
Article

Stable Failure-Inducing Micro-Silica Aqua
Epoxy Bonding Material for Floating Concrete
Module Connection
Jang-Ho Jay Kim 1,*, Young-Jun You 1,2, Youn-Ju Jeong 2 and Ji-Hun Choi 1

Received: 1 June 2015; Accepted: 29 October 2015; Published: 24 November 2015
Academic Editor: Walter Remo Caseri

1 School of Civil and Environmental Engineering, Yonsei University, Concrete Structural Engineering
Laboratory, Seoul 03722, Korea; yjyou@kict.re.kr (Y.-J.Y.); cjh228@yonsei.ac.kr (J.-H.C.)

2 Korea Institute of Civil Engineering and Building Technology Structural Engineering Research Institute,
Goyang-Si, Gyeonggi-Do 10223, Korea; yjjeong@kict.re.kr

* Correspondence: jjhkim@yonsei.ac.kr; Tel.: +82-2-2123-5802; Fax: +82-2-364-1100

Abstract: Many recent studies in the development of floating concrete structures focused on a
connection system made of modules. In the connection system, the modules are designed to be
attached by pre-stressing (PS) while floating on the water, which exposes them to loads on the
surface of the water. Therefore, the development of a pre-connection material becomes critical to
ensure successful bonding of floating concrete modules. Micro-silica mixed aqua-epoxy (MSAE)
was developed for this task. To find the proper MSAE mix proportion, 0% to 4% micro-silica was
mixed in a standard mixture of aqua-epoxy for material testing. Also, the effect of micro-silica on
the viscosity of the aqua epoxy was evaluated by controlling the epoxy silane at proportions of 0%,
˘5%, and ˘10%. After completion of the performance tests of the MSAE, we evaluated the effect
of MSAE in a connected structure. The plain unreinforced concrete module joint specimens applied
with MSAE at thicknesses of 5, 10, and 20 mm were prepared to be tested. Finally, we evaluated
the performance of MSAE-applied reinforced concrete (RC) module specimens connected by PS
tendons, and these were compared with those of continuous RC and non-MSAE-applied beams.
The results showed that the mix of micro-silica in the aqua-epoxy changed the performance of the
aqua-epoxy and the mix ratio of 2% micro-silica gave a stable failure behavior. The flexural capacity
of concrete blocks bonded with MSAE changed according to the bond thickness and was better
than that of concrete blocks bonded with aqua-epoxy without micro-silica. Even though MSAE
insignificantly increases the load-carrying capacity of the attached concrete module structure, the
stress concentration reduction effect stabilized the failure of the structure.
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1. Introduction

Great efforts to utilize the vast space occupied by the ocean have been attempted in many
countries. These efforts have resulted in the construction of production and storage off-loading
floating structures such as oil storage tanks. Recently, efforts have focused on securing huge usable
areas on the sea (e.g., a floating airport [1], an artificial island, a floating container terminal, and a
moving offshore basement). Even though the main construction material of these offshore structures
is steel, concrete has been actively used due to its advantages in terms of cost, durability, and stability.
The huge concrete structures associated with these applications are ideally made as modules that
can be connected on the water. Therefore, the connected interface should be able to handle external
forces and transfer internal stresses. The present method for connecting concrete modules involves
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the application of a plastering bonding material between the modules before pre-stressing (PS).
Therefore, the bonding material must be able to protect PS tendons from corrosion and must have
sufficient strength to bear the PS stress; therefore, the bonding material requires high durability and
high strength [2]. Researchers have also tried to develop new bonding materials such as aqua-epoxy.
Kim et al. [3] verified the performance of structural filler epoxy and primer aqua-epoxy (AE) and
tested their connecting performance in concrete members. They showed that the highly viscous
primer aqua-epoxy, which was a mixture of epoxy silane and amine hardener, adequately bonded
fiber-reinforced polymer (FRP) sheets to concrete structure surfaces. AE usually has a high viscosity,
so pores are created during the mixing of the epoxy silane and hardener, which degrades the interface
performance. Pores in the epoxy reduce bond strength at the interface due to a reduced attached
surface area. Also, the epoxy matrix was degraded by the freezing and thawing of the water trapped
in the pores. Surface treatment could be one method to achieve pore reduction. Woo [4] suggested
a method of roughening the surfaces of concrete members before bonding to increase the bonding
area of the epoxy-concrete interface. However, this method was unsuccessful because aqua-epoxy
has a high viscosity, which resulted in surface irregularities. Since the presence of pores in an
aqua-epoxy will create a surface barrier leading to interfacial failure, modification of the AE must
include pore reduction and bond capacity improvement. One proposed solution to the problem is
to mix micro-silica powder with the AE. The micro-powders fill the pores and increase the bonding
surface area [5]. Since the chemical durability and the filling effect are controlled by the powder
type, the selection of the powder is critical in the floating structure interface applications due to the
wet working conditions. Cement powder that is generally used as epoxy filler is weak when used
in seawater. The selected powder should be able to resist chloride penetration and other chemical
reactions that might occur in seawater.

This study is to enhance the performance of the bonding material and verification of its role
in a concrete structure. A series of micro-silica (SiO2) with high chemical stability was selected for
enhancing the performance of the bonding material. Various mix proportions of micro-silica were
added to the aqua-epoxy to obtain the optimal mix proportion for increasing bond performance. All
of the mix proportions were evaluated by performing material tests. Then, an additional evaluation
was performed to investigate the capacity change as a function of the mix ratio of epoxy silane. Two
unreinforced concrete modules with dimensions of 100 mm ˆ 100 mm ˆ 190 mm were attached
using micro-silica aqua-epoxy (MSAE) developed from the selected mix proportion. The specimens
were tested by 3-point load bending up to failure. Finally, in order to evaluate the performance of
MSAE in real concrete structures, reinforced concrete beam modules were constructed for attachment
under wet conditions using MSAE and PS. The beam specimens were also tested using a 3-point
bending test.

