51 14.07 1.44
A Unsized 300 10 20000 26.84 31.21 29.02 2.18
B Unsized 300 10 20000 29.67 32.19 30.93 1.26
A Unsized 300 10 SeaWater 33.91 39.44 36.67 2.77
B Unsized 300 10 SeaWater 35.58 38.94 37.26 1.68
A Sized 300 13 0 42.13 43.37 42.75 0.62
B Sized 300 13 0 37.65 38.02 37.83 0.18
C Sized 300 13 0 50.55 52.05 51.30 0.75
A Sized 300 13 200 48.33 54.46 51.40 3.06
B Sized 300 13 200 37.76 42.79 40.27 2.51
C Sized 300 13 200 58.00 65.35 61.67 3.67
A Sized 300 13 20000 62.62 64.12 63.37 0.75
B Sized 300 13 20000 50.17 57.99 54.08 3.91
C Sized 300 13 20000 75.14 76.94 76.04 0.90
A Sized 300 13  SeaWater 75.72 77.46 76.59 0.87
B Sized 300 13 SeaWater 64.74 68.43 66.58 1.85
C Sized 300 13 SeaWater 90.86 92.96 91.91 1.05
A Unsized 300 13 0 31.29 34.74 33.01 1.73
B Unsized 300 13 0 27.07 28.66 27.86 0.79

Continued on next page ...
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Table 1.45: Total Organic Carbon Test Statistical values for All Fiber Sample Groups

Sample Group Statistical Values

Total Organic Carbon

Manuf. Fiber Exposure Period pH Cl° A \Y W o
Type  Type Days ppm ppm  ppm  ppm  ppm
A Unsized 300 13 200 37.78 39.74 38.76 0.98
B Unsized 300 13 200 30.72 35.44 33.08 2.36
A Unsized 300 13 20000 50.52 51.51 51.01 0.49
B Unsized 300 13 20000 42,79 43.74 43.26 0.48
A Unsized 300 13 SeaWater 58.16 61.77 59.96 1.81
B Unsized 300 13  SeaWater 49.82 56.42 53.12 3.30

For a better understanding, change in the TOC content of the environments was plotted in
graphs in Figure 1.43, 1.44, and 1.45. It can be seen that the total organic carbon content

of all exposure environments has increased.
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1.3 Physical and Mechanical Properties of Components

After Exposure to Aggressive Environments

In this section, the physical properties such as X-Ray fluorescence and mechanical properties

such as tensile strength of rebar components is detailed.

1.3.1 Resin Tensile Test

The resins were tested according to the ASTM D 638 (ASTM-International, 2014) to evaluate
the tensile properties. The recorded and processed data of the tensile strength test are shown

in this section via graphs and table.

Load-Displacement Behavior

To compare the load-displacement behavior of the different resin samples and specimens, the
graphs in Figures 1.46 and 1.47 plot the recorded test data. As shown, the x-axis of the graph
represents the cross-head extension—which has to be interpreted with care because it includes
the elastic deformation of the load frame and the test fixtures—and the y-axis indicates the
applied and measured load. Figure 1.46, and 1.47 shows that, although the extension of
both resins during the test was similar regardless of the conditioned environments, the peak
load was much higher for Type A resin in comparison with Type B resin. All the tested resin

specimens failed in similar fashion.
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Stress-Strain Behavior

The stress-strain behavior of the failed resins of all types was plotted to quantify and compare

the elastic moduli of the tested resins. The data in Figures 1.48 and 1.49 were plotted to

compare the stress-strain behavior of the different resin types. Accordingly, the x-axis shows

the applied stress while the y-axis represents the outermost surface strain that was measured

with an external extensometer.
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Figure 1.48: Tensile stress - Strain behavior of rebar Type A Resin
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behavior of both resins are identical and linear until failure.
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1.3.2 XRF Analysis on Fibers

XRF analysis was conducted on both naked and sized basalt fibers after exposure in aggressive
environments. Tables 1.46 and 1.47 show the obtained data.
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It can be seen that the fibers exposed to 13 pH-seawater environment degraded com-
pletely compared to other environments and least degradation was seen in fibers exposed

7pH environments.

1.4 Physical Properties of Rebars After Exposure to

Aggressive Environments

1.4.1 XRF Analysis on Rebars

BFRP rebars were exposed to 16 different environments and XRF analysis was conducted on
rebar samples after exposure to aggressive environments. Results obtained from the analysis
are tabulated in Table 1.48 below. It can be seen that rebars exposed to 13pH-20000c¢l~
and 13pH-Seawater environments degraded more in comparison with rebars exposed to other

environments.
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1.4.2 Glass Transition Temperature of Rebar Samples

Glass transition analysis on rebars was conducted using differential scanning calorimeter.
Results obtained from the analysis are presented in the form of graphs in Figures 1.50, 1.51,
1.52, 1.53, 1.54, and 1.55. It can be seen in graphs that the glass transition temperature

Seawater

0C1™ 200C1~ 20000C1~
(C1~ 20000)

pH 4

pH 7

pH 10
Figure 1.50: Glass transition temperature of exposed Type A Lot 1 rebars

of rebars differed between types but it was similar among the same type regardless of the

production lot and exposure condition.
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Figure 1.51: Glass transition temperature of exposed Type B Lot 1 rebars

Seawater

0C1™ 200C1~ 20000C1~
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Figure 1.52: Glass transition temperature of exposed Type C Lot 1 rebars
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Figure 1.53: Glass transition temperature of exposed Type A Lot 2 rebars
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Figure 1.54: Glass transition temperature of exposed Type B Lot 2 rebars
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Figure 1.55: Glass transition temperature of exposed Type C Lot 2 rebars
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1.5 Rebar Mechanical Properties

1.5.1 Transverse Shear Test

ASTM D 7617 (ASTM-International, 2012b) was used in the process of testing and analyzing
the transverse shear strength of the rebars. Tested and processed data are plotted in the

following sections 1.5.1 and 1.5.1.

Load-Displacement

The graphs plotted in Figures 1.56, 1.57, 1.58, 1.59, 1.60, and 1.61 show the load-displacement
behavior recorded during the transverse shear tests of #3 and # 5 rebars from all rebar
types and exposure environments tested in this study. The x-axis of the graph represents the
cross-head extension or the relative displacement between the edges of the directly sheared
specimen, while the y-axis shows the measured force throughout the load application period.

The Graph in figure 1.56 shows a linear behavior until it reaches the ultimate failure load.
It can be seen that # 5 sized rebar sustained higher load in comparison with # 3 rebars. It can
be seen that rebars exposed to 4pH and 7pH sustained a consistent load while the extension
of the rebars varied. The graph in Figure 1.57 shows a comparison between the load and the
displacement for transverse shear strength of # 3 and # 5 rebars Lot 1 from Type B rebar.
It can be seen that the graph had a linear behavior until it reached the ultimate failure
load. All the rebars sizes sustained a consistent load with similar extension. The Graph in
Figure 1.58 shows the load - displacement behavior of Type C rebars. Linearity can be seen
until it reaches the ultimate failure load. It can be seen that # 5 sized rebar sustained higher
load in comparison with # 3 rebars. The graph in Figure 1.59 presents a comparison between
the load and the displacement for of transverse shear strength of # 3 and # 5 rebars from
Type A from Lot 2. The graph shows a linear behavior until it reached approximately 90%
of the ultimate failure load. The visualized data in Figure 1.60 show the load-displacement
behavior for transverse shear strength of # 3 and # 5 rebars Lot 2 from Type B rebar. It can
be seen that the material behaved linearly until approximately 90 % of the ultimate failure
load was reached. All the # 3 rebars sustained a consistent load while # 5 rebars sustained
same peak load but the extension of the rebars varied. The graph in Figure 1.61 shows a
comparison between the load and the displacement for transverse shear strength of # 3 and
#5 rebars from Lot 2. The graph shows a linear behavior until it reached approximately
90% of the ultimate failure load.
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Figure 1.56: Transverse shear force - extension concentration of Type A Lotl tested rebars
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Figure 1.57: Transverse shear force - extension concentration of Type B Lot1 tested rebars
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0Cl 20000 C1~ Seawater
Displacement (in.) Displacement (in.) Displacement (in.)
0 0.1 02 025 0 0.1 02 025 0 0.1 0.2 0.25
100 T T T T T T
90 - 10 10 120
80 i i
70 _— 1 17 115
a - ‘ - - ) a
- £ O “ —~ I AL o)
& 2 50 | - 5 ‘ 103
<t < f | B y, b | h <
S 40 / | = / - “ S
30 \ i i
20 /7 \ ) 4 Al | | | 0 1°
10 ’ . X | : , | |
0 0
100
90 10 10 120
80 i i
— 70 i B i B i B 15 —
=) - S + o
£ 2
A 50 - . -
=] <
M~ 3 . : 110 =
5 40 1 it [ 5
o )/ - ‘
200 /) i 1) 1 1
10 |,
0 - 0
100
0 10 10 120
# 3 rebars completely deteriorated All rebars completely deteriorated All rebars completely deteriorated
80 due to the aggressive environment | due to the aggressive environment | due to the aggressive environment
w0 1o 10 115
o L . - =
= £ 5
250 - - =
= 3 | | 110 2
S 40 N i i =
01 7/ \! i i
20| 4 1 1F 1F 1
10 l - -
0 \ I I I I I I I L0
0 2 4 6 0 2 4 6 0 2 4 6
Displacement (in.) Displacement (in.) Displacement (in.)

