GLASS-REINFORCED PLASTIC REINFORCING ELEMENTS
Glass-reinforced plastic (GRP) elements (bars, rods, sections, shapes and wires) have become firmly established as the most advanced materials in the present-day civil engineering. This is because they have, on the one hand, high specific strength (ratio between strength and weight) and, on the other hand, high corrosion and frost resistance, and low thermal conductivity. Constructions with glass-reinforced plastic reinforcing elements are not electrically conductive, which is important in case of stray [vagabond] current and electroosmosis. The basic principles used to design reinforced concrete constructions are workable (acceptable) for concrete components with glass-reinforced plastic reinforcing elements. The strength of glass-reinforced plastic reinforcing elements is highly competitive with that of steel reinforcing elements, but due to their high cost they are used mainly in critical constructions upon which special requirements are imposed. Among these are marine structures, particularly the parts kept in the area of changing water level. 
Sea-Water Corrosion of Concrete
Salinity [saltiness] of the global ocean varies within moderate (minor) limits, and comes to 34-35 g/l. pH is generally as great as 7.8-8.3. For instance, the Atlantic ocean contains about 11 grams of Na+, 20 grams of Cl-, 2.9 grams of SO42 and 1.4 grams of Mg2+ per liter, as well as K+, Ca2+, Br- and HCO3-, though in smaller quantities (0.08 g/l). Construction Rules and Regulations 2.03.11-85 provides that corrosiveness degree of aqueous medium (including sea water) is estimated according to eight types of corrosion given in Table 1.

Table 1
	Type of corrosion of concrete
	Indicator of aqueous medium corrosiveness

	Leaching corrosion
	Bicarbonate alkali (temporary hardness of water), h, mg-equivalent/l

	Total acidity corrosion

Carbonic acid corrosion

Magnesia [magnesium oxide] corrosion

Ammonium corrosion

Alkali corrosion 
	pH value
Content of free CO2 in water, mg/l
Content of Mg2+ ions in water, mg/l
Content of ammonium salts in terms of NH4+ ion, mg/l
Contents of K+ и Na+ ions in water, mg/l

	Sulphate corrosion

Common salt corrosion 
	Content of SO42- ions in water, mg/l
Total saltiness of water and caustic alkali content, g/l


Chemical action of seawater arises mainly from the presence of magnesium sulphide. In concrete the following reaction takes place 
Ca(OH)2 + MgSO4 > Mg(OH)2 + CaSO4
Magnesium hydroxide exhibits lower solubility than Ca(OH)2 but it forms a dispersed mass which results in lower strength of concrete. The higher is concentration of magnesium ions in water, the higher is the hazard of water. Calcium sulphate reacts with calcium hydroaluminate: 
3CaO·Al2O3·6H2O + 3CaSO4+ 25H2O > 3CaO·Al2O3·3CaSO2·31H2O. 
The volume of resulting complex salt (calcium hydrosulphoaluminate) is several times higher than the volume of source [initial] products, as a result of which the concrete expands and breaks down [suffers a structural failure]. Another potent agent of corrosion is carbonic acid which may be found in seawater in the presence of organic matters releasing carbonic acid while breaking down. Such water dissolves calcium carbonate which is formed from Ca(OH)2    in cement stone under the action of carbonic acid: 

Ca(OH)2 + CO2 > CaCO3 + H2O.
In the presence of carbonic acid CaCO3 transforms into high soluble calcium bicarbonate which is washed out from the concrete: 

CaCO3 + CO2 + H2O - Ca(HCO3)2.
There is evidence [1] that the break-down of concrete in the Black Sea is caused partly by the action of bacteria, and, as this takes place, bacteria oxidizing sulphur into sulfuric acid has a dominant role.  Seawater has the most pronounced effect on the concrete above the upper water level. When water evaporates from the concrete it leaves solid precipitate which is formed from salts dissolved in the seawater. Permanent penetration of water into concrete and its further evaporation result in accumulation and growth of salt crystals in the concrete pores which involves expansion and cracking of the concrete. The presence of K+ and Na+ intensifies the process, since the contact of carbonic acid containing in the air with the surface of concrete causes alkali carbonization with the formation of Na2CO3 и K2CO3. Apart from the salts, the above-water concrete is alternately subject to freezing and thawing, as well as drying and wetting.
Due to the absence of common salt corrosion the beak-down of concrete in the area of changing water level is less than of that above the water but in the immediate vicinity of the upper level. The underwater concrete not exposed to cyclical action of the above mentioned agents rarely breaks down. The joint action of Mg2+ и НСО3- is responsible for the external cover of the underwater concrete which normally consists of a 30 (m thick layer of brucite and a layer of aragonite which is formed on the first layer but more slowly. СаСО3 deposits basically like aragonite rather than calcite because of the presence of Mg2+ ions. When concrete is of high quality this layer inhibits corrosion [ ]. When corrosion does occur, it involves leaching, action of MgSO4, carbonic acid corrosion, penetration of Cl- ions, and possible corrosion of reinforcing elements. Experiments have shown [3] that seawater corrosion of steel reinforcing elements is not observed only when they have dense watertight protective coating more than 4.5 cm thick.   
The most serious and dangerous damages for the whole structure are damages of thin reinforced concrete elements, such as piles. 
The work of V.M. Moskvin et al. [4] cites an instant of destruction of reinforced concrete piling [open] pier which piles 2.5 m high in the area of changing water level were not protected against corrosion. Within a year nearly total absence of concrete in this area was found, so that the pier was held just by reinforcing elements. The concrete below the water level was intact.
The possibility of making durable piles for marine structures lies in the use of exterior glass-reinforced plastic elements. By corrosion and frost resistance such constructions are highly competitive with that made from polymeric materials only, while by strength, stiffness [rigidity] and stability are even better. The durability of constructions with external glass-reinforced plastic reinforcing depends on the corrosion resistance of reinforcing. Owing to proofness and impenetrability of coating the concrete is not exposed to attack by corrosive media and therefore its composition may be determined reasoning from the required strength only.