2. Materials and Methods

2.1. Bonding Material Selection for Floating Concrete Structure

Adhesives for concrete bonding can be generally classified into epoxy resins, conventional and
new concrete adhesives, polyurethane elastic adhesives, and polymer cement mortar depending on
how the materials are used. Up to now, epoxy resins have been the most widely used material for
bonding precast concrete modular blocks [6–8]. The epoxy resins used for bonding concrete can be
classified into seven types based on the usage, form, grade, color, and performance according to
American Society for Testing and Materials (ASTM) 881 as shown in Table 1. The concrete floating
structure bonded by PS (as specified in this study) is consistent with Type VI. The highly viscous
aqua-epoxy used in this study was originally developed by Kim et al. [9] with the goal of enhancing
workability as a repair-retrofit material for FRP attachments. In the previous study, the aqua-epoxy
was used only as an adhesive material and it showed sufficient durability, workability, and chemical
resistance in wet conditions including seawater. Detailed chemical compositions of the aqua-epoxy
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can be found in [9]. The viscosity of the material was increased from 30,000 cps to 54,000 cps due to
micro-silica filling in the pores.

Table 1. Type of epoxy for bonding (ASTM C 881).

Type Characteristics

I For use in non-load-bearing applications for bonding hardened concrete to hardened
concrete and other materials, and as a binder in epoxy mortars or epoxy concretes.

II For use in non-load-bearing applications for bonding freshly mixed
concrete to hardened concrete.

III For use in bonding skid-resistant materials to hardened concrete, and as a binder in
epoxy mortars or epoxy concretes, used on traffic bearing surfaces.

IV For use in load-bearing applications for bonding hardened concrete to hardened
concrete and other materials and as a binder for epoxy mortars and concretes.

V For use in load-bearing applications for bonding freshly mixed
concrete to hardened concrete.

VI For bonding and sealing segmental precast elements with internal tendons and for
span-by-span erection when temporary post-tensioning is applied.

VII For use as a non-stress-carrying sealer for segmental precast elements when temporary
post-tensioning is not applied in span-by-span erection.

2.2. Development of Optimum MSAE

Many researchers have focused on the possibility of using micro-fillers in epoxy matrices [10–13].
Epoxy is usually mixed with micro-fillers, such as silica or alumina. Micro-silica particles were used
in this study. A silica solution was produced by adding liquid silicic acid to induce dehydration
condensation reactions, which resulted in a three-dimensional (3D) Si–O–Si mesh structure. The
product was then ground to a micro-powder, which was the micro-silica used in this study. The
schematic drawing of the production procedure of micro-silica (silica fume) used in this study is
shown in Figure 1. The production procedure shown in Figure 1 is an ordinary production procedure
used to produce silica fume all over the world.
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Figure 2. Generally, micro-silica consists of spherical particles with an average particle size of 150 nm 
and a typical specific surface area of 20 m2/g [16]. 

Figure 1. Preparation procedure of micro-silica [14].

Most micro-silica particles are less than 1.0 micron (0.00004 in) in diameter, generally 50 to 100
times finer than an average particle diameter of ordinary Portland cement or fly ash [15]. SEM
micrograph of micro-silica with spherical appearance of the individual particles is shown in Figure 2.
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Generally, micro-silica consists of spherical particles with an average particle size of 150 nm and a
typical specific surface area of 20 m2/g [16].
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Figure 2. SEM micrograph of micro-silica with spherical appearance of the individual particles.

As shown in Table 2, the micro-silica had a higher SiO2 proportion than silica fume, which is
commonly used to produce high-strength concrete [17]. The pozzolanic effect that usually occurs
in concrete with silica fume does not occur in the micro-silica, because the micro-filler effect mainly
occurs in epoxies and at the concrete-epoxy interface [18]. Just before the application of MSAE on
the surface of the concrete for bonding, an allotted volume percentage of micro-silica is mixed with
aqua-epoxy and stirred thoroughly for full mixing of MSAE.

Table 2. Chemical analysis of micro-silica.

Element Compound (%) Element Compound (%)

SiO2 98.4 K2O 0.20
C 0.50 Na2O 0.15

Fe2O3 0.01 P2O5 0.03
Al2O3 0.20 SO3 0.10
CaO 0.20 Cl 0.11
MgO 0.10 – –

Material properties were evaluated for various mechanical characteristics. A total of five material
properties were tested in accordance with the Korea Standard (KS). However, when KS test standards
were not available, ASTM regulations were adopted. Test standards used in the study are tabulated
in Table 3.

Table 3. Material properties and test methods.

Test Type Notation Standard

Tensile strength T KS M 3006
Compressive strength C KS M 3015

Shear strength by tensile loading ST KS M 3734
Bond strength by slant shear BS ASTM C 882-91

Bond strength B KS F 4923
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2.3. Tensile and Slant Shear Capacity Evaluation of MSAE

The performance of MSAE-based materials as a function of the micro-silica mix ratio was
experimentally evaluated. Since concrete modules usually are connected using shear key integrated
interfaces, slant shear bonds and tensile strength tests were performed. The AE mix proportion
suggested by the manufacturer with micro-silica mix ratio variations of 1%, 2%, 3%, and 4% were
mixed to cast the specimens. The test results are summarized in Table 4 and plotted in Figure 3.
Coefficients of variation (COV) of the test results were less than 5% except for one datum, indicating
that these data were consistent and reliable. Figure 3a is a plot of the average values from Table 4,
indicating that there was only a slight change in slant shear bond strength when the micro-silica
mix ratio was increased to approximately 2%, and it was difficult to clearly differentiate the effect
of micro-silica in the AE. Therefore, an evaluation method based on a guaranteed value, which is
equivalent to the average strength minus three times the standard deviation (σ) was used.