Figure 1.58: Transverse shear force - extension concentration of Type C Lot1 tested rebars
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Figure 1.59: Transverse shear force - extension concentration of Type A Lot2 tested rebars
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Figure 1.60: Transverse shear force - extension concentration of Type B Lot2 tested rebars
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——  Specimen 1 —— Specimen 2 - Specimen 3 = Specimen 4 —e- Specimen5‘
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Figure 1.61: Transverse shear force - extension concentration of Type C Lot2 tested rebars
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Transverse Stress-Displacement

The results obtained from the transverse test was properly reduced and analyzed. These
results are shown via graphs and table. The graphs in Figures 1.62, 1.63, 1.64, 1.65, 1.66,
and 1.67 compare the stress-displacement behavior of transverse shear test of #3 and #5
rebars from all rebar types that were tested for this research project. The data along the
x-axis represents the cross-head extension or the direct shear displacement, while the y-axis
signifies the measured shear stress.

The data in Figure 1.62 show that the material behaved nearly linearly until the ultimate
failure load was reached. It can be seen in Figure 1.62 that the stress-strain behavior of all
rebars was close but not identical-—specifically, it varied significantly for rebar number # 5.

The graph in Figure 1.63 presents the stress-displacement behavior of transverse shear
test of rebar Type B Lot 1. From the stress-strain behavior of rebar Type B as shown in
Figure 1.63, it can be seen that the rebars underwent similar failure behavior. The graph
in Figure 1.64 compares the stress - strain behavior of Type C rebar from Lot 1. It shows
the linearity of tested rebar until the ultimate failure load was reached. It can be seen
in Figure 1.64 that the stress-strain behavior of all rebars was close but not identical—
specifically, it varied significantly for rebar number # 5. The graph in Figure 1.65 presents
the stress-displacement behavior of transverse shear test of rebar Type A Lot 2. The graphs
display a mostly linear behavior until the ultimate failure load was reached. Figure 1.66
shows the stress-displacement behavior of transverse shear test of rebar Type B Lot 2. It
can be seen that the data represented a nearly linear behavior until the ultimate failure load
was attained. The stress-displacement behavior of failed rebar specimen from both types
from Lot 2 in Figures 1.65 and 1.66 show that, although the ultimate failure capacity of the
rebars varied significantly, all the rebar samples failed in a identical manner. The graph in
Figure 1.67 presents the stress-displacement behavior of transverse shear test of Lot 2 rebars
from Type C manufacturer. From the stress-displacement behavior of rebar as shown in

Figure 1.67, it can be seen that the rebars underwent similar failure behavior.
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Figure 1.62: Transverse shear stress - extension concentration of Type A Lotl tested

‘+ #3 #5 -- Minimum required transverse shear strength - 22ksi ‘
0Cl~ 20000 C1~ Seawater
Displacement (in.) Displacement (in.) Displacement (in.)
3000 0.1 0.2 028 0 0.1 0.2 028 0 0.1 0.2 0.28
T T T T T T
] a0 _
7
250 |- I I i)
=
17
- [}
200 - o - 0 g
FARREY [ , +2
s [ n
A Y
150 S i g
- S AP | & S AP booimimimo s | SRR A IR 3
B ) B A 120 2
7 B G
100 - o e i : 2 g
. W SN g
I .
: N / 1z | 110 2
' | q
%0 Ny b yava (e =
4 'f\;f; i S V2
2y | | PR il | I
0+ 0
300
1 10 _
‘7
250 | i i g
=
0
N 49}
200 | 1 L - B oo 13008
[ R AR v +
AN ~ L K wn
ST / 1 A
IS iF A AR 5
150 p=——- 77/’{"“. ”””” | [~ " / /J/” R Y/ T 7*/7”"‘””7203
AN 7 i \a 4 ! »n
S [ e \ 41 ,' x
/ ; M\ 4 =
100 - ,’///// Vi [ p, g’// A v K = J ! +
ok A S R % ' E
/?;/, i B y 7 W /p/, 110 S
50 | /I Y - ) B r / [s}
/3 ! ’ h '\ / =
AN W/ ¢ Vi _?
i ’ /x 4 & 4
0 I | I Al I 0
300
f 140 _
250 | - i =
=
w0
200 # 3 rebars completely deteriorated All rebars completely deteriorated All rebars completely deteriorated | 30 3]
- - - =
due to the aggressiye environment due to the aggressive environment due to the aggressive environment gf)
g
150 : i g
| =
20 Z
=
100 I L =
S|
Q
110 B
50 I L =
)
0 I I I I I I I I I I I I 0
0o 1 2 3 4 5 6 0 1 2 3 4 5 6 7

Displacement (mm)

Displacement (mm)

175

Displacement (mm)

rebars



‘+ #3 -~ #5 Minimum required transverse shear strength - 22ksi ‘

0Cl~ 20000 C1~ Seawater
Displacement (in.) Displacement (in.) Displacement (in.)
0 0.1 0.2 028 0 0.1 0.2 028 0 0.1 0.2 0.28
300 T T T T T T
= 1 1 140 =
S 250 - - g
= 24
= <
=
wn
7] 4]
Z 200 . 1 ) 1t w0 130 £
= e he i N
o P S G e .
— y i { | <
&g 150 AR oo B e o B 1 e S
X = " W 1 i, 0oy N 0 v",, N 120 c’%
@ A o W Ll =
4 N [ 1 yu | =
E 100 - «W’/ !\\' | | s :: “li | 7 &/// “lylx | ‘\?\\ b=l
= vy B <% "y 04 Tt 3
| X . N 3
Q “,’ 0\ N A WA N 4 I 4110 &
N 50 ’(,/, E'l' Z ‘\\\\\ 2 lul“ \ =
= [ (- , [ Y, \ [ 7 i | 3
S o ! s W o —h =
jan] ,'y X Vi "y, -
0 | | ~ - = | | A== | | | 0
300
= ) ) 140
S 250 g
= B B B 4
£ <
n w0
199} - [}
& 200 I A " =
% ’A(J\\‘ v\ wn
m . ol c"é‘
2 8 150 omrmmmioeg T A S I e , g
Q S "W | =
~ = A 4 n
n o o 14 —
— lx 4] \ ! 4 <
= 100 - oA - £
| # s . 3
% ok RV | ” ¥ 11 S
S /- e / N 0 8
s 50 a0 R - ] b 3
:: //(x/ ] A Ny u
04 T ‘ S
300
—~ 8 8 140
< —
& 250 - i =
—_
< " ~
% a 2
I
z L R : L : L 130 ¢
£ 200 . =
- o A wn
o & i £ -
B B 50 p--mm s E bommme A bomm s g
PN 2 + =
™ g vy ! B 1 I B 120 <=
- = / ANl A Do wn
n Iy /A Iy Iy S
— P A e ‘ol Q/‘\v\‘\ =
s 100 7 ann 3 S\ B B =
= HEN 47 5 ﬁ\ M =
3 ISy /A | 5 i )y AR 110 &
N oy Vi P \h P Y o~
‘2 50 s IR (RPN 3 - Oy 3 % L 3
S} Ky " AR, ~ N ey N o]
() A I I I 1 I I I I I ] > I I | 0
o1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Displacement (mm) Displacement (mm) Displacement (mm)

Figure 1.63: Transverse shear stress - extension concentration of Type B Lotl tested rebars
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Figure 1.64: Transverse shear stress - extension concentration of Type C Lotl tested rebars
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Figure 1.65: Transverse shear stress - extension concentration of Type A Lot2 tested rebars

