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Tensile Bond Characteristics between Underwater Coating Materials

and Concrete Substrate

수중코팅제와 콘크리트 모재 간의 인장 부착 특성
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Abstract : In this study, we investigated the tensile bond characteristics of underwater coating materials, in order to

obtain useful information in support of repair work for marine and coastal concrete structures. Test variables

included type of underwater coating, surface conditions of the concrete substrate, and environmental conditions.

Pull-off tensile bond strength was measured at 24 h after applying underwater coatings to concrete substrates, in

compliance with the procedures specified in ASTM C1583. Failure modes (coating, interface, and parent concrete)

for each coating were identified through visual inspection, and comparisons were made based on measured bond

strength. The tensile bond strength decreased underwater compared to that under dry conditions, while no

significant effect of surface roughness on the measured bond strength was observed in underwater tests. Key aspects

that need to be considered regarding selection and use of underwater coating materials for marine and coastal

concrete structures were discussed.
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요 지 :본 연구에서는 해양 · 항만 콘크리트 구조물의 보수작업을 위한 수중코팅제의 부착 특성을 조사하기 위하

여 실험적 연구를 수행하였다. 고려된 실험변수는 코팅제의 종류, 코팅대상 모재의 표면 거칠기, 도포 작업환경(육

상 혹은 수중)으로 부착 강도는 Pull-off 방식으로 측정하였다. 코팅제의 부착 강도는 각 수중코팅제의 도포 작업 완

료 24시간 후에 ASTM C1583 규정에 따라 측정하였다. 또한, 콘크리트 모재와 코팅제 간의 부착파괴 거동(코팅제,

계면, 콘크리트 모재)을 육안으로 관찰하였으며 측정된 부착 강도 수치에 근거하여 각 실험요인의 비교분석을 수행

하였다. 실험결과, 수중에서 도포한 코팅제의 부착 강도가 육상의 경우에 비해 감소하는 경향을 보였으며 수중환경

에서는 부착 강도에 미치는 모재 표면 거칠기의 영향이 육상의 경우에 비하여 미비하였다. 마지막으로 수중코팅제

의 선정, 사용 시에 유의할 점에 대하여 설명하였다.

핵심용어 :콘크리트 모재, 수중코팅제, 인장 부착 강도

1. Introduction

Underwater coating is known as a fast and cost-effective

method to repair submerged structures, such as the under-

water parts of vessels and floating structures. Many coating

materials have been developed and used for the repair of

marine and coastal structures, however the selection and

use of coatings can be poorly performed, due to limited

knowledge of material properties, and of their application

and durability under sea water. Some companies provide

detailed product information and user friendly guidelines,

although most of them do not, and this can cause problems

for engineers who are not familiar with the coating materi-

als. Thus, marine engineers planning to use underwater

coatings need to be careful in their selection of materials, to

ensure optimum performance, and also to reduce total

repair costs. As shown in Fig. 1(a) and (b), marine concrete

structures are directly exposed to harsh environments, and

their service lives can be reduced to less than their original

design, and/or their planned life expectancy (Costa and

Appleton, 2002; Kim et al., 2017).

Coating materials are directly applied to the surface of

targeted structures and will prevent penetration of water

and corrosive ions. Concrete surface treatments can be clas-
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sified as coating sealers, pore blockers, or pore liners, based

on their performance, and stylized depictions of the differ-

ent treatment types are shown in Fig. 2 (Medeiros and

Helene, 2009).

Many researchers have pointed out the importance of

various aspects that help improve durability and perfor-

mance of coatings. These aspects include creating an appro-

priate bond between the old substrate and any newly

applied material, the type of coating, its thickness, sub-

strate surface roughness, and allowing for environmental

conditions (Almusallam et al., 2003; Brenna et al., 2013;

Kim et al., 2016; Moradllo et al., 2012; Pan et al., 2017;

Santos and Julio, 2011; Song et al., 2004). Kim et al. stud-

ied the effects of concrete patch repair on the structural per-

formance of deteriorated reinforced concrete members

(Kim et al., 2016). They focused on the bond between poly-

mer-modified mortar and the concrete substrate, and con-

firmed that repair shape and thickness both had a greater

impact on cracking resistance than the bond strength itself.