The prospects for the use of concrete constructions with glass-reinforced plastic reinforcing are attested by the works of the Institute of Construction and Architecture of the State Committee of Belarus Soviet Socialist Republic for Construction, Scientific Research Institute of Concrete and Reinforced Concrete of the State Committee of the USSR for Construction, Moscow State University of Railway, Kharkov Civil Engineering Institute, Siberian Scientific Research Institute of Power Engineering, Moscow Scientific Research Institute “Selenergopojekt”, Central Scientific Research Institute of the Ministry of Transport Construction and other organizations, as well as by the experience accumulated abroad.

Types of Glass-Reinforced Plastic Reinforcing 
Glass-reinforced plastic reinforcing may be external, internal or combined.

Internal Non-metallic Reinforcing. It is used when the medium is corrosive for the steels, but not corrosive for concrete. When the medium is corrosive for concrete external reinforcing is used. Internal reinforcing may be classified as discrete and disperse. Discrete reinforcing is made with the use of glass-reinforced plastic bars [rods] of specific diameter as alternatives to steel ones. Being as strong as steel rods, glass-reinforced plastic bars [rods] are much more resistant to attack by corrosive media and hence are used in constructions running into the danger of corrosion. The glass-reinforced plastic bars [rods] are often combined to make flat reinforcing fabrics or three-dimensional reinforcing cages. To make reinforcing cages the glass-reinforced plastic bars [rods] are held together with self-catching plastic cleats or tied together. Disperse reinforcing is made through adding cut fibers to concrete mix where they are distributed in a chaotic manner. By taking special measures it is possible to obtain directional arrangement of fibers. Dispersely reinforced concrete is usually termed fibrous concrete.

External Glass-Reinforced Plastic Reinforcing. The basic concept of external reinforcing lies in multi-purpose use of external sheet reinforcing. It may serve three important functions at a time: force, protection and framework [forms]. Since the glass-reinforced plastic cover [shell] is water- and air-tight, it properly protects the concrete from the atmospheric attacks and, owing to its high strength, serves as reinforcement, even more effective than internal bar reinforcement, because it is located at a bigger distance from the neutral surface.   
The external reinforcing may be continuous and discrete. Continuous reinforcing is made with the use of sheet reinforcing material, while discrete reinforcing is made with the use of separate strips or fabrics. Often just one tensile [tension] face of beam or one plane of plate is reinforced. In case of one-sided [unilateral] external reinforcing of beams it is worthwhile to fold the reinforcing sheets and to bring in the folded ends on the lateral faces so that to add strength and enhance the resistance of construction. External reinforcing elements can be placed both over the entire surface of carrier and over the most stressed sections (where protection of concrete from attack by corrosive media is not needed).  There are two practicable methods to get concrete constructions with glass-reinforced plastic cover [shell]. The first method implies that glass-reinforced plastic cover [shell] is placed over pre-dried concrete components by wrapping glass fiber around these components and by impregnating each layer of fiber by resin. On polymerization of the binder, the fiber turns into a solid glass-reinforced plastic cover [shell], and the whole component becomes so-called tube-concrete construction. The second method is based on 
preliminary making of glass-reinforced plastic cover [shell] and its further filling in with concrete mix. The first method of making glass-reinforced plastic reinforced constructions (GRP reinforced constructions) provides a way of creating lateral prestress of concrete which considerably ruggedizes the resulting component [1, 2] and acts upon its stress-strain behavior. The concrete prestress is created not only by tension of glass fiber (though it constitutes the major portion of the prestress), but also through shrinkage of the binder in the course of polymerization. As an example, the shrinkage of polyester resin is 5-6%. The external reinforcing can be also made by looping glass tape [band] around components [3]. In some cases the glass-reinforced plastic cover [shell] essentially changes the stress-strain state of concrete [ ]. For instance, thanks to rigid [inflexible] cover, uniaxial stressed state of tube-concrete component exposed to axial compression transforms into triaxial compression which is favorable for the concrete. Tube-concrete GRP-elements may have any cross section (round, circular, rectangular, trapezoidal, T-, double T-, etc.), but under axial compression the break-down generally occurs as a result of breakage of casing at the points of stress concentration [ ]. Consequently, axially compressed components should be designed so that to have rounded-off dihedral angles. 
Combined Reinforcing. When external reinforcing is inadequate to resist mechanical loads, then internal reinforcing elements, both