178



‘+ #3 -~ #5 Minimum required transverse shear strength - 22ksi ‘

0Cl~ 20000 C1~ Seawater
Displacement (in.) Displacement (in.) Displacement (in.)
0 0.1 0.2 028 0 0.1 0.2 028 0 0.1 0.2 0.28
300 T T T T T T
— | i |
40
& 950 )
= I I I 24
5 H
j92] ~ 0
i i | 2
£ 200 oy - i - . 0 g
b v ,7> Xy 7y +
Z 0 i e @
o A A A AR N
;_‘ A / dry L <
o, g 15() premeemreneens i /.,. “H .............. T =il JH frasennnnnnnnntuian ,'{'}Q‘"llﬁl ............ % E
] ] R ]
= ('% A i i it o ' § A \l“,{\ 73]
e //// ‘\ I ll" y\’/,/’/ V‘l 0 , “,ll,‘%\ -’—é
z o0 | Y AR i % 1| I £
=] A AN 75 L S i S
S 7 Lo . = \ . g b 410 8
N 50 1 2 o | 7 v | g i =
561 p by | ) i o \//// ,A'\ - )
= /M B " (S /; , jun
A SRS / “Ehe 15 e
0 ! ! | ! il —= A2 ! IR 0
300
£ ] Z
2 | wn
= 250 )
= -
0w w0
199} - [}
o 200+ =
= A )
’ n
e=J e g
o, g 150 frasnnnnnnnnnn g » ,.E..y:l.yk. .............. g
I~ = o v 1
n A '\“&‘, C%
= 100 |- s WU g
+ /43/, W o
j=} 'y W o
3 s A § S|
S| <) i =
5 50r 'y 3
= % =
Al IR
0 ’ |
300
—_ .
ﬁf =
2 w
S 20 &
&
w0
2 . &
g 200 C%
T @ g
Qi < 150 dpdanpdbialalannsnnnnnnnnnnnnnn (o)
9] — =
RERge @
z 3
—
= 100 =
£ g
g 1 S
5 50 e 3
= S =
0 |
5 6 7
Displacement (mm) Displacement (mm) Displacement (mm)

Figure 1.66: Transverse shear stress - extension concentration of Type B Lot2 tested rebars
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Figure 1.67: Transverse shear stress - extension concentration of Type C Lot2 tested rebars
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1.5.2 Modes of Failure

To study the failure process, the failed BFRP rebars were analyzed in detail to observe the

failure pattern of outer fibers and inner fibers.

Seawater

pH 13

Figure 1.68: Transverse shear failure mode of Type A # 3 rebars
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pH 4

pH 7

pH 13

Figure 1.69: Transverse shear failure mode of Type A #5 rebars
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Seawater
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pH 13

Figure 1.70: Transverse shear failure mode of Type B # 3 rebars
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Seawater
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pH 13

Figure 1.71: Transverse shear failure mode of Type B # 5 rebars
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pH 13

Figure 1.72: Transverse shear failure mode of Type C # 3 rebars
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Seawater

pH 7

pH 13

Figure 1.73: Transverse shear failure mode of Type C # 5 rebars
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1.5.3 Summary of Transverse Shear Properties

The concentration of the statistical evaluation for the transverse shear strength properties of

the tested products are listed in the following Table 1.49. A total of 250 specimen, five for

each rebar type, size, lot, and exposure type were tested. The average and all other statistical

values were calculated based on a sample size of five specimen, and the corresponding results

are shown in the table. For numerical comparison and concluding values, Table 1.49 lists the

minimum shear stress (A), the maximum shear stress (V), the average shear stress (u), the

standard deviation (o), and the coefficient of variation (CV) for each individual test sample.

Table 1.49: Transverse Shear test statistical values for each sample group (US Customary

Units)

Sample Group

Statistical Values

Shear Stress

Manuf. Resin Size Lot pH CI™ A \% 1 o CV
Type Type #  No. ksi ksi ksi ksi %

TypeA Epoxy 3 1 4 0 28.6 323 301 1.4 470
TypeA  Epoxy 5 1 4 0 28.7 310 300 0.8 275
TypeB  VinylEster 3 1 4 0 28.1 30.6 293 1.0 3.40
TypeB  VinylEster ) 1 4 0 276 293 28.2 0.6 2.30
TypeC Epoxy 3 1 4 0 28.2 319 30.0 1.3 4.44
TypeC  Epoxy 5 1 4 0 229 25,7 245 12 495
TypeA Epoxy 3 1 4 20000 294 337 311 1.7 545
TypeA Epoxy ) 1 4 20000 25.8 29.3 27.8 1.4 4.92
TypeB  VinylEster 3 1 4 20000 29.8 341 318 1.7 545
TypeB  VinylEster 5 1 4 20000 28.0 291 287 04 148
TypeC Epoxy 3 1 4 20000 248 282 27.0 13 4.74
TypeC  Epoxy 5 1 4 20000 20.8 28,6 266 3.3 12.35
TypeA Epoxy 3 1 4  SeaWater 27.3 314 292 1.8 6.24
TypeA  Epoxy 5 1 4  SeaWater 25.8 28.8 27.3 1.3 4.79
TypeB  VinylEster 3 1 4  SeaWater 30.0 33.2 314 1.5 4.85
TypeB  VinylEster 5 1 4  SeaWater 27.7 295 28.5 0.7 2.44
TypeC Epoxy 3 1 4  SeaWater 28,9 315 302 1.1 3.74
TypeC  Epoxy 5 1 4  SeaWater 20.8 256 232 2.1 9.25
TypeA  Epoxy 3 2 4 0 25.1 314 275 2.6 9.58
TypeA  Epoxy 5 2 4 0 28.1 296 28,7 0.6 215
TypeB  VinylEster 3 2 4 0 30.7 325 318 0.8 247
TypeB  VinylEster 5 2 4 0 276 298 285 09 3.17
TypeC Epoxy 3 2 4 0 29.0 314 305 09 298
TypeC  Epoxy 5 2 4 0 203 245 219 1.6 740
TypeA Epoxy 3 2 4 20000 18.8 263 220 3.3 14.82

Continued on next page ...
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Table 1.49: Transverse Shear test statistical values for each sample group (US Customary
Units)

Sample Group Statistical Values

Shear Stress

Manuf. Resin Size Lot pH CI™ A \% 1 o Cv
Type Type #  No. ksi ksi ksi ksi %

TypeA  Epoxy 20000 252 287 271 1.5 5.59
TypeB  VinylEster 20000 31.9 369 335 2.0 6.09
TypeB  VinylEster 20000 298 308 301 04 1.30
TypeC  Epoxy 20000 29.5 329 30.7 1.3 4.16
TypeC  Epoxy 20000 204 25.0 235 19 7.89

SeaWater 21.4 25.8 23.6 2.0 &.58
SeaWater  25.8  29.9 28.3 1.7 5.85
SeaWater  32.6 35.8 34.6 1.3 3.67
SeaWater  26.9  28.2 27.5 0.6 2.09
SeaWater 29.9 327 314 1.2 3.84
SeaWater 19.3  21.7  20.2 1.0 5.04

TypeA Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy
TypeC  Epoxy

TypeA Epoxy 0 248 315 282 2.8 999
TypeA  Epoxy 0 293 309 302 0.6 1.95
TypeB  VinylEster 0 283 341 311 22 710
TypeB  VinylEster 0 266 27.7 270 04 1.58
TypeC Epoxy 0 288 319 30.1 1.2 4.06
TypeC  Epoxy 0 145 213 196 2.8 14.54
TypeA Epoxy 20000 28.7 344 318 23 7.20
TypeA  Epoxy 20000 27r.7 314 296 1.7 5381
TypeB  VinylEster 20000 29.8 346 316 1.9 6.07
TypeB  VinylEster 20000 26.6 30.1 286 1.3 4.39
TypeC Epoxy 20000 30.2 331 315 1.3 4.11
TypeC  Epoxy 20000 157 208 183 1.9 10.62

SeaWater 29.2 33.9 31.7 1.7 5.40
SeaWater  28.7  30.3 29.6 0.7 2.26
SeaWater  26.7 30.7 29.1 1.5 5.10
SeaWater  25.8 29.0 274 1.3 4.69
SeaWater 28.6 31.8 299 1.1 3.81
SeaWater 13.4 16.4 14.6 1.5 9.95

TypeA  Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC Epoxy
TypeC  Epoxy

LOUT W U W T L T W U1 L) T L UT W U LT WUl W UL T W U W T W Ul W U W UL Ot
NN NN DN DN === = e e e e e e e e e e e e = = NN NN NN NN NN NN
ES RS IES EIEN B RN TIPS IEN (PN SRS JIEN BEPN SRS BEEN SIS SEEN TEES SIES SRR SRS SRR PN TEN N TP QO O Nt SO NG SO SO SO O SO

TypeA Epoxy 0 21.8 275 246 2.5 10.17
TypeA  Epoxy 0 269 299 280 1.1 3.99
TypeB  VinylEster 0 31.3 354 326 1.6 497
TypeB  VinylEster 0 26.6  27.3 27.0 03 1.16
TypeC Epoxy 0 278 334 307 21 6.86
TypeC  Epoxy 0 18.0 232 21.0 2.2 10.51
TypeA Epoxy 20000 25.3 292 276 1.7 6.05

Continued on next page ...
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Table 1.49: Transverse Shear test statistical values for each sample group (US Customary
Units)

Sample Group Statistical Values

Shear Stress

Manuf. Resin Size Lot pH CI™ A \% 1 o Cv
Type Type #  No. ksi ksi ksi ksi %

TypeA  Epoxy 20000 28.1 323 304 16 5.17
TypeB  VinylEster 20000 32.3 405 36.7 3.2 875
TypeB  VinylEster 20000 269 288 280 0.8 2383
TypeC  Epoxy 20000 28,5 314 30.1 1.3 4.29
TypeC  Epoxy 20000 182 220 199 19 948