Table 4. Test results for MSAE as a function of the micro-silica mix ratio.

Micro-silica ratio Number
Tensile strength (MPa) Bond shear strength (MPa)

Measured Increased ratio Measured Increased ratio

0%

1 46.3 – 3.9 –
2 40.9 – 4.0 –
3 43.6 – 3.9 –
4 44.0 – 3.8 –
5 42.9 – – –

Mean (COV) 43.5 (4.5%) – 3.9 (1.6%) –
Mean-3σ 37.7 – 3.7 –

1%

1 46.7 – 3.9 –
2 45.2 – 4.1 –
3 40.9 – 3.9 –
4 40.4 – 3.7 –
5 40.3 – – –

Mean (COV) 42.7 (7.1%) ´1.9% 3.9 (4.0%) 0.0%
Mean-3σ 33.6 ´10.8% 3.4 ´7.6%

2%

1 44.3 – 4.0 –
2 47.2 – 4.0 –
3 45.2 – 3.9 –
4 42.3 – 3.9 –
5 42.3 – – –

Mean (COV) 44.3 (4.7%) 1.7% 3.9 (1.5%) 1.1%
Mean-3σ 38.0 0.9% 3.8 1.7%

3%

1 42.7 – 4.0 –
2 45.2 – 4.0 –
3 43.4 – 4.0 –
4 42.7 – 3.9 –
5 40.0 – – –

Mean (COV) 42.8 (4.4%) ´1.7% 4.0 (1.5%) 1.9%
Mean-3σ 37.2 ´1.3% 3.8 2.2%

4%

1 44.0 – 3.8 –
2 44.6 – 3.7 –
3 45.9 – 3.8 –
4 39.9 – 3.9 –
5 40.3 – – –

Mean (COV) 42.9 (6.3%) ´1.4% 3.8 (1.5%) ´2.3%
Mean-3σ 34.9 ´7.4% 3.6 ´2.0%

MSAE, Micro-Silica mixed Aqua-Epoxy; COV, Coefficients of Variation.

Figure 3b is a plot of the calculated guaranteed strengths using the test results from Table 4.
When AE was mixed with various amounts of micro-silica, tensile strength and slant shear bond
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strengths changed by ´11% to ´2%. These data demonstrated that micro-silica plays a significant role
in increasing the bond performance of the AE because (i) only a minute amount of micro-silica was
added to the AE and (ii) the data had a reliability of 99.5%. More specifically, when 2% micro-silica
was added to the AE, the tensile and slant shear bond strengths all increased by a statistically
significant amount.
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Figure 3. Test results of MSAE on mix ratios of micro-silica; (a) strength variation; and (b) ratio of
strength increase.

The AE used in this process had a viscosity of 33,000 cps, which is 33,000 times higher than
water, so the mixing of the epoxy silane and hardener can be difficult. During bonding of concrete
modules at sea, the rapid application and curing of the bond epoxy are necessary to overcome the wet
working conditions. Since there is no available test method to quantitatively measure the applicable
workability of bond epoxy, a qualitative evaluation was performed. For a micro-silica mixing ratio
of over 3%, MSAE was impossible to plaster on a concrete surface based on the trial-and-error
experience; we decided that the maximum micro-silica mix ratio was 2%.

2.4. Mixing Ratio Effect of Primer in Epoxy Silane

Based on the selected 2% MSAE, the effect of the primer amount on the mechanical properties
was studied. AE was controlled by changing the main compound ratio by ˘5% and ˘10%, which
deviated from the basic mixing ratio recommended by the manufacturer (0%). All cases were
tested for tensile strength (T), compressive strength (C), tensile shear-bond strength (ST), bond shear
strength (BS), bond strength (B), and maximum failure load. Five specimens were prepared for T,
C, and ST tests, while four specimens were prepared for B and BS tests. Therefore, a total of 115
specimens were tested.

The mean of the measured values and coefficient of variation (COV) values are tabulated in
Table 5. Figure 4 shows a comparison between mean values relative to the values of the specimens
with epoxy silane of 0% and no micro-silica for all test methods. We concluded that test results
are reliable based on the low COV shown in Table 5. As shown in Figure 4, all of the mechanical
properties obtained from the tests where we varied the epoxy silane amount were lower than those
using a mixing ratio recommended by the manufacturer. Therefore, we concluded that the mix
ratio for epoxy silane in AE with 2% micro-silica should be 0%, which is the ratio recommend by
the manufacturer.

2.5. Plain Unreinforced Concrete MSAE Joint Specimen Evaluation

To evaluate the contribution of MSAE in the attached concrete members, unreinforced concrete
blocks were manufactured and bonded with MSAE. The design concrete compressive strength was
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30 MPa. The 28-day compressive strength test results showed an average strength of 31.2 MPa. The
concrete mix design is shown in Table 6. The specimen dimensions were selected based on the logic
that the specimen length-to-height ratio would apply both flexure and shear stresses on the interface
section. Therefore, the length-to-height ratio exceeding 3 (precisely 3.6) was selected.

Table 5. Test results for mix ratio of epoxy silane and micro-silica (unit: MPa).