Epoxy and polyurethane coatings were recommended, based

on comparisons between different generic coatings, such as

acrylic, polymeric, and chlorinated rubber, to ensure improved

concrete durability (Almusallam et al., 2003). They also

reported that even the same generic coating could perform

differently, based on manufacturing variations.

The effect of coating thickness on concrete durability was

investigated, and greater thickness contributed to the dura-

bility of structures (Brenna et al., 2013). The authors pointed

out that surface coating can delay the initiation of rebar cor-

rosion, as it prevents water penetration. As shown in Fig. 3,

the effect of surface roughness on bond strength was inves-

tigated, using both slant shear and splitting tests, and a

strong correlation between the bond and increased stiffness

was observed (Santos and Julio, 2011).

Fig. 1.Deteriorated marine concrete structures (a) concrete dock wall exposed to sea water for 20 years; (b) coastal concrete structure in the

tidal and splash zones (Costa and Appleton, 2002).

Fig. 2. Classification of concrete surface treatment types (Medeiros

and Helene, 2009).

Fig. 3.Different substrate roughness, (a) original surface; (b) wire-brushed; (c) sand-blasted; (d) shot-blasted; (e) hand-scrubbed (Santos and

Julio, 2011).
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The location of marine and coastal concrete structures

has been reported as being one of the most significant fac-

tors that can accelerate rebar corrosion inside structures

(Song et al., 2004). The long-term performance of five dif-

ferent generic coatings, applied to concrete located in the

tidal zone, was investigated, and epoxy polyurethane and

aliphatic acrylic coatings showed better performance than

other cementitious coatings applied in the same harsh envi-

ronment (Moradllo et al., 2012). The authors proposed the

reapplication of coating prior to its deterioration, to extend

its performance. It should be noted that most previous stud-

ies focused on conventional coatings for onshore struc-

tures, rather than underwater coatings for offshore

structures. This might be due to the difficulty of underwa-

ter testing and measurement, and the absence of testing

guidelines to follow.

In the research reported here, an experimental program

was set up to investigate the effect of variables such as coat-

ing type, substrate surface roughness, and environmental

conditions, on the performance of underwater coatings, and

some suggestions have been made to improve repair work

outcomes for marine and coastal concrete structures. Six

commercially available coating materials were selected,

and comprehensive experimental campaigns were con-

ducted to understand the effects of the test variables on ten-

sile bond strength. Each coating was directly applied to

prepared concrete specimens in both dry and wet condi-

tions.

2. Experimental Investigation

2.1 Underwater Coatings and Material Properties

Six different, commercially available, epoxy resin coatings,

identified in this paper as A, B, C, D, E, and F, were selected

for examination, based on underwater applicability and pre-

test results. Material property information received from

manufacturers (bond strength, density, and pot life) has been

summarized in Table 1. All the selected coatings had two com-

ponents, a base (viscous liquid) and a solidifier (thixotropic

liquid). Coating work was carried out with a brush rather than

with spray equipment. Targeted coating thicknesses ranged

between 0.2 mm and 1.0 mm, based on previous research

(Brenna et al., 2013). Coatings A and E were originally devel-

oped for steel structures rather than for concrete, but, were

included in this study for comparison purposes.

2.2 Concrete Mix Proportion and Surface Preparation

As shown in Fig. 4(a), the size of parent concrete speci-

mens was 600 × 500 × 100 mm
3
, and 10 specimens were

prepared. Table 2 shows the concrete mix proportions and

measured strength values. Parent concrete compressive and

splitting tensile strengths were measured, using ASTM C39

and ASTM C496, respectively. The water to cement ratio

(w/c) adopted in this study was 0.37, and compressive and

tensile strength values after 28 days were 41.3 MPa, and

3.0 MPa, respectively. The concrete surface to be coated

was water-jetted after one day of concrete casting, as shown

in Fig. 4(b). Concrete retarder was applied to the targeted

surface, three hours after casting, to delay setting time.