SeaWater  21.8 264  24.2 1.6 6.81
SeaWater  28.3  30.2 29.0 0.8 2381
SeaWater  32.2 35.6 34.2 1.3 3.90
SeaWater 28.0 293 284 0.5 1.92
SeaWater  24.5  27.0 26.0 1.1 4.19
SeaWater 11.6 14.5 13.1 1.0 7.97

TypeA Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy

ESEEN USRS RS BPS PN RS BN RN IR |

TypeC  Epoxy

TypeA Epoxy 13 0 72 277 21.8 85 39.14
TypeB  VinylEster 13 0 2800 344 300 26 8.73
TypeB  VinylEster 0 25.0 275 263 1.1 4.13
TypeC  Epoxy 13 0 128 148 13.7 0.7 5.30
TypeB  VinylEster 13 20000 3056 369 333 23 7.00
TypeB  VinylEster 13 20000 209 274 245 3.0 12.34

TypeB  VinylEster SeaWater 12.8 14.4 13.8 0.6 4.54

—_
w

TypeB  VinylEster 13 SeaWater 16.8 19.1 17.9 1.0 5.62
TypeA  Epoxy 13 0 18.8  29.1 26.0 4.8 18.58
TypeB  VinylEster 13 0 16.5 387 30.5 9.4 30.85
TypeB  VinylEster 13 0 16.7 262 234 4.0 17.27
TypeC  Epoxy 13 0 13.8  29.7 206 6.1 29.51
TypeB  VinylEster 13 20000 23.0 344 294 45 15.27
TypeB  VinylEster 13 20000 26.5 294 276 1.1 3.89

—_
w

SeaWater  12.9 16.4 149 1.4 9.53
SeaWater  17.6  21.6 19.8 1.4 7.28

TypeB  VinylEster
TypeB  VinylEster

Ot W Ot W Ot Ot W Ot Ot W Ut W Ot Ot W Ot Ot W Ut W Ut W ot W ot w ot
N DN NN NNNDINRFE F = 2 =B B H 2B N NN DN MDD DD DD DN N N
—

w

—_
w

1.5.4 Apparent Horizontal Shear Test

The FRP rebar products were tested for horizontal shear properties after exposing them
to aggressive environments. The horizontal shear test was conducted according to the
ASTM D 4475 (ASTM-International, 2012a) standards.
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Load-Displacement

The graphs in Figures 1.74, 1.75, 1.76, 1.77, 1.78, and 1.79 plot the load-displacement be-
havior of short span 3 point bending. Each rebar type is shown individually—and every
specimen within the relevant sample is displayed—to compare # 3 and # 5 from the same
type. The x-axis of the graph represents the cross-head frame displacement, and the y-axis
represents the applied load.

The graph in Figure 1.74 shows a nearly linear behavior until it reached the ultimate
failure load. Following the peak load, a descending branch proceeds with individual local
peaks and drops. The peaks and drops represent individual layers of fibers engaged and
failing in tension located in the lower part of the specimen experiencing pure tension, while
the upper part is in compression. Extension-Horizontal shear behavior of rebar Type B can
be seen in the graph in Figure 1.75. Similar to Type A, # 5 Type B rebar sustained more
load in comparison with # 3 rebars. The failure pattern of # 3 and # 5 Type B rebars was
similar and identical to Type A rebar failure pattern. The load - displacement graph of Type
C rebar in Figure 1.76 shows a nearly linear behavior until it reached the ultimate failure
load. Following the peak load, a descending branch proceeds with individual local peaks
and drops. The peaks and drops represent individual layers of fibers engaged and failing
in tension located in the lower part of the specimen experiencing pure tension, while the
upper part is in compression. The graphs shown in Figures 1.77, 1.78, and 1.79 show the
load-displacement behavior of Lot 2 Type A, Type B, and Type C rebars. The graphs show
a linear behavior until it reached approximately 90 % of the ultimate failure load. It can
be seen in Figures 1.77 and 1.78 that the failure behavior of Type A and Type B rebars is
identical irrespective of production lot and rebar size. Extension-Horizontal shear behavior
of Lot 2 Type C rebars can be seen in the graph in Figure 1.79. Similar to Lot 1, #5 Lot
2 rebars sustained more load in comparison with # 3 rebars. The failure pattern of # 3 and

# 5 Lot 2 rebars was similar and identical to the failure pattern of rebars from Lot 1.
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Figure 1.74: Horizontal shear force - extension concentration of Type A Lotl tested rebars
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—— Specimen 1 —— Specimen 2 - Specimen 3 = Specimen 4 -« Specimen 5
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Figure 1.75: Horizontal shear force - extension concentration of Type B Lot1 tested rebars
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—— Specimen 1 —— Specimen 2 - Specimen 3 = Specimen 4 -« Specimen 5
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Figure 1.76: Horizontal shear force - extension concentration of Type C Lot1 tested rebars
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Figure 1.77: Horizontal shear force - extension concentration of Type A Lot2 tested rebars
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—— Specimen 1 —— Specimen 2 - Specimen 3 = Specimen 4 -e Specimen 5
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Figure 1.78: Horizontal shear force - extension concentration of Type B Lot2 tested rebars
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Figure 1.79: Horizontal shear force - extension concentration of Type C Lot2 tested rebars
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Stress-Displacement

To provide clarity and to compare the horizontal shear strength performance of the two rebar
sizes, stress-strain behavior of rebar is shown in this section via graphs. The following graphs
in Figures 1.80, 1.81, 1.82, 1.83, 1.84, and 1.85 show the comparison of the stress - cross-
head behavior for the tested BFRP rebars. The x-axis of graph represents the cross-head
extension, while the y-axis signifies the measured shear stresses.

As expected, a significant difference in peak load between rebar sizes of Type A rebar
was observed. Nevertheless, the resultant horizontal shear stress is approximately the same
regardless of the rebar size. The stress-displacement behavior of rebar Type B shows that
the failure pattern was identical for both the sizes but # 5 rebars sustained more stress in
comparison to # 3 rebars. As expected, a significant difference in peak load between rebar
sizes of Type C Lot 1 rebar was observed. Nevertheless, the resultant horizontal shear stress
is approximately the same regardless of the rebar size. The graphs in Figures 1.83, 1.84,
and 1.85 are used to compare the stress-displacement behavior of horizontal shear test of # 3
and # 5 rebars from Type A, Type B, and Type C from Lot 2.

The stress-strain behavior of rebars from Lot 2 show that the failure pattern was identical
for both the sizes but # 5 rebars sustained more stress in comparison to # 3 rebars. Fig-
ures 1.83 and 1.84 show that all the rebars of Type A and Type B underwent similar stress

and strain irrespective of lot and size.
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Figure 1.82: Horizontal shear stress - extension concentration of Type C Lot1 tested rebars



‘+ #3 -~ #5 --  Minimum required horizontal shear strength - 5ksi ‘
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Figure 1.83: Horizontal shear stress - extension concentration of Type A Lot2 tested rebars
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‘+ #3 -~ #5 --  Minimum required horizontal shear strength - 5ksi ‘
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Figure 1.84: Horizontal shear stress - extension concentration of Type B Lot2 tested rebars
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‘+ #3 -~ #5 -- Minimum required horizontal shear strength - 5ksi ‘
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Figure 1.85: Horizontal shear stress - extension concentration of Type C Lot2 tested rebars
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1.5.5 Modes of Failure

To study the failure pattern of BEFRP rebars, failure modes of the tested rebars were analyzed.

Seawater

Cl" 0 Cl™ 20000 (C1~ 20000)

pH 13

Figure 1.86: Horizontal shear failure mode of Type A # 3 rebars

All tested specimens failed due to the apparent horizontal shear force, resulting in horizon-
tal failure planes as observed from the perpendicular cracks to the applied load, through the
depth of the cross section. After the peak load, secondary cracks were generated representing
the horizontal shear failure plane as each inter-laminar layer of fibers is engaged in tension
and then failing in fiber-matrix interface which occurred due to the three point bending load
on a short span, that formed a horizontal failure plane, as shown in Figures 1.86-1.91. All
the tested specimens had more than one failure plane. To study the post failure behavior of
rebars, the bending test was continued although the load peak was reached. The tests were
performed until three or four additional load drops was observed, which means additional

three or four additional failure planes appeared.
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Seawater

pH 13

Figure 1.87: Horizontal shear failure mode of Type A # 5 rebars
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Cl 0 C1™ 20000 Seawater

pH 4
pH 7
pH 13
Figure 1.88: Horizontal shear failure mode of Type B # 3 rebars
- - Seawater
pH 4
pH 7
pH 13

Figure 1.89: Horizontal shear failure mode of Type B # 5 rebars
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Cl™ 0

pH 13

Cl™ 20000

Seawater
(C1™ 20000)

Figure 1.90: Horizontal shear failure mode of Type C # 3 rebars
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Cl™ 0

pH 13

Cl™ 20000

Seawater
(C1™ 20000)

Figure 1.91: Horizontal shear failure mode of Type C # 5 rebars
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1.5.6 Summary of Horizontal Shear Strength Properties

The statistical values for the horizontal shear strength properties of the tested products are
listed in the following Table 1.50. A total of 250 specimens, five for each type, each size, lot,
and exposure type were tested in total. The average of five specimens was assigned to each

sample (specimen group) as shown in the table.