Epoxy
Silane Number

T C ST B BS
MS
0%

MS
2%

MS
0%

MS
2%

MS
0%

MS
2%

MS
0%

MS
2%

MS
0%

MS
2%

´10%

1 32.7 33.5 65.4 69.0 9.0 9.2 2.6 3.5 3.0 2.9
2 30.3 35.3 72.5 59.6 8.1 9.2 3.0 3.3 2.9 3.0
3 32.1 35.4 58.8 66.0 8.4 9.0 2.6 3.6 2.8 3.1
4 31.3 32.9 63.1 66.5 8.8 9.1 3.1 3.4 2.9 3.0
5 33.2 32.2 68.4 70.2 9.0 8.9 – – – –

Mean 31.9 33.9 65.6 66.3 8.7 9.1 2.8 3.5 2.9 3.0
COV 3.6% 4.2% 7.9% 6.2% 4.6% 1.4% 8.9% 3.1% 2.5% 2.8%

´5%

1 35.4 34.6 72.0 78.0 10.4 10.3 3.3 4.2 3.4 3.5
2 33.8 37.7 74.3 78.0 11.5 10.8 3.7 3.6 3.3 3.3
3 35.6 37.7 76.1 78.7 10.9 9.7 3.5 3.8 3.3 3.7
4 35.3 40.0 76.5 73.1 10.9 10.6 4.0 4.0 3.2 3.4
5 38.1 38.0 75.5 77.1 10.2 9.6 – – – –

Mean 35.6 37.6 74.9 77.0 10.8 10.2 3.6 3.9 3.3 3.5
COV 4.3% 5.1% 2.4% 2.9% 4.7% 5.2% 8.3% 7.2% 2.6% 5.2%

0%

1 41.9 42.0 81.0 84.4 12.2 11.8 3.5 4.6 3.7 3.9
2 40.0 44.7 87.2 85.7 11.3 11.6 4.7 4.7 3.5 4.0
3 42.9 43.5 84.7 86.1 11.8 12.8 4.5 5.2 3.7 3.9
4 39.4 41.3 84.8 88.3 12.5 11.8 4.6 4.6 3.8 3.8
5 42.1 44.3 84.6 82.7 12.1 12.3 – – – –

Mean 41.3 43.2 84.5 85.4 12.0 12.1 4.3 4.8 3.7 3.9
COV 3.6% 3.4% 2.6% 2.4% 3.8% 4.0% 12.6% 5.5% 2.9% 2.5%

+5%

1 37.5 36.3 75.6 79.1 11.2 12.0 3.7 4.2 3.7 3.6
2 36.2 35.5 76.8 80.0 11.2 11.0 3.8 4.3 3.5 3.5
3 36.9 36.6 82.5 69.8 11.8 11.4 4.1 4.0 3.2 3.6
4 37.7 34.4 83.5 82.9 11.1 11.2 3.7 4.1 3.6 3.7
5 36.2 36.3 82.0 75.0 11.3 12.5 – – – –

Mean 36.9 35.8 80.1 77.4 11.3 11.6 3.8 4.2 3.5 3.6
COV 1.9% 2.5% 4.5% 6.6% 2.5% 5.3% 5.7% 3.5% 6.1% 2.7%

+10%

1 36.0 35.9 74.4 77.5 10.6 11.0 3.1 4.4 2.9 3.7
2 35.2 34.7 75.2 81.5 11.1 10.7 2.9 4.2 3.0 3.8
3 35.0 37.2 76.4 80.5 10.9 11.0 3.2 4.0 3.1 3.7
4 33.9 38.2 73.7 83.6 10.1 12.0 3.1 3.8 2.9 3.7
5 38.4 36.4 75.9 77.8 11.1 11.2 – – – –

Mean 35.7 36.5 75.1 80.2 10.8 11.2 3.1 4.1 3.0 3.7
COV 4.7% 3.6% 1.5% 3.2% 3.9% 4.4% 4.5% 7.1% 2.8% 1.4%

2395



Polymers 2015, 7, 2389–2409

Polymers 2015, 7, page–page 

8 

(a) (b) 

(c)  (d) 

(e) 

Figure 4. Comparison of mean values: (a) tensile strength; (b) compressive strength; (c) shear strength 
by tensile loading; (d) bond strength; and (e) bond strength by slant shear. 
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Figure 4. Comparison of mean values: (a) tensile strength; (b) compressive strength; (c) shear strength
by tensile loading; (d) bond strength; and (e) bond strength by slant shear.

Table 6. Concrete mix proportion.

Design compressive
strength (MPa)

Water-cement
ratio (%)

Sand-aggregate
ratio (%)

Unit weight (kgf/m3)
Water Cement Gravel Sand

30 55 44.75 486.67 339.4 958.12 746.75

The structural capacity of MSAE-bonded concrete blocks was evaluated by using a 3-point
bending test. As shown in Figure 5, two 100 mm ˆ 100 mm ˆ 190 mm plain unreinforced concrete
blocks bonded with MSAE were prepared. The blocks were attached using bond thicknesses of 5,
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10, and 20 mm. The application of MSAE was performed by plastering MSAE on the blocks in air or
underwater. Specimens were prepared and cured in the air or underwater for 24 h; these samples are
referred to as ”dry” and “wet” in Table 7, respectively. A total of 36 specimens were prepared (three
specimens for each case). A 3-point bending test set-up is shown in Figure 6 where the loading point
was at the one-third point of the span of 360 mm from the left support. The loading point was chosen
such that the largest flexure and shear combined stresses were applied at the interface. The test cases
are tabulated in Table 7.
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2.6.1. Specimen Dimensions and Details 

In earlier sections, the basic MSAE material bond performance was investigated. In the actual 
construction of modular concrete structures, modules have shear keys to transfer forces to adjacent 
modules that are connected by PS. In order to investigate the performance of MSAE in real 
construction conditions, concrete beams bonded with MSAE and connected by PS were tested. Three 
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Table 7. Test case notations.

