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Development of Underwater Adhesive, Epoxy, and FRP Composite
for Repair and Strengthening of Underwater Structure

Sung-Bae Kim,” Na-Hyun Yi," Jin-Won Nam,” Keun-Joo Byun,”’ and Jang-Ho Jay Kim"*

l)Dept. of Civil and Environmental System Engineering, Yonsei University, Seoul 120-749, Korea

ABSTRACT Recently, numerous construction techniques for repairing and strengthening methods for above ground or air
exposed concrete structure have been developed. However repairing and strengthening methods for underwater structural members
under continuous loading, such as piers and steel piles need the further development. Therefore, this study develops an aqua epoxy,
which can be used for repairing and strengthening of structural members located underwater. Moreover, using the epoxy material
and strengthening fibers, a fiber reinforced composite sheet called Aqua Advanced FRP (AAF) for underwater usage is developed.
To verify and to obtain properties of the material and the performance of AAF, several tests such as pull-off strength test, bond
shear strength test, and chemical resistance test, were carried out. The results showed that the developed aqua epoxy does not easily
dissolve in wet conditions and does not create any residual particle during hardening. In spite of underwater conditions, it showed
the superior workability, because of the high viscosity over 30,000 cps and adhesion capacity over 2 MPa, which are nearly equiv-
alent to those used in dry conditions. In case of the chemical resistance test, the developed aqua epoxy and composite showed the
weight change of about 0.5~1.0%, which verifies the superior chemical resistance.

Keywords : repair and strengthening, aqua epoxy, aqua advanced FRP (AAF), workability, adhesion capacity
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Fig. 1 Chemical structure of aqua epoxy
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Fig. 2 Reaction mechanism between underwater hardening
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Table 1 Composite of underwater epoxy base resin and hardener

Specimen Component Weight Role
A type 40~49 high polymer hardened formation
F type 4~13 adhesion increase in moist condition
Underwater epoxy - - - — -
base resin Epoxy silane 3~4 coupling agent/strength increase/combination with glass fiber
Difunctional reactive diluent 3~4 viscosity control/strength increase
Organic filler 12~38 strength increase
Amido-amine 1~4 hardening reaction inducement/adhesive strength increase
Underwater epoxy Modified aliphatic amine 1~6 hardening reaction inducement/adhesive strength increase
hardener Polyamid-amine 7~10 cold cure reaction inducement
Nonylphenol dispersing agent 0.1~1 dispersion function/viscosity control
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Table 2 Optimum mix proportion determination

Step Component Case 1 Case 2 Case 3 Case 4
Underwater hardening epoxy base resin A 100 100 100 100
Hardener (triethylenetetramine) 13.5 13.5 13.5 13.5
A-150 additive epoxy silane (base resin mixture) 0 5 10 15
1 Viscosity (CPS) 5,400 5,000 4,200 3,300
Average adhesive strength in underwater (MPa) 5 5.48 10.38 6.54
First setting time (min) 15 17 20 25
Workability in underwater poor poor poor poor
Underwater hardening epoxy base resin A 100 100 100 100
Underwater hardening epoxy base resin B 35 35 35 35
A-150 additive epoxy silane (base resin mixture) 0 5 10 15
2 Viscosity (CPS) 8,500 8,000 7,000 5,800
Average adhesive strength in underwater (MPa) 15.92 19.02 22.46 19.92
First setting time (min) 30 35 40 45
Workability in underwater poor poor poor poor
Underwater hardening epoxy base resin A 100 100 100 100
Underwater hardening epoxy base resin B 13.5 13.5 13.5 13.5
S-510 additive epoxy silane (base resin mixture) 10 10 10 10
3 Thickener (CM3) 0.1 0.2 0.3 0.4
Viscosity (CPS) 8,400 23,500 38,500 45,300
Average adhesive strength in underwater (MPa) 21.72 21.94 22.36 21.76
First setting time (min) 40 40 40 40
Workability in underwater poor good good good
Underwater hardening epoxy base resin A 100 100 100 100
Underwater hardening epoxy base resin B 35 35 35 35
S-510 additive epoxy silane (base resin mixture) 10 10 10 10
Thickener (CM3) 0.3 0.3 0.3 0.3
4 A-530 additive amino silane (hardener mixture) 0 3 5 10
Viscosity (CPS) 38,500 36,000 33,000 28,400
Average adhesive strength in underwater (MPa) 22.36 23.24 26.12 24.22
First setting time (min) 40 42 45 50
Workability in underwater good good good good