Table 1.50: 300Day Horizontal Shear test statistical values for each sample group (US Cus-
tomary Units)

Sample Group Statistical Values

Shear Stress

Type Resin Size Lot pH CI~ A \Y, n o CcvV
Type # No. ksi ksi ksi ksi %
TypeA  Epoxy 0 6.8 7.9 7.4 04 6.07
TypeA  Epoxy 0 4.9 5.9 5.4 0.7 12.86
TypeB  VinylEster 0 5.5 6.3 6.0 04 5.95
TypeB  VinylEster 0 6.1 6.8 6.4 0.4 6.09
TypeC  Epoxy 0 8.5 9.2 8.8 0.3 3.73
TypeC  Epoxy 0 8.5 9.6 9.0 0.5 5.82
TypeA  Epoxy 20000 8.3 9.6 9.0 0.6 6.81
TypeA  Epoxy 20000 2.9 2.9 2.9 0.0 0.02
TypeB  VinylEster 20000 4.9 6.4 5.9 0.6 9.75
TypeB  VinylEster 20000 6.6 7.3 6.9 0.3 3.89
TypeC  Epoxy 20000 7.3 8.0 7.8 0.3 4.46
TypeC  Epoxy 20000 3.3 9.2 7.6 2.1 28.05

SeaWater 7.8 9.4 8.6 0.6 6.74
SeaWater 7.1 8.5 7.9 0.6 7.07
SeaWater 4.1 5.0 4.5 0.4 7.94
SeaWater 6.7 6.9 6.8 0.1 1.59
SeaWater 7.1 9.2 8.2 0.9 10.74
SeaWater 7.9 9.0 8.6 0.4 4.79

TypeA  Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy
TypeC  Epoxy

TypeA  Epoxy 0 4.9 9.5 6.5 2.1 32.33
TypeA  Epoxy 0 2.9 3.9 3.4 0.7 20.16
TypeB  VinylEster 0 5.3 7.2 6.1 0.8 13.65
TypeB  VinylEster 0 6.3 6.9 6.6 0.3 4.22
TypeC  Epoxy 0 4.1 9.7 85 2.2 2561
TypeC  Epoxy 0 7.6 8.5 7.9 0.5 5.95
TypeA  Epoxy 20000 1.5 1.8 1.7 0.1 6.12
TypeA  Epoxy 20000 2.9 2.9 2.9 0.0 0.02
TypeB  VinylEster 20000 6.4 7.3 6.7 0.4 5.51
TypeB  VinylEster 20000 6.3 6.9 6.6 0.3 4.30
TypeC  Epoxy 20000 8.7 9.5 9.0 0.4 3.98
TypeC  Epoxy 20000 7.3 7.7 7.5 0.2 276

SeaWater 2.3 2.8 2.5 0.2 7.72
SeaWater 7.4 8.1 7.8 0.3 3.93
SeaWater 6.5 7.2 6.9 0.2 3.30
SeaWater 6.5 6.9 6.6 0.2 2.80
SeaWater 8.1 9.9 9.2 0.8 8.23
SeaWater 6.8 8.2 7.7 0.6 7.49
0 7.9 9.2 8.3 0.6 6.66
0 8.0 8.8 8.3 0.3 3.80

TypeA  Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy
TypeC  Epoxy
TypeA  Epoxy

Gl W Ot W Ut W Ot W Ut W Ot W Ut W Ot W Ut WUt W UtWwWw Ul w ot W oot worlw ot w ot w ot w ot Ww
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TypeA  Epoxy

Continued on next page ...

209



Table 1.50: 300Day Horizontal Shear test statistical values for each sample group (US Cus-
tomary Units)

Sample Group Statistical Values

Shear Stress

Type Resin Size Lot pH CI™ A \Y, w o CcvV
Type # No ksi ksi ksi ksi %
TypeB  VinylEster 0 3.9 6.2 5.5 1.1 19.76
TypeB  VinylEster 0 6.8 7.3 7.0 0.2 245
TypeC  Epoxy 0 6.5 9.1 7.8 1.0 12.50
TypeC  Epoxy 0 7.2 9.4 8.6 1.0 11.07
TypeA  Epoxy 20000 7.9 9.3 8.5 0.6 7.55
TypeA  Epoxy 20000 7.6 8.6 8.1 04 5.07
TypeB  VinylEster 20000 4.8 6.1 5.5 0.6 10.43
TypeB  VinylEster 20000 6.2 7.1 6.7 0.3 5.00
TypeC  Epoxy 20000 6.9 8.8 8.1 0.7 8.73
TypeC  Epoxy 20000 8.3 9.5 9.0 0.5 5.39

SeaWater 7.5 9.2 8.2 0.7 8.33
SeaWater 7.3 8.7 7.9 0.5 6.95
SeaWater 4.2 6.0 4.9 0.7 14.72
SeaWater 6.6 7.1 6.8 0.2 3.59
SeaWater 8.1 8.9 8.4 0.3 3.72
SeaWater 7.2 9.1 8.6 0.8 9.37

TypeA  Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy
TypeC  Epoxy

TypeA  Epoxy 0 3.2 4.4 4.1 0.5 11.64
TypeA  Epoxy 0 7.4 8.6 8.0 0.5 6.01
TypeB  VinylEster 0 5.6 7.0 6.5 0.5 812
TypeB  VinylEster 0 6.1 7.3 6.8 0.5 7.51
TypeC  Epoxy 0 7.4 9.2 8.7 0.8 8.79
TypeC  Epoxy 0 7.4 8.0 7.8 0.2 299
TypeA  Epoxy 20000 3.4 4.0 3.8 0.2 6.29
TypeA  Epoxy 20000 6.9 8.4 7.6 0.6 7.93
TypeB  VinylEster 20000 5.3 7.3 6.8 0.8 12.21
TypeB  VinylEster 20000 6.4 7.2 6.7 0.3 4.66
TypeC  Epoxy 20000 8.2 9.5 8.9 0.5 5.59
TypeC  Epoxy 20000 6.1 8.1 6.7 0.9 12.90

SeaWater 2.5 2.8 2.6 0.1 4.19
SeaWater 7.1 7.9 7.7 0.3 4.10
SeaWater 6.2 7.4 6.7 0.5 7.54
SeaWater 6.3 7.2 6.8 0.4 5.56
SeaWater 7.2 7.9 7.5 0.3 3.93
SeaWater 6.9 8.1 7.4 0.5 6.35

TypeA  Epoxy
TypeA  Epoxy
TypeB  VinylEster
TypeB  VinylEster
TypeC  Epoxy

ESERNERNEENEENEREN SRS TG S0 BEN RN BRSPS BN BIPN SIEN SN BPN BN BN EIPS EES SIES RN BES S SRS RN RN PN BIPN BEN SIPN EPN |

TypeC  Epoxy

Gl U1 O W U1 U1 U1 W U1 O U1 W O U1 G0 O W U1 W O W O G O Lo U1 W U1 W O W O G O W U1 G O W O o U1 W Ot W o1 W
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TypeA  Epoxy 13 0 5.6 7.3 6.9 0.7 10.64
TypeB  VinylEster 13 0 3.6 6.1 5.5 1.0 19.11
TypeB  VinylEster 13 0 1.4 4.1 2.7 1.1 40.30
TypeC  Epoxy 13 0 0.2 6.3 4.4 2.5 57.26
TypeA  Epoxy 13 20000 6.1 6.8 6.4 0.3 5.09
TypeB  VinylEster 13 20000 1.6 5.3 4.4 1.6 35.48
TypeB  VinylEster 13 20000 3.4 6.9 5.9 1.4 24.31
TypeC  Epoxy 13 20000 6.7 7.5 7.1 04 5.08
TypeA  Epoxy 13 SeaWater 0.0 0.9 0.6 0.3 56.38
TypeB  VinylEster 13 SeaWater 1.1 1.2 1.1 0.1 4.88
TypeB  VinylEster 13  SeaWater 1.4 1.9 1.6 0.2 13.42
TypeC  Epoxy 13 SeaWater 0.9 1.5 1.2 0.5 39.04
TypeA  Epoxy 13 0 7.2 8.4 8.0 0.5 5.85

Continued on next page ...
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Table 1.50: 300Day Horizontal Shear test statistical values for each sample group (US Cus-
tomary Units)

Sample Group Statistical Values

Shear Stress

Type Resin Size Lot pH CI™ A \Y, w o CcvV
Type # No. ksi ksi ksi ksi %
TypeB  VinylEster 3 2 13 0 4.6 6.7 6.1 0.9 14.45
TypeB  VinylEster 5 2 13 0 5.4 6.1 5.7 0.3 5.26
TypeC  Epoxy 5 2 13 0 6.6 7.7 7.2 0.5 6.46
TypeA  Epoxy 5 2 13 20000 0.2 4.6 2.8 1.7 59.19
TypeB  VinylEster 3 2 13 20000 2.1 6.6 5.4 1.9 34.88
TypeB  VinylEster 5 2 13 20000 1.5 4.3 3.3 1.1 3491
TypeC  Epoxy 5 2 13 20000 0.3 6.0 3.2 2.0 62.83
TypeA  Epoxy 5) 2 13  SeaWater 0.0 1.2 0.9 0.5 53.97
TypeB  VinylEster 3 2 13 SeaWater 1.4 1.7 1.5 0.1 6.73
TypeB  VinylEster 5 2 13 SeaWater 1.6 3.6 3.1 0.9 27.59

For numerical comparison and concluding values, Table 1.50 lists the minimum shear stress
(A), the maximum shear stress (V), the average shear stress (i), the standard deviation (o),

and the coefficient of variation (CV) for each individual test sample.