Table 1. Investigated underwater coatings and material properties

Coating
Tensile shear

bond strength (MPa)

Mixed density

(g/cm
3
)

Available working

time  (min)

A 17.0 1.82 45 to 60 at 20
o
C

B 06.9 1.55 45 to 60 at 20
o
C

C 12.7 1.75 45 at 20
o
C

D NA 40 at 23
o
C

E 16.6 1.60 ± 0.1 30 at 30
o
C

F 12.0 1.60 30 at 25
o
C

NA: Not Available.

Fig. 4. Concrete casting and surface preparation: (a) concrete mixing and casting for parent concrete; (b) water-jetting to create a rough sur-

face.
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Concrete sample surface roughness was not systematically

investigated in this study.

2.3 Testing Procedure and Data Analysis

Tensile bond strength for each coating was measured

using an ‘Elcomenter’ automatic adhesion tester (510 Model

S). The strength was automatically calculated with divid-

ing the maximum tensile force (N) by the contacted area

(1,962.5 mm
2
, radius = 50 mm). The detailed testing proce-

dure adopted in this study was as follows (see Fig. 5).

(1) The two coating components (epoxy type base +

solidifier) of a coating were prepared, then mixed for more

than five minutes, with electrical shaking equipment.

(2) A 50 mm diameter aluminum dolly was attached to

the concrete surface, using the selected coating material.

(3) The testing gauge was attached to the dolly.

(4) Tests and measurements were performed.

(5) Bond strength values were recorded and the failure

pattern observed, for each coating.

It should be noted that generally there were four different

failure patterns, namely adhesive failure, partial coating

Table 2.Mix proportions and measured strengths for parent concrete

Parent concrete Compressive strength (MPa)

Slump

(mm)

Air

(%)

Water

(kg/m
3
)

Cement

(kg/m
3
)

FA
*1

(kg/m
3
)

CA
*2

(kg/m
3
)

HRWR
*3

(kg/m
3
)

7 days 28 days

157 3.8 161 440 796 946 4 32.3 41.3

*1. FA: Fine Aggregate; *2. CA: Coarse Aggregate; *3. HRWR: High Range Water Reducer.

Fig. 5. Tensile bond strength measurement according to ASTM C1583 (Standard Test Method for Tensile Strength of Concrete Surfaces and

the Bond Strength or Tensile Strength of Concrete Repair and Overlay Materials by Direct Tension (Pull-off Method)).

Table 3.Measured bond strength values (24 h, dried and smooth surface)

Coating 1
st
 (MPa) 2

nd
 (MPa) 3

rd
 (MPa) Avg. (MPa) Std. Mfr. (MPa) Avg./Mfr. (%)

A 3.015 3.114 3.251 3.127 0.097 17.0 18.4

B 1.961 1.704 1.902 1.856 0.110 06.9 26.9

C 1.527 1.392 1.817 1.579 0.177 12.7 12.4

D 1.808 1.562 1.799 1.723 0.114 - -

E 3.673 3.152 3.310 3.378 0.218 16.6 20.3

F 1.712 2.131 2.115 1.986 0.194 12.0 16.6

failure, coating failure, and concrete failure.

3. Results and Discussions

3.1 Effects of Coating Material on Bond Strength

Table 3 includes all measured bond strengths for dry,

smooth surfaces. Bond strength measurement was con-

ducted at three places for each specimen, and then aver-

aged. Fig. 6 illustrates averaged bond strength values.

