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Abstract. 
Underwater structures are not easy to check for the degree of damage or to repair and strengthen damaged regions. Even during repair and strengthening, quality control is very difficult, because the work is done under water. Moreover, underwater structures severely deteriorate, owing to special environmental conditions. If this deterioration continues, the structures face serious structural problems, because of the corrosion of steel rods and the loss of concrete sections. Repairing or strengthening underwater structures requires effective, economic underwater repair and reinforcement techniques that allow the same working conditions as on the ground while maintaining dry condition for the repair sections. However, systematic studies on the repair and strengthening techniques for underwater structures are insufficient. This study proposes a new repair method for underwater structures, which applies epoxy fiber panel forms and shear connectors. To demonstrate the repair effects, this study compared and evaluated the failure modes and repair effects by the surface condition of repair sections, by applying various repair methods, in consideration of the ground and underwater conditions.


1. Introduction
When concrete structures are constructed in a river, lake, or sea, a part of the structure is placed under water, and the underwater structures are subjected to damages such as concrete spalling and exfoliation, due to aging, faulty construction, and various deterioration factors [1]. Such structures urgently need repairs and reinforcements. In particular, the substructures of bridges in water are subjected to damages by such environmental factors as the scouring of foundations by water flow, erosion of members, and the corrosion of steel rods [2], in addition to the damages that may occur to structures above ground.
Structural engineers have extensive experience of repairing concrete structures above water [3–6]. The conventional approach to the repair of reinforced concrete columns that have shallow damages, however, is to use patch repair for the damaged zones where cracking and spalling occur [7, 8]. For patch repair to be structurally effective, the appropriate material should be applied in the damaged concrete section.
A limited range of materials is available for use in underwater repair. They can be divided into two mortar types: cementitious and resin based. Generally, normal epoxy or polyester resins are unsuitable for underwater use, as they often fail to bond to the damaged concrete and can be adversely affected by reaction between the hardener and the water [9]. However, cementitious mortars can range from conventional mortars and grouts to materials with greatly enhanced properties achieved by the use of admixtures. In particular, the use of polymers can result in cohesiveness, high rates of strength gain, greater workability, resistance to washout of cement, and reduction in bleed and shrinkage [10–12]. From these advantages, polymer mortar has been utilized in a range of mortar and concrete repair and primary construction applications [13–15].
For effective repair and reinforcement of underwater structures, the damaged regions must be maintained in dry condition. However, installing coffers and caissons for partial defects under water requires a long period of work, much manpower, and heavy equipment, so causing much loss in time and money [16]. Therefore, we need effective and economic underwater repair and reinforcement techniques that allow working in the same conditions as on the ground while maintaining a dry condition. However, systematic studies on the repairs and reinforcements of underwater structures are insufficient.
Accordingly, this study proposes a repair method for underwater structures, which applies epoxy fiber panel forms and shear connectors. To demonstrate the repair effects, this study compared and evaluated the repair effects, by applying various repair methods, in consideration of various underwater and ground conditions.
2. Newly Proposed Underwater Repair Method
Existing repair methods for underwater structures can be largely classified into three groups, as shown below [17].(1)Repairing the damaged sections after installing coffers.(2)Repairing by installing underwater caissons.(3)Repairing with underwater repair materials by divers.
Repair methods that use coffers and caissons greatly increase time and construction cost, including materials cost, so they are uneconomical for partial repair works. Furthermore, the direct repair method by divers is also inappropriate, because it causes environmental problems such as the leakage of materials, quality control is difficult, and effective repair work is impossible.
The underwater repair method proposed by this study has been newly developed to apply to underwater structures with deteriorations such as concrete spalling and exfoliation, cracks, and corrosion of steel rods. Because the outside water is perfectly blocked by fiber panel forms, underwater epoxies, and rubber packings, while the damaged sections are repaired [18], this method maximizes the repair effects and enables economical work. Furthermore, the shear connectors installed on the repair sections give shear resistance at interfaces and prevent the elimination of repair materials; anchor bolts fix the forms, to provide binding force. The work procedure and a schematic diagram of the proposed underwater repair method are shown in Figure 1.


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
		
			
				
			
				
			
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		