Bond thickness
Plastering and curing condition
Dry Wet

5 mm
AE 5 AE 5(w)

MSAE 5 MSAE 5(w)

10 mm
AE 10 AE 10(w)

MSAE 10 MSAE 10(w)

20 mm
AE 20 AE 20(w)

MSAE 20 MSAE 20(w)

MSAE, Micro-Silica mixed Aqua Epoxy; AE, Aqua-Epoxy.

2.6. Structural Bond Performance Evaluation of MSAE Applied in Pre-stressed Concrete (PSC) Modules

2.6.1. Specimen Dimensions and Details

In earlier sections, the basic MSAE material bond performance was investigated. In the
actual construction of modular concrete structures, modules have shear keys to transfer forces to
adjacent modules that are connected by PS. In order to investigate the performance of MSAE in real
construction conditions, concrete beams bonded with MSAE and connected by PS were tested. Three
types of specimens comprised of a continuous RC beam specimen as a control specimen (G), a spliced
pre-stressed concrete (PSC) beam specimen without bonding material (P), and a spliced PSC beam
specimen bonded with MSAE (EP) were manufactured as shown in Figure 7.
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Figure 7. Specimen dimensions (unit: mm): (a) RC beam (G); (b) P-series; and (c) EP-series. 

The length of the specimens was 3000 mm, and the concrete modules used for the P and EP series 
were designed as one shear key. Two SWPR7A PS tendons were placed at 80 mm below the neutral 
axis, and the post-tensioning PS was applied until zero strain occurred on the upper surface of  
the specimen. The MSAE thickness of the EP series was 20 mm. D19 rebars with yield strength of  
400 MPa were used as both compressive and tensile longitudinal rebars. D13 rebars with yield 
strength of 400 MPa were used as transverse rebars at 100 mm spacing. The height and width of  
the section were 370 mm and 340 mm, respectively. The details of the rebar layout are shown in  
Figure 8. The details of G, P, and EP specimens are shown in Figure 8a–c, respectively. The shear key 
was designed to be one-way by using the design of Hällmark et al. [19] as shown in Figure 9a. 
However, Hällmark’s design took the overly protruded shear key, which can cause brittle failure 
when the upper cover opening occurs. Therefore, the protrusion rate was controlled to be 2:1 
(height:protrusion) as shown in Figure 9b. A total of five beams (one of G, two of P, and two of EP) 
were fabricated. An eccentric 3-point bending test was performed to measure the maximum load, 
initial interfacial cracking or debonding load, and crack propagation. 
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Figure 8. Rebar layout (unit: mm): (a) cross-section view; and (b) plan view. 

Figure 7. Specimen dimensions (unit: mm): (a) RC beam (G); (b) P-series; and (c) EP-series.

The length of the specimens was 3000 mm, and the concrete modules used for the P and EP series
were designed as one shear key. Two SWPR7A PS tendons were placed at 80 mm below the neutral
axis, and the post-tensioning PS was applied until zero strain occurred on the upper surface of the
specimen. The MSAE thickness of the EP series was 20 mm. D19 rebars with yield strength of 400 MPa
were used as both compressive and tensile longitudinal rebars. D13 rebars with yield strength of
400 MPa were used as transverse rebars at 100 mm spacing. The height and width of the section were
370 mm and 340 mm, respectively. The details of the rebar layout are shown in Figure 8. The details
of G, P, and EP specimens are shown in Figure 8a–c, respectively. The shear key was designed to
be one-way by using the design of Hällmark et al. [19] as shown in Figure 9a. However, Hällmark’s
design took the overly protruded shear key, which can cause brittle failure when the upper cover
opening occurs. Therefore, the protrusion rate was controlled to be 2:1 (height:protrusion) as shown
in Figure 9b. A total of five beams (one of G, two of P, and two of EP) were fabricated. An eccentric
3-point bending test was performed to measure the maximum load, initial interfacial cracking or
debonding load, and crack propagation.
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Figure 9. Layout of shear key (unit: mm): (a) Hällmark’s shear key example; and (b) specimen shear 
key dimensions. 

2.6.2. Material Properties 

Concrete used in this study was required to be water-tight for marine environments. Therefore, 10% 
of the binder was replaced with fly ash to improve water-tightness [20]. The specimens were 
fabricated under dry conditions to eliminate the uncertainty of micro-structural change at the 
interface face due to fly ash usage. The 28-day concrete compressive strength was 60 MPa and the 
measured 28-day strength was 64.2 MPa. The concrete mix proportion design is shown in Table 8. 
Material tests were performed to measure material properties for aqua-epoxy of C Corporation with 
a 2% micro-silica-to-epoxy mass ratio. Tensile strength, compressive strength, and bond strength dry 
and wet condition) complying with KS and ASTM were measured. The test results are tabulated  
in Table 9. 
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Table 9. Material test results for epoxy. 

Test Capacity (MPa) Standard 
Tensile strength 43.2 ASTM D 638 

Compressive strength 85.4 KS M 3015 

Pull-off bond strength 
Air 3.9 

ASTM C 882-91 
Water 3.8 

Bond strength 
Air 4.6 

KS F 4923 
Water 4.1 

Elastic Modulus 7630 KS F 2438 

2.6.3. Specimen Construction 

The construction process for the specimens was as follows. Two sheath tubes with a diameter of 
50 mm were placed in a straight profile before performing match casting to guarantee the connectivity 
of two sides of the shear key using a steel formwork as shown in Figure 10. The formworks were 
removed three days after casting and MSAE was injected in the interface for EP specimens. Photos of 
the shear key and interface of P and EP series are shown in Figure 11a,b, respectively. 

Figure 9. Layout of shear key (unit: mm): (a) Hällmark’s shear key example; and (b) specimen shear
key dimensions.