Coatings A and E, which, as mentioned previously, were

originally developed for steel, exhibited higher bond strengths

than the others. The ratios of the measured bond strength to

the bond strength claimed by the manufacturer for under-

water conditions ranged from 12.4% to 26.9%. Coatings A

and B showed stronger bonds in dry conditions. It should be

noted that coating A showed robust performance in its bond

compared to others, based on the results of standard devia-

tions. Coating C had the lowest bond strength, but this

might be due to different laboratory conditions or human

error introduced during the test and/or measurement proce-

dures. In this study, the bond strength measurement was
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conducted shortly after applying each coating, to prevent

concrete failure that might be caused by the low tensile

strength of the concrete. These issues and results indicate

that further experimental studies are required, to investi-

gate both longer term bond performance, and any effect of

underwater coating materials on concrete durability.

3.2 Effect of Environmental Conditions on Bond

Strength

Underwater coating was carried out in the laboratory, and

measured bond strengths were compared with those mea-

sured in dry conditions (see Table 4). Fig. 7 shows aver-

Fig. 6. Tensile bond strength measured at 24 h (dried and smooth

surface).

Table 4.Measured bond strength values (24 h, wetted and smooth surface)

Coating 1
st
 (MPa) 2

nd
 (MPa) 3

rd
 (MPa) Avg. (MPa) Std. Mfr. (MPa)

Decreasing in bond compared

to dried condition (%)

A 2.977 2.710 2.699 2.795 0.129 17.0 −10.6

B 1.511 1.413 1.469 1.464 0.040 06.9 −21.1

C 1.260 1.685 1.599 1.515 0.183 12.7 0−4.0

D 1.349 0.846 0.992 1.062 0.211 - −38.4

E 1.797 2.266 2.098 2.054 0.194 16.6 −39.2

F 1.736 1.856 1.672 1.755 0.076 12.0 −11.6

Fig. 7. Tensile bond strength measured at 24 h (wetted and smooth

surface).

Table 5.Measured bond strength values (24 h, rough surface)

Condition Coating 1
st
 (MPa) 2

nd
 (MPa) 3

rd
 (MPa) Avg. (MPa) Std.

Rough surface/

smooth surface (%)

Dried

A 3.023 2.998 3.198 3.073 0.089 0−1.7

B 3.231 2.946 2.997 3.058 0.124 +64.8

C 2.661 2.393 2.501 2.518 0.110 +59.5

D 2.403 1.902 2.126 2.144 0.205 +24.4

E 1.909 1.773 2.117 1.933 0.141 −42.8

F 3.101 2.714 2.999 2.938 0.164 +47.9

Underwater

A 1.714 1.724 1.699 1.712 0.010 −38.8

B 2.400 2.439 2.389 2.409 0.021 +64.5

C 1.549 2.219 2.194 1.987 0.310 +31.2

D 1.730 1.812 1.581 1.708 0.096 +60.8

E 1.002 0.848 1.115 0.988 0.109 −51.9

F 1.028 1.259 1.342 1.210 0.133 −31.1

aged bond strength values for smooth surfaces underwater.

Measured water temperature ranged from 13.5
o
C to 18.5

o
C

at the time of coating. Coating A had the highest bond

strength, while those of Coatings D and E were both signifi-

cantly reduced (38.4% and 39.2%, respectively). The rea-

son for such differences was not clear, given the limited

range of this research, but might be related to a dissolution

issue that could have occurred underwater.

3.3 Effect of Concrete Surface Roughness on Bond

Strength

Table 5 includes measured bond strengths and strength
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ratios for a rough surface, and compares these to a smooth

surface. Fig. 8 and Fig. 9 illustrate averaged bond strength

values for rough surfaces, for dry and underwater condi-

tions. Bond strength generally increased on rough surfaces,

compared to smooth surfaces, except for coatings A and E,

with the latter showing a significant bond strength loss

(42.8%), as shown in Table 5. The reason for this decrease

may be related to the viscosity of the coating, as this was

lower for E than for the other coatings. Thus, it can be con-

cluded that too low viscosity might not be a good character-

istic in a coating required to cover a rough surface in dry

conditions.