I e

(a) Concrete surface (b) Steel surface

Fig. 3 Spreading of aqua adhesive in underwater

(b Attachin cmposit

(a) Aqua epoxy

Fig. 4 Application of composite in underwater

HagE=7tsEs 72+7b 89.7 MPa®t 79.4 MPa=Z UwWkA o
Z 39 FFAA aFEHE AFAY ST 50 MPa

152 | et=232|EslE| =22 M222 M 25 (2010)

BHoh 57 yebst 22y o] dyeMe des =
Aste] Table 33 3ol 58 HAAS} T & oFAl
o] AFAEE 60 MPad} 70 MPa®E Z-&3l=% &3t

AT FAAE AP HRHo M e A3 o
7ehe o2 KS M 37340 wet Algsit. Fig 5

58 145 E3A(aqua advanced FRP, AAF)] <174
dHo mF 9 X5 YERH AL Tk

T5§& A4S AAF HEIAE -’F%% sk @ﬂxﬂi
2 |

3.3 FEZEZAIE (pull off test)

S5 TS AAF B9 222 E Aole] Rx7



Table 3 Compression test result of APA and AIE

Specimen Number Min. value Max. value |Avg. compressive | Coefficient of | Recommended
P (MPa) (MPa) strength (MPa) variation (%) value (MPa)
APA 18EA 64.4 86.7 79.4 7.1 60
AIE 18EA 79.4 100.8 89.7 7.4 70
Support

L L I L ]
s 1004+0.5
upport b 4
|12.510.5 38+1

[Ty}

(=1

w

3]

Grip part

Adhesive part (unit: mm)

Fig. 5 Typical geometry of specimens used in tensile-shear
bond tests
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Table 4 Test result of tensile-shear bond strength

(a) Dry condition (b) Concrete structure located
in wet condition

Fig. 6 Photo of pull-off strength test
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Adhesion length | Adhesion width

Tensile-shear bond

No. (mm) (mm) Area (cm?) Load (N) strength (MPa) Remark
1 12.56 24.55 3.08 3,750 12.16
2 12.58 24.32 3.05 3,550 11.60 .
3 12.55 2355 2.95 3,200 10.82 Centrtf‘l_lp(‘l’mon
4 1255 2458 3.08 3,650 11.83 e
5 12.60 24.58 3.09 3,750 12.10
Minimum value (MPa) 10.82
Maximum value (MPa) 12.16
Average value (MPa) 11.6
Coefficient of variation (%) 4.2
Recommended value (MPa) 10.0
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Table 5 Bond strength of AIE and APA