2.6.2. Material Properties

Concrete used in this study was required to be water-tight for marine environments. Therefore,
10% of the binder was replaced with fly ash to improve water-tightness [20]. The specimens
were fabricated under dry conditions to eliminate the uncertainty of micro-structural change at the
interface face due to fly ash usage. The 28-day concrete compressive strength was 60 MPa and the
measured 28-day strength was 64.2 MPa. The concrete mix proportion design is shown in Table 8.
Material tests were performed to measure material properties for aqua-epoxy of C Corporation with
a 2% micro-silica-to-epoxy mass ratio. Tensile strength, compressive strength, and bond strength dry
and wet condition) complying with KS and ASTM were measured. The test results are tabulated in
Table 9.

Table 8. Concrete mix proportion.

Water–cement
ratio (%)

Sand–aggregate
ratio (%)

Unit weight (kgf/m3)

Water
Binder

Sand Gravel Super plasticizer
Cement Fly-ash

60 45 158 450 50 745 913 5

Table 9. Material test results for epoxy.

Test Capacity (MPa) Standard

Tensile strength 43.2 ASTM D 638
Compressive strength 85.4 KS M 3015

Pull-off bond strength Air 3.9
ASTM C 882-91Water 3.8

Bond strength Air 4.6
KS F 4923Water 4.1

Elastic Modulus 7630 KS F 2438

2.6.3. Specimen Construction

The construction process for the specimens was as follows. Two sheath tubes with a diameter of
50 mm were placed in a straight profile before performing match casting to guarantee the connectivity
of two sides of the shear key using a steel formwork as shown in Figure 10. The formworks were
removed three days after casting and MSAE was injected in the interface for EP specimens. Photos of
the shear key and interface of P and EP series are shown in Figure 11a,b, respectively.
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one-third point of the span on the protruded module (left module) to produce maximum flexure and 
shear stresses in the interfacial section. 
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The results of a 3-point bending test to verify the structural capacity of MSAE-attached plain 
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2.6.4. Test Set-Up

For the evaluation of the interfacial performance of spliced PSC beam specimens, an eccentric
3-point bending test was performed as shown in Figure 12. The eccentric load was applied at the
one-third point of the span on the protruded module (left module) to produce maximum flexure and
shear stresses in the interfacial section.
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3. Result

3.1. Plain Concrete MSAE Bond Performance Results.

The results of a 3-point bending test to verify the structural capacity of MSAE-attached plain
concrete block specimens are shown in Table 10 and Figure 13. As shown in Figure 13a, the specimens
attached using MSAE had higher peak loads than those attached by AE. Specimens bonded with
MSAE and cured in air showed a capacity increase of 71%, 64%, and 30% compared to that of
specimens with AE for bond thicknesses of 5, 10, and 20 mm, respectively. The load-carrying
capacity of the specimens that were plastered and cured underwater for 24 h increased by 77%,
64%, and 26% relative to that of specimens with AE for bond thicknesses of 5, 10, and 20 mm,
respectively. Both dry and wet cured specimens with a bond thickness of 10 mm showed the
maximum load-carrying capacity.

Table 10. Peak loads of three-point bending test.

Specimen Number
Condition Specimen Number

Condition
Dry (kN) Wet (kN) Dry (kN) Wet (kN)

AE 5

1 12.6 11.7

MSAE 5

1 20.1 23.0
2 13.3 12.6 2 21.3 21.1
3 12.4 12.2 3 24.0 20.1

Mean 12.7 12.1 Mean 21.8 21.4
COV 3% 3% COV 8% 6%

AE 10

1 14.7 14.5

MSAE 10

1 24.1 22.7
2 13.7 14.3 2 22.1 22.0
3 14.0 12.9 3 23.2 23.6

Mean 14.1 13.9 Mean 23.2 22.8
COV 3% 5% COV 4% 3%

AE 20

1 10.7 9.5

MSAE 20

1 14.5 12.0
2 11.8 9.9 2 13.0 12.8
3 10.3 11.5 3 15.3 14.1

Mean 10.9 10.3 Mean 14.2 13.0
COV 6% 8% COV 7% 7%
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Figure 13. Peak loads for AE and MSAE specimens fabricated and cured in; (a) air; and (b) 
underwater. 

3.2. PSC Structural MSAE Bond Performance Results 

The results obtained from the bending test are shown in Figures 14–17 and Table 11. In the case 
of a continuous RC specimen (G), a flexural crack occurred under the loading point when the load 
reached 170 kN. Rebar yielded at 200 kN and concrete crushing under the load occurred at 235 kN. 
The failure mode was flexural failure as shown in Figure 15. 

Figure 13. Peak loads for AE and MSAE specimens fabricated and cured in; (a) air; and
(b) underwater.

3.2. PSC Structural MSAE Bond Performance Results

The results obtained from the bending test are shown in Figures 14–17 and Table 11. In the case
of a continuous RC specimen (G), a flexural crack occurred under the loading point when the load
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reached 170 kN. Rebar yielded at 200 kN and concrete crushing under the load occurred at 235 kN.
The failure mode was flexural failure as shown in Figure 15.Polymers 2015, 7, page–page 
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Figure 14. Load-deflection curves; (a) G; (b) P series; and (c) EP series. 

 
Figure 15. Crack pattern (G). 

 
Figure 16. Crack pattern (P): (1) Initial crack formation on left at 140 kN; (2) Crack propagation on left 
bottom at 160 kN; (3) Crack formation and propagation to right side at 205 kN. 
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Figure 14. Load-deflection curves; (a) G; (b) P series; and (c) EP series.
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Figure 17. Crack pattern (EP): (1) Initial crack formation on the interface at 100 kN; (2) Crack 
propagation on left side at 140 kN; (3) Crack propagation on interface bottom at 165 kN. 