1.5.7 Tensile Test

The rebars were tested according to the ASTM D 7205 (ASTM-International, 2015) to eval-
uate the tensile properties. The recorded and processed data of the tensile strength test are

shown in this section via graphs and table.

Load-Displacement Behavior

To compare the load-displacement behavior of the different rebar samples and specimens, the
graphs in Figures 1.92, 1.93, 1.94, 1.95, 1.96, and 1.97 plot the recorded test data. As shown,
the x-axis of the graph represents the cross-head extension—which has to be interpreted with
care because it includes the elastic deformation of the load frame and the test fixtures—and
the y-axis indicates the applied and measured load. Figure 1.92 shows that # 5 rebar Type
A sustained higher failure load in comparison with # 3 rebars and the extension of rebar # 5
was almost thrice that of the # 3 rebars extension. Figure 1.93 shows that the extension of
# 5 was more than twice in comparison with # 3 rebars and the peak load was much higher.
All the rebars failed in similar fashion. The following graph in Figure 1.94 illustrate the test
results for the # 3 and # 5 Type C rebars from Lot 1.  After comparing Figures 1.95, 1.96,
and 1.97 it can be seen that the rebars of the same size from both the lots of all rebar types

sustained the same peak load and failed in the same mode. The extension of rebars from lot
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Figure 1.92: Tensile strength-displacement behavior of rebar
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a linear characteristic at around 10kN until the peak load.
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2 of both types was similar to rebars from lot 1 for both sizes. The specimens demonstrated

The common behavior after

the maximum load was overcome was a stepwise loss of load with little inclines until the
next load loss occurred. With increasing cross-head extension in the post-failure region,

the load decreased slightly, but then stagnated or even regained some strength throughout
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Figure 1.93: Tensile strength-displacement behavior of rebar Type B Lot 1 size 3 and 5

further extension, multiple times, until the specimen failed completely. During testing, it
was observed that after the maximum load was reached, the rebars delaminated and flared
out more and more, as these load-drops occurred (ultimately producing the failure patterns
detailed in Section 1.5.2).
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Figure 1.96: Tensile strength-displacement behavior of rebar Type B Lot 2 size 3 and 5
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Stress-Strain Behavior

The stress-strain behavior of the failed rebars of all types was plotted to quantify and com-
pare the elastic moduli of the tested BFRP rebars. The data in Figures 1.98, 1.99, 1.100,
1.101, 1.102, and 1.103 were plotted to compare the stress-strain behavior of the different
rebar types. Accordingly, the x-axis shows the applied stress while the y-axis represents

the outermost surface strain that was measured with an external extensometer. The results

— #3 — #5 ‘
0Cl~ 20000 Cl1~ Seawater
250
] R 135
47
— 200 : i 30 =
< ©0
& | | 125 §
= =
=
S 1501 I i £
= | | 120 &
o = g
<t mn
o 100 1 1o 115 2
= g
& : : {10 3
50 ) I L 2
. i 15 =
0 0
250
] B 135
=
n
. 200| : i 30 &
= 0
& i . 125 &
& 2
o 150 | 3 - 2
% 1 1 120 =
o = g
M~ N ©n
o 100+ b H h H 115 =
< E
5 | . {10 3
50 - = L 8
- O
i . 19 =
0 0
250
] R 135
=
# 3 rebars completely deterg#ated N All rebars completely deteriorated | All rebars completely deteriorated 4130 'ﬁ
— 200 , B . ) B ) . =
) due to the aggressive eny)fOnment due to the aggressive environment due to the aggressive environment "
[a W) N | | N
= 25 ¢
o oy 150) I | 1y 2
o8 g é
® ©n
N N N n
— o 100} - - 5 Z
= B
&1 —
é i 4 4110 §
50 - = | =
i . 15 =
0 I I I

0.1 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05
Strain (%) Strain (%) Strain (%)

Figure 1.98: Tensile stress - Strain behavior of rebar Type A Lot 1 size 3 and 5
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plotted in the graph in Figure 1.98 show that though the load capacities of the different sized

rebars vary widely, the slope of the stress-strain curve was identical for all the rebars. It
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Figure 1.99: Tensile stress - Strain behavior of rebar Type B Lot 1 size 3 and 5

can be seen in Figure 1.99 that stress-strain behavior of rebar Type B are identical for both
the rebar sizes.  The stress-strain behavior of rebars from lot 2 as shown in Figures 1.101,
1.102, and 1.103 show that the slopes of bars from Lot 1 and Lot 2 were identical.
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Figure 1.100: Tensile stress - Strain behavior of rebar Type C Lot 1 size 3 and 5
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Figure 1.101: Tensile stress - Strain behavior of rebar Type A Lot 2 size 3 and 5
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1.5.8 Modes of Failure

According to ASTM D 7205, three different failure modes may occur during a tensile strength
test. The first and expected one is the tensile rupture outside of the anchor pipes. Due to
insufficient sample preparation or test procedure issues, two more failure modes may occur.
The rebar could slip within the grouted anchor (rebar slippage) or the anchor could slip out
of the fixture/grips (anchor slippage). Therefore, the last two described failure modes lead
to unusable results when defining the material characteristics. However, for this research
project, no specimen failed due to rebar or anchor slippage. Hence, tensile rupture of the
BFRP rebar was the recorded failure mode for each bar that was tested.

Figure 1.104 and 1.105 show the failed specimens of Type A rebars. It can be seen that all
specimens, regardless of their diameter, displayed similar failure pattern. The fibers formed
a brush type of failure and all specimens suffered fiber delamination throughout the entire
free specimen length. Figure 1.106 and 1.107 present the post failure pattern of Type B
rebar specimens. It is shown that all the rebar sizes had an identical failure. The fibers were
delaminated and a distinct brush-like failure was observed. Figure 1.108 and 1.109 show the
failed specimens of # 3 and # 5 Type C rebars. All the specimens failed in a similar manner.

After the peak load was reached, an abrupt brittle failure of the rebar was observed close to

the anchor.
Seawater
Cl 0 Cl™ 20000 (C1™ 20000)
pH 4
pH 7

Figure 1.104: Tensile test failure mode of Type A # 3 rebars
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Figure 1.105: Tensile test failure mode of Type A # 5 rebars
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Figure 1.106: Tensile test failure mode of Type B # 3 rebars

Seawater
Cl" 0 C1™ 20000 (C1~ 20000)

Figure 1.107: Tensile test failure mode of Type B # 5 rebars
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Seawater
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Figure 1.108: Tensile test failure mode of Type C # 3 rebars
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Figure 1.109: Tensile test failure mode of Type C # 5 rebars
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1.5.9 Summary of Tensile Properties

The concentration of the statistical evaluation for the measured tensile properties of all

products along with the elastic modulus property are listed in the following Table 1.51.