Underwater, no effect of surface roughness on bond

strength was observed, with only 5.9% difference in aver-

age bond strength noted, between the smooth and rough

surfaces. Thus, it can be said that the effect of surface

roughness on bond strength might not be as significant

underwater as it was in dry conditions.

3.4 Failure Patterns of Underwater Coatings

Representative coating failures observed in this study are

shown in Fig. 10. Adhesive failures underwater occurred

between the coating and the concrete substrate for all coat-

ings, while no consistent pattern was observed in dry condi-

tions.

Generally, concrete failure means a good bond between

applied coating and existing concrete, thus, this pattern can

be more common in actual condition. In this study, how-

ever, adhesive failures underwater were only observed and

this might be related to the time of measurement. There-

fore, further experimental study is necessary to investigate

the long-term performance.

3.5 Discussions and Recommendations

Temperature is one of the most important factors to be

considered for underwater repair, as temperature and avail-

able working time (pot life) have a strong correlation, as

Fig. 8. Tensile bond strength measured at 24 h (dried and rough

surface).

Fig. 9. Tensile bond strength measured at 24 h (wetted and rough

surface).

Fig. 10. Failure patterns of coating materials (a) coating failure; (b) adhesive failure; (c) parent concrete failure.
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shown in Fig. 11, which was prepared using available

working time for each underwater coating, as shown in

Table 1. During underwater coating, in this study, water

temperatures ranged 13.5
o
C to 18.5

o
C, thus, coating work

could be easily completed without considering the time

limit. However, in case of an outside temperature above

30
o
C and using a coating pumping system from a floating

ship, available working time can be limited to as little as

10 min. This emphasizes the need for careful planning prior

to starting underwater repairs, to ensure that sufficient

working time is available, prior to pot life expiry.

In addition to temperature, appropriate coating material,

coating equipment, and repeated pretesting are also import-

ant for the successful completion of underwater repair work

on marine and coastal concrete structures. It should be

noted that most previous studies were carried out under

controlled conditions in the laboratory, thus, further experi-

mental study in the field might be necessary.

It was not possible to identify the best type of underwater

coating at this time, as real subsea conditions can vary sig-

nificantly, depending on the location of the targeted struc-

tures. However, detailed repair plans, considering both

repair area and water depth, and repeated pretesting of the

coating materials, are essential for successful repair work

on underwater concrete structures. In other words, appro-

priate repair procedures and suitable coating equipment

must be prepared prior to repair work starting, to reduce

both material loss underwater, and total repair cost. Lastly,

this research work is part of a research project that is still

underway, and research into development of novel under-

water coating equipment, developed to improve coating

performance, and also into the effects of some equipment

on bond performance, will be investigated further and

reported in the future.

4. Conclusions

The effects of different underwater coating materials, sur-

face condition, and some environmental conditions, on the

tensile bond strength between the coating and substrate

concrete have been researched, and the following conclu-

sions have been reached, based on the test results.

(1) Even with same generic type of underwater coating,

bond performance can vary between manufacturers.

(2) Tensile bond strength generally decreased underwa-

ter, compared to that achieved in dry conditions.

(3) There was no obvious surface roughness effect on

measured bond strengths underwater, while bond strength

increased with a rough surface in dry conditions.

(4) Adhesive failure between the applied coating and the

parent concrete was the most common coating failure type

underwater.

(5) Temperature is the one of the most important factors

to consider for a repairs plan, as curing time for underwater

coatings greatly depends on the outside air and water tem-

peratures.

In this study, tensile bond strengths were measured just

24 h after application, and further experimentation might

help to clarify long term bond performance in the case of

underwater coatings applied to actual submerged concrete

structures. Based on our experimental results and compari-

son with information received from manufacturers, some

suggestions have been made to improve the success of underwa-

ter coatings on marine and coastal concrete structures.
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