Table 11. Structural bond performance test results of MSAE. 

Specimen Initial crack load (kN) Maximum load (kN) Maximum displacement (mm) 
G 170 231.4 17.0 
P1 141 224.4 32.3 
P2 137 214.9 36.3 

EP1 138 220.1 34.1 
EP2 144 225.1 35.2 

As shown in Figure 14b, the maximum load and displacement of the P series were 221 kN and 
37 mm, on average, respectively. In the P series, the initial cracks occurred just below the apex and 
propagated to the loading point. Cracks propagated in both directions at the end of the test as shown 
in Figure 16. The crack propagation procedure was as follows. An initial crack was observed in 
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Table 11. Structural bond performance test results of MSAE.

Specimen Initial crack load
(kN)

Maximum load
(kN)

Maximum
displacement (mm)

G 170 231.4 17.0
P1 141 224.4 32.3
P2 137 214.9 36.3

EP1 138 220.1 34.1
EP2 144 225.1 35.2

As shown in Figure 14b, the maximum load and displacement of the P series were 221 kN and
37 mm, on average, respectively. In the P series, the initial cracks occurred just below the apex and
propagated to the loading point. Cracks propagated in both directions at the end of the test as shown
in Figure 16. The crack propagation procedure was as follows. An initial crack was observed in
direction (1) at approximately 140 kN, and crack (2) started growing at 160 kN as notated in Figure 16.
Even though flexural rigidity decreased, the specimen resisted an applied load due to the interlocking
of the inclined interface section. Following the crack propagation of (2) at 160 kN, the width of the
crack (1) increased and propagated, and then the crack (3) occurred to the right side at 205 kN. At
the maximum load of 220 kN, the width of the crack (1) drastically increased and the applied load
abruptly decreased. The load-displacement behavior of the EP series was similar to that of the P series
with nearly equivalent maximum load and displacement as shown in Figure 14c, but the cracking
procedure was different, as shown in Figure 17. The maximum load and displacement of EP and
P series were similar at 222.6 kN–34.6 mm and 219.76 kN–34.3 mm on average, respectively. The
initial debonding crack (1) occurred at the interface at 100 kN, and then the crack (2) occurred at
approximately 140 kN from the middle of the inclined part of the interface. Afterward, the crack
(3) started at 165 kN and propagated. The test results are summarized in Table 11.

4. Discussion

4.1. Plain Concrete MSAE Bond Performance Discussion

When the load-carrying capacity of the specimens with MSAE was compared to those with
AE, the peak loads of the MSAE specimens were greater than the AE specimens. The increased
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peak loads can be attributed to the addition of micro-silica in increasing the bonding surface area
of the interface. Since the AE is a highly viscous material, it is hard to consistently apply the
AE to the concrete interfacial surface because this application inherently creates micro-pores at the
concrete-epoxy interface as shown in Figure 18. These micro-pores are the main reason for the
decrease in bond strength because the net bond strength at the interface is dictated by the surface
area of the bonded interface. Therefore, if no surface treatment is performed on the concrete surface,
the pores decrease the bond capacity of the member. Also, the pores would decrease homogeneity
of the bonded interface, so the peak load of the member should decrease. However, the addition
of micro-silica would fill the existing pores in an epoxy matrix and at the interface, which would
maintain the integrity of the bonded region.
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Figure 18. Pore reduction by MSAE; (a) non-MS; and (b) MSAE.

The proofs to the hypothesis of micro-silica filling of pores can be partly observed in the failure
surface as shown in Figure 19. The failure section shown in Figure 19a,b show the existence of pores in
AE without micro-silica and the reduction of pores with micro-silica, respectively. Of course, since the
micro-pores are formed irregularly and inconsistently for each specimen, the reduction of micro-pores
shown in Figure 19b may not be a direct visible proof of filling of pores by micro-silica. A more
trustworthy proof might be obtained from the failure surface. As shown in Figure 19b, a portion of
the concrete surface is visible due to MSAE spalling off (left gray part in Figure 19b) while the module
attached with AE shows a full AE surface. This means that specimens connected with AE failed by
detachment while specimens connected with MSAE failed by partial concrete spalling, resulting in
an increased bonding capacity by 64% irrespective of the curing condition.
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Figure 13b shows the test results for specimens bonded and cured underwater. Specimens
plastered with MSAE and cured underwater showed higher capacities than the specimens bonded
with AE. Even though the bonding capacities of specimens from the underwater condition decreased
compared to the specimens formed in air, the reduction was only 4% on average for both specimens
with and without micro-silica. Consequently, the results showed that the MASE can be applied
successfully in sea conditions. Eliminating pores in a bonding material is very important when
a structure is constructed and used at sea. If water particles in the pores undergo freeze-thawing
action, cracking could occur in the epoxy matrix. Therefore, the reduction of micro-pores by adding
micro-silica would significantly reduce the potential for cracking.

The bond thickness experiments showed that the maximum strength was obtained when the
thickness was 10 mm. When the thickness was 5 mm, the load-carrying capacity was lower than
that at 10 mm. The lowest load was obtained when the thickness was 20 mm. This phenomenon
does not seem to be a material issue, but a structural issue. When the epoxy thickness is higher,
shear and flexural stresses are generated on the interface due to the fact that a greater thickness
translates into a larger weak zone in the middle of the specimen because the strength of the interface
is independent of the interface thickness. However, this result is insignificant, because the capacity for
bond thickness in a bonded concrete block will change depending on specimen size, loading scheme,
etc. Also, since PS was applied to connect the modulus, the bond thickness does not directly dictate
the overall bond behavior of the structure. The test results showed that the load-carrying capacity of
the specimens with MSAE was enhance due to overall improvement in the integrity of the bonded
interface increased by adding micro-silica in AE.