227



-+ 98ed 1xou UO penuIIUO))

€L0T €EF6 )IG6L8 )'ES86 P08 L8'L 00T TLET €LET €LIT 0000c ¥ e € Axodyg  podAf,
8T°'¢  6°0VC G€8GL T'L¥8L GLEL S¢¥ ¥'C 0927 00ET S6IT 0000 ¥ I q Axodyg  podAf,
LG'€  C90E I'T8GS8 77888 FLI8 FSL FOI  6°LET  6LFPT  TLET 0000 ¥ ! € Axodyy  DedAT,
VN VN VN VN VN IS8T 9¢ Q¥ ¥9PT €1V 0000z ¥ z ¢ TosyAury  godAT,
LET 186 )T6TL YE0€L SITL ST'C LT 67121 9¥%el €611 0000 ¥ e ¢ msgiiury  godAr
90'T 688 0'8TE8 C'G6E8 T0e8 88°G L8 88T €GST 8'8¢T 0000 ¥ T ¢ TsgAuty  godAr,
FR'€  G'8CE 3FGG8 I'8T68 08¢8 TIT'T LT  S0ST 0GST 6871 0000 ¥ 1 ¢ msyiAury  godAy,
€9°C  L'66T COFPSL ©'89LL G6EL G8OT 9FT THET 88T L6IT 0000z ¥ e G Axody  yodAy,
€6°¢  €ThE 361.8 7'8P06 G988 FIF 99  6'8GT L'€9T  FIST 0000 ¥ e ¢ Axodyg  yodAf,
VLT 8'8CT S'€0VL 8°68VL 9S¢L ¥86 L€l T6ET 6FST TTIET 0000 ¥ T G Axodyg  yodAf,
6T  OLPT IP89L )Ee8L 68SL LI'T LT  O6VT  L0ST TL¥I 0000 ¥ ! € Axodyg  yodAf,
880 6,9 L'GPLL L'GT8L 089L €T'S 8¢ GE€IT 00zl L'80T 0 ¥ e q Axodyy  podAT,
€68 TOPL ['€GE8 279968 GcSL G8L €01 9TET 90FT €0l 0 ¥ e € Axody  pedAf,
92'9  T'I.L¥ L°0gSL 8°0¥V8L 0869 00% €% 980T GE€IT 1G0T 0 ¥ T q Axodyg  pedAf,
09°0T L'CF6 )'E€688 )L366 €808 F8LI ¥'€C 60ST &6V 9701 0 ¥ I € Axodyg  pedAf,
86°'T  6°G9T &'G6E8 9'8FE8  61E8 G9'¢ €C¢  FIPT  96FT T6ET 0 ¥ e ¢ Tsyduty  godAT,
8CT 90,8 7FG98 3'8L06 F6E8 LLT 8€  S8ET 8THT TGl 0 ¥ e ¢ IogsglAury  godAr
LE'€  9°€8Z 6'90¥8 6'60L8 SFIS 66T 6C 9EPT  LSPT €0V 0 ¥ 1 ¢ TosgAury  godAr,
ST T'STT ['€9T8 )'9¥E8 0808 9¢6 L0T F¥¥IT 0Tl 6901 0 ¥ T € TasgAury  godAy
9.1  6'8¢T §'SPEL 6'c6VL FSeL T1SCT ST ¥'16T  8GET  &F0T 0 ¥ e q Axodyg  yodAf,
7.6 060L 3'T8CL )I6L08 ©ol9 08¢ LG 00ST TGST 6€VT 0 ¥ e € Axody  yodAy,
QLT TTEl VISL ¥'6L6L GTel FOT €1  6eel 9¢el T171el 0 ¥ 1 G Axody  yodAf,
998 670L )6ET8 5370898 GE€EL L0C €L  6E€PT  STST GLET 0 ¥ T € Axodyg  yodAfT,
% ] IS IS IS % IS ISy 1S3 O] ON  # odAy,  odAr,
AD 0 el A vV AD 0 7 A \Vi _10 HA o7 ozIg usey  CJnuey

SNNPOIN 2TISeq

13UDI1G O[ISU],

sen[eA [eOT)SIIe)g

dnois ojdureg

(sytupn Arewoysnyy §n)) dnoid ojdures yoeo I0J sonyea [ed1Is1)R)S 1897 YI3UIIS O[ISUS], AR(00E 1S T O[qRL

228



- 9Fed 1xou UO ponuIIuo))

9I°'¢  T°€LT 3°TS98 7’1968 CFP8 €LL 66  LLZT T6ET  L1CT 0 2L e ¢ Axodyg  pedAf,
L€ S9LT PPPFL ¥'809L 8%¢L 688G S¢9  QO0TT L9IT 8€0T 0 2 T q Axodyg  pedAf,
65,  ¥009 YET6L )€TE8 Foel €98 STIT  L98T  LEFT T'€el 0 2 I ¢ Axodyg  podAf,
PI'T 676 92968 6°0S78 ©928 G¢¢ €€ 8CPT S6FT  TEVI 0 2L C ¢ Iosy[Aury  godAT,
ST'T  G¥6 36808 387€8 I818 62T 8T  €0FT GIFT &8l 0 2 e ¢ IogsgAury  godAr
€1 GG8T LL0L8 €1688 1788 ¥9'T ¢C  9LET TOFPT LGET 0 2 T ¢ TosgAuty  godAr,
6€°C  LTLT YETEL 788FL 6EIL ¥T'€ 8¢  6GIT 96IT TCIT 0 2 T € TasgAury  godAg,
€L°9 8685 T'GL8L L'6VE8 00SL 69F ¥9 GLET TGhT 0€ET 0 2 e g Axodyg  yodAf,
96°¢  TTPE 39898 G806 TSPR 9TF 9  O08FT  6FST  TEVI 0 2 e € Axody  yodAy,
€99  0°G8% T'STEL T'GL8L €30L ¥L'8 TI1 9821 ¥IFT ¥0CI 0o 2 1 G Axody  yodAfT,
29t 0°€8¢ L'808L )GZI8 I8GL 0S¢ OF  L6ST TFIT G991 0 2 T € Axodyg  yodAf,
06'C  6°€0C 8CCLL TTT6L 08VL S8 ¥6  FPIT Goel OF0T I0jep\eds  § e q Axodyg  padAT,
vy L°G8€ 7°€E98 2°6G06 80€8 CI'F 9G  L9ST T IPT TOET Iojepmeds | e € Axodyy  DedAfT,
GF'z 0681 SGILL TTT6L 6¥SL L1 ©¢ L0l OF0T 1001 Ioyep\eds 1 G Axodyy  pedAfT,
19  €7CI¢ Y6ET8 71968 8€6L L9T ¥'¢  9GPI ¥SPI OFFI Ioremess § 1 € Axodyg  podAf,
8G'¢  L'66C 1°GLES 6°0C.8 T6I8 €0°€ ST  CLPT QTSI SEPI  I0jepedS  § e ¢ mysyAury  godAf,
LT'9  6°G0S 38618 F'¥cl8 GTLL 92°¢ 8F  08FT ©EST 9€Pl Iogepmedss ¢ e ¢ msyidury  godAy,
90°c  €89T L7918 T'69¢8 0L6L S€'€ 67 FOPT TGST TEPT IIep\edS  § 1 ¢ IosAuty  godAy,
160 SS9 LTI€eL F00EL OLTL 886 STl L9¢l SLET TEIT  Iojepmess ! ¢ mogsgiAury  godAr
60°G  L'98€ TF09L €LE08 €6TL 99C 8€  LTIPI  9GPT  T'8ET IEMEOS ¢ e q Axodyg  yodAf,
60°TT €88 3'T86L 76098 0969 80T ¢ IT T60T 6T¢l 8001 I9¥eA\®S  F e ¢ Axodyg  yodAf,
969  T°9¢S 0°00LL 0668 8STL ©I'9 T8 STl 9OTPI 1921 IIep\®S  § 1 G Axody  yodAy,
007  6°0T€ L'T8LL L'SET8 0LSL L0 ¥0 €6FT L6VT O06FI I9epedS 7§ 1 € Axody  yodAf,
8T'¢  L7EC 0°G8EL 0°8¥SL 9TITL 66F &S 6601 9CIT LF0T 0000c ¥ e q Axodyg  pedAf,
% ] IS IS IS % IS ISy 1S3 O] ON  # odAy,  odAr,
AD 0 el A vV AD 0 7 A \Vi _10 HA o7 ozIg usey  CJnuey

SNNPOIN 2TISeq

13UDI1G O[ISU],

sen[eA [eOT)SIIe)g

dnois ojdureg

(sytupn Arewoysnyy §n)) dnoid ojdures yoeo I0J sonyea [ed1Is1)R)S 1897 YI3UIIS O[ISUS], AR(00E 1S T O[qRL

229



- 9Fed 1xou UO ponuIIuo))