Surface for adhesion High strength concrete (over 30 MPa) Normal strength concrete (less than 30 MPa)
Adhesives APA AIE APA AIE
Test classification Weight [Bond strength| Weight [Bond strength| Weight [Bond strength| Weight [Bond strength
N) (MPa) (N) (MPa) N) (MPa) N) (MPa)
P-1 10,380 3.729 13,940 4.740 8,040 2.734 8,540 3.074
P-2 9,810 3.335 11,020 3.745 6,170 2.168 9,760 3.512
P-3 8,710 2.484 9,070 2.828 6,790 2.309 9,000 3.238
P-4 9,385 3.391 15,500 5.270 7,510 2.552 7,590 2.534
Minimum value (MPa) 2.484 2.828 2.168 2.534
Maximum value (MPa) 3.729 5.270 2.734 3.512
Average value (MPa) 3.235 4.146 2.440 3.090
Coefficient of variation (%) 14.5 26.1 10.3 133
Recommended value (MPa) 2.0 2.0~2.5 2.0 2.0~2.5
5 1.2
—_ ~—0— Hydrochloric acid
O Normal strength concrete L ® - Sulfuric acid - o
4 B High strength concrete - —— Sodium hydroxide ~
- @ - Sodium chloride Jj,r‘c
:52 3 2 /- - mom BOTE
g 2 E’ 0.4 /-
d / )
1 0.2 / e .o R SN - e
.'..
0.0 B-
5 10 15 20 25 30 35 40
0 Immersion period (days)
A B C inds o?epm E APA  AIE (a) APA
0.8
Fig. 7 Adhesive strength comparison to epoxies used in Korea —O— Hydrochloric acid
- - - Sulfuric acid
Table 6 Bond strength in concrete structure L[ o sodim hydroxide
Locations Bond strength (MPa) | Failure mode g B __ﬂ,__gf—ﬂ’--' o
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Wet condition 3.94 Interface failure % Er/ ‘ eee
Underwater 2.25 Interface failure ] / /r/;_;_a/:/,a—a—a
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Fig. 8 Comparison of average weight change rate (APA, AIE)
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Table 7 Compressive strength comparison of AAF compound materials

Specimens AAF-G AAF-C
Load direction Parallel Vertical Parallel Vertical
Number of specimen 10 10 10 10
Minimum value (MPa) 72.8 101.21 131.21 170.40
Maximum value (MPa) 80.96 135.53 169.33 219.91
Average value (MPa) 78.24 117.38 147.64 191.74
Coefficient of variation (%) 33 10.7 7.9 7.9
Recommended value (MPa) 70 100 130 170
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AAF-C 23417} AAF-G B34 B}

137 9ee % F o B

N

3taL, BN EEZE AAF-CE ARk Zlo] ntdH sttt

3L deETH
172
" 51 70 51 .‘
1-3 J
: : R
—s % T \ “)
']'ap AAF Unit : mm

Fig. 9 Tensile specimen of AAF composite

Table 8 Tensile strength test result of AAF
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Specimens AAF-G AAF-C Table 9 Flexural strength test result of AAF
Number of specimen 8 8 Specimens AAF-G AAF-C
Minimum value (MPa) 241.7 412.8 Number of specimen 8 8
Maximum value (MPa) 355.0 640.9 Minimum value (MPa) 169.4 187
Average value (MPa) 302.3 521.4 Maximum value (MPa) 2514 215
Coefficient of variation (MPa) 15.6 14.9 Average value (MPa) 208.6 199
Recommended value (MPa) 240 400 Recommended value (MPa) 160 180
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Fig. 11 Chemical resistance capacity of AAF
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Table 10 Comparison of material characteristics

Type Characteristics
-Initial setting time (hour) : 24 (20°C)
A -Final hardening time (day): 7 (20°C)
(Japan) | -Proper for local repair (pool, public bath, etc.)

FImproper to repair large area for the high viscosity
-Initial setting time (hour) : 8 (20°C)

-Final hardening time (day): 7 (20°C)
FProper for the repair in underwater and splash zone
-Eco-friendly without heavy metal

(UBK) -High durability(more than 30 years)
+High rate of epoxy loss in underwater construction
(about 30%)
~Low workability and bond strength for the low viscosity
-Generation of oil layer
C -Surface defect repair and crack filler
(USA) -Putty type usage because of the high viscosity

-Proper for local repair

Table 11 Comparison of material unit cost

Type This study A (Japan) B (UK)

Primer 62,000 66,080
adhesive won/[ won/[ 98,000
Impregnation 78,000 155,200 won//

epoxy won// won//
Composite 753,607 961,000 953,000
construction 2 5 5
won/m won/m won/m

(1 layer)




(a) Surface treatment

(b) Spreading of agua adhesive

(c) Impregnating aqua epoxy (d) Attaching composite

(f) Finish work

(e) Finish work

Fig. 12 Application process
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