4.2. PSC Structural MSAE Bond Performance Discussion

A comparison of the test results of P and EP specimens with those of the G (control) specimen
showed that P and EP specimens had very similar load-carrying capacities of the G specimens. The
maximum deflections of P and EP were different from that of the G specimens due to the difference in
structural rigidity of RC and PSC. Since the specimens with splicing do not have continuity along the
span, P and EP showed a large deflection. However, a relatively larger deflection could be better for
a very large concrete module structure floating on the sea because it can absorb larger wave-induced
energy. With respect to load-carrying capacity, the results showed that a spliced beam connected by
PS could have the same structural capacity as that of a continuous beam.

The effect of MSAE can be estimated by comparing P and EP series. We anticipated that MSAE
would significantly contribute to stress distribution at the interface because it has a higher, stronger
tensile strength than that of concrete. As the load increased, the interface opening was wider in P
specimens than in EP specimens because the interface was not bonded. When the unbonded opening
increased in P specimens, initial cracking occurred at the apex due to the stress concentration at the
location. As the load increased, the inclined section below the apex shifted upward and interlocked
with the right module. These movements caused the bottom interface to open and crack (2) to
develop. Due to stress release at the inclined section away from crack (2), the stress concentration
shifted to the top part of the beam and crack (3) occurred. Even though this stress concentration
can be eliminated by securing a perfect fit at the interface of two concrete modules, it is practically
impossible to create a perfect interface due to the material characteristics of concrete.

For the EP specimens bonded by MSAE, the interface opening did not start before initial
cracking. As the load increased, debonding at the bottom region and sliding occurred at the middle of
the inclined section of the interface, which led to cracking on the left-hand side as shown in Figure 17.
Even though the final crack patterns of P and EP specimens seemed to be similar, the location of the
main cracks was different. It is important to note that the main crack location is critical to structural
safety and durability.

In Table 12 and Figure 20, the stress transmission processes of the P and EP series were
compared. This comparison showed that the application of MSAE dictated the location of the
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cracking, and the stress transfer magnitude across the rebars was reduced from P to Pcosθ. Also,
MSAE bonding prevented slip behavior from occurring at the interface, so the transmission of the
stress was maintained. Figure 21 shows the interfacial stress profile across the cross-section. Before
the application of load, the only stress applied to the cross-section was from the PS force and
bond stress with top, bottom, and bond stress magnitudes of f t = ´0.94 MPa, f b = 7.3 MPa, and
b = 4.8 MPa, respectively. After the start of loading, the stress generated by the bending moment
was 20 MPa on the top and bottom sections when the load was approximately 220 kN. The top and
bottom surfaces had final compressive and tensile stresses of 24 and 8 MPa, respectively. The stress
profile of the interface should not have failed due to the stress. However, crack (2) was observed in
P specimens without MSAE and this resulted from the stress concentration and transfer described
previously. In the case of the EP specimen with MSAE, there were no cracks at the bottom of the
specimens. The interfacial behavior after MSAE application seemed to be adequate for maintaining
continuity across the concrete module interface. When concrete floating structures are constructed by
module connection, pre-bonding of modules by MSAE before PS has the advantage of maintaining
continuity over the interface until ultimate failure [21]. Also, MSAE application at the interface allows
continuous load transmission and stress distribution between the attached modules, allowing them
to behave as one unit.
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In concrete structures, cracks are very important because they lead to the corrosion of steel
reinforcing bars and the deterioration of load-carrying capacity. If a structure is constructed in sea
water, the cracks are the most critical issue in the design of the structure. The results of the MSAE
structural tests showed that MSAE helped in stress distribution along the interface. The interface
experienced crack formation at the middle inclined section, while cracks formed at the bottom main
tensile reinforcing bars were located in P specimens. Consequently, stress distribution of the MSAE
increased the service life and durability of the concrete structures.

5. Conclusions

In this study, we optimized the micro-silica mixed aqua-epoxy (MSAE) formulation and we
verified the performance of unreinforced plain concrete and PSC modules attached using MSAE.
The following conclusions were drawn.

1) To estimate the optimum MSAE mix proportion, 1%, 2%, 3%, and 4% of micro-silica were added to
aqua-epoxy (AE) and tensile and bond shear tests were performed to evaluate the effects. The test
results showed that a 2% mix proportion showed a positive effect from a capacity point of view.
Also, the basic mix of aqua-epoxy with 2% micro-silica showed the optimum performance.

2) To evaluate the performance of plain unreinforced concrete modules attached with MSAE,
concrete-MSAE joint specimens with 5, 10, and 20 mm bond thicknesses were prepared and cured
in dry and wet conditions. Based on 3-point loading tests, the maximum load was enhanced
by about 70% from micro-silica, which reduced the pores in the epoxy matrix and the interface
when the bond thickness was less than 10 mm. This resulted in enhancement of the net bonding
surface area and homogeneity. The curing condition of dry or wet was not a major factor in the
resulting trends.

3) An evaluation of the effect of MSAE on PSC module attachment was performed by means of a
three-point bending test. The results of MSAE-applied spliced PSC specimens showed that the
maximum loads were similar to those of AE specimens and showed approximately the same
capacity compared to that of continuous RC beam specimens. Based on these results we concluded
that MSAE provides an insignificant capacity to increase at the structure level even though it
increases capacity at the material level.

4) MSAE did not improve structural capacity but did improve stress distribution, which led to stable
crack formation. However, the specimens without MSAE showed induced stress concentration at
the interface and crack formation around the tensile rebars. Consequently, the use of MSAE would
help to increase the durability of concrete structures used in sea-water applications.
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