LZTT ¥°GLOTZ°E€FS6 7°00L0T ¥288 0F0 G0  GLZT 82T 6971 I09ep\eds L e ¢ Axodyg  pedAf,
T899  L'8€S 9°668L TSP TgPL  G9°0T 0€l STIGT 80ET 6901 IS L T G Axodyg  pedAf,
Ve 6008 270998 ['GG68 FSE8 08°CT 08T 90FT €6ST ¥'€el IIepeds L I ¢ Axodyg  podAf,
9¢°0  S0¢ T'G9¥8 6°G6FR8 GEPS  €€'C GL  FIVI T9VT  LCET IdIeMBAS L 4 ¢ Iosy[Aury  godAT,
976  F'C9L €908 3T688 €6€L €0°CT 89T 86T T'6SGT 8'8CT IS L e ¢ IogsgAury  godAr
89°C  T'6CC 87688 6°G6L8 FSE8 TFC  9€  GO0ST  SPST  €LPI  IoIepmedS L T ¢ TosgAuty  godAr,
G6'T  T'69T 3'Gg88 )'TG68 €€98 L8F ¥  GTIST T'6ST FFPl IIeMmeeS L T € TasgAury  godAg,
G9°0  6'9F 9TGCL €T8CL 861L 656 SE€T OFPT  TAST 9651 IIeMeIS L e g Axodyg  yodAf,
6T T'69T 3°GZ88 )TG68 €€98 L8F FL  GIST T6ST FFPI  IoIepeds L e € Axody  yodAy,
€L°¢  ¥'8LC 6°6SVL €T8LL T6CL T16'G €8 66T LSPT  €TEl  IdIepedS L 1 G Axody  yodAfT,
976  6'8€L ['GT8L )'88€8 T1869 ¥8F 19 &Gl G6CT GSIT IIeMmeds T € Axodyg  yodAf,
GL'C LG0T L'06FL €9TLL L¥EL STO0T &l ¥6IT 965 0901 0000c L e q Axodyg  padAT,
60C  9°C8T 3T7CL8 3,068 FLGR 189 88  €6¢T T6ET 00l 0000c L e € Axodyy  DedAfT,
61°¢  G6£C 1°€0GL 0°CGLL  ¥L2L TLOT ¢IT SF0T SSIT  €¢6 00002 L 1 G Axodyy  pedAfT,
8.°G  T'L8% )ETP8 I'TS88 T68L SOTI S6T FEET 9GST 98T 00002 L T € Axodyg  podAf,
1€69 6°CSTFF166S 9°T0S8  86TT  €I'T LT  98FT 96T 99F1 0000z L e ¢ mysyAury  godAf,
79°€ 998z L'0L8L ['€818 079L 80°€ LT  €CST 9LST 9871 0000c L e ¢ msyidury  godAy,
6FF  7°€8€ 1°8EG8 6'€L68 €5T8 LLF 69  TEFT  98FT g9l 0000c L 1 ¢ IosAuty  godAy,
180 0T9 F68SL L'G8GL G9FL ¥¥'S ¥9  GS8IT €6l ¥all 00002 L ! ¢ mogsgiAury  godAr
€1'¢  9°68C 9°099L L'616L L¥FL 906 CCl €VET T8FYT ¢ Sal 0000 L e q Axodyg  yodAf,
02'c  T'G8T ['0VF8 3°G298 G%e8 6€¢ T¢ T06 Go6 €88 0000z L e ¢ Axodyg  yodAf,
869  €'8€G 0°GTLL 9°G608 FEEL €96 ¥'6c 166 66IT ¢€8L 0000c L 1 G Axody  yodAy,
9LT  TGET L'€0LL FP8L GLSL 9FT L€  S6FT  GeST  ¥CEI 0000z 2 1 € Axody  yodAf,
LGF  LTSE 6'869L L'GR08 86EL €89 98  L9%T T9ET  G6IT 0 2 e q Axodyg  pedAf,
% ] IS IS IS % IS ISy 1S3 O] ON  # odAy,  odAr,
AD 0 el A vV AD 0 7 A \Vi _10 HA o7 ozIg usey  CJnuey

SNNPOIN 2TISeq

13UDI1G O[ISU],

sen[eA [eOT)SIIe)g

dnois ojdureg

(sytupn Arewoysnyy §n)) dnoid ojdures yoeo I0J sonyea [ed1Is1)R)S 1897 YI3UIIS O[ISUS], AR(00E 1S T O[qRL

230



8G°6T 9'GITI6 L69S 97899 L8FF 996 &€ 0€e 798¢ 108 IIBWedS €T ¢ ¢ Tsyduty  godAg,
VN VN VN VN VN @2€6¢ 0€ 0T €¢I 89 jeMeIS €T G ¢ Tosghury  godAy
€9°06 99GTGL'689S T'629TT 9S6¢ 0S'T€ €LT 06S 0C9 0Ge Iyepmeds ¢ T ¢ TosHAurA  godAr,
VN VN VN VN VN @¢8CI 90 ¢V 0°G 6¢ RCULNCEIS I | ¢ TasgAury  godAy
68°0 ¢'GL TGSPS G'98G8  88¢8  €OFT SFT LG0T LTel 666 0000 €1 @ ¢ TsyAury  godAy,
98°GL  0°CTFP720e8S 7'€898 8zL  T9TT LS 06F €SS T 0000z €T @ ¢ Tosyhury  godAy
62°C  TLYP TGSPS 11968 <¢II8 ¢€¢ T1C 9 096 606 0000z €1 1T ¢ IosAury  godAy,
VN VN VN VN VN €€6L 096 LG €.8 81I¢ 0000z €1 T ¢ Tasghury  godAy
VPO 6°CE €GPGL L°08GL 9TCL 199 &L L'80T T'9IT ST0T 0 € ¢ q Axodyg  pedAf,
66T  L'GOT 5°86SL 3°G0LL T6VL 09G 6'G¢ TL0T 6TIT 900T 0 € T G Axodyg  pedAg,
1L CT€C 03588 9°L088 9968 S0°0¢ 6T 896  88IT €78 0 € ¢ ¢ IosAuty  godAy,
VN VN VN VN VN O0I6c 86 8€ 6% €9 0 €I ¢ ¢ mogsgiAury  godAr
L9V CTlI¥ L'TPS88 89926 €FP8  FFSG LT 198  ©68  L08 0 € T ¢ TsgAuty  godAr,
VYN VN VN VN VN #8118 ¢GF 965 €€ TI¢ 0 € T ¢ msyidury  godAy,
61T 168 ¥EIGL GT09L Fevl 0S¢ S0c 116  SE€IT SEL 0 € ¢ G Axody  yodAy,
TL'8  T'€S9 368FL TTPE8  ¥90L 8€LE L08 0C8 VLI 6°€9 0 €1 T q Axody  yodAf,
LU0 98¢ G9F9L OFTLL O0T9L €6L L8 G601 T6IT €01 Torepmeds L e q Axodyg  pedAf,
% ] IS IS IS % IS ISy 1S3 O] ON  # odAy,  odAr,
AD 0 1 A V. AD 0 n A v -1 HA 301 oz wsoy  ynuRly

SNNPOIN 2TISeq

13UDI1G O[ISU],

sen[eA [eOT)SIIe)g

dnois ojdureg

(sytupn Arewoysnyy §n)) dnoid ojdures yoeo I0J sonyea [ed1Is1)R)S 1897 YI3UIIS O[ISUS], AR(00E 1S T O[qRL

231



A total of 356 specimen, 5 per rebar size, type, lot, and exposure type were tested and
analyzed to determine the results shown in the table. For numerical comparison and con-
cluding values, Table 1.51 lists the minimum tensile stress (A), the maximum tensile stress
(V), the average tensile stress (41), the standard deviation (o), and the coefficient of variation

(CV) for each individual test sample.

1.5.10 Bond-to-Concrete Strength

The bond stress T,qe (MPa or lbs./in.?) for a circular bar diameter d (mm or in.) is given
by Equation 1.1, in which F' represents the recorded pullout load (N or lbs.) and L is the

accurately measured bond length (mm or in.).

F

= — nMP i 1.1
Tmas = 5 [inMPa or psi] (1.1)

This formula was used to determine the bond behavior development and is the basis for the
following graphs; Figure 1.110, 1.111, 1.112, 1.113, 1.114, and 1.115 depict the measured bond
stresses along the rebar surfaces relative to the rebar slip at the free end. For clarity, the post
failure measurements (at the onset of a 50 % load drop) were removed from these graphs.
All tested specimens failed at the rebar-concrete interface in bond slip, without splitting the
concrete open or without tensile failure. The bond capacity and the failure behavior of the

BFRP rebar-concrete interface were affected by the surface enhancement features.

Bond Stress - Slip at Free End

The graphs in this section compare the bond stress - slip at free end of rebar. Graphs in
Figure 1.110, 1.111, 1.112, 1.113, 1.114, and 1.115 portray bond stresses - slip at free end
of the rebars of both the sizes. The x-axis of the graph signifies the measured bond stress,
while the y-axis represents the slip of rebar at the free end.

Generally, from the graphs in Figure 1.110, 1.111, and 1.112 it can be seen that each
rebar type resulted in a consistent but distinct failure mode with ultimate stresses that were
characteristic for each rebar type. All of the sand-coated rebars (Type B) showed a soft
failure while the rebars with a deformed surface (Type A and C) failed suddenly with abrupt
pullout.
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Figure 1.110: Bond stress - slippage behavior of rebar Type A Lot 1 rebars
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Figure 1.111: Bond stress - slippage behavior of rebar Type B Lot 1 rebars

234

S = N W e Lt S = N W e Ot

S = N W e Ot

Bond Stress (ksi) Bond Stress (ksi)

Bond Stress (ksi)



4 pH

7 pH

13 pH

Bond Stress, 7 (MPa) Bond Stress, 7 (MPa)

Bond Stress, 7 (MPa)

40

30

20

40

30

20

10

40

30

20

10

Figure 1.112: Bond stress - slippage behavior of rebar Type C Lot 1 rebars
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Figure 1.114: Bond stress - slippage behavior of rebar Type B Lot 2 rebars
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Figure 1.115: Bond stress - slippage behavior of rebar Type C Lot 2 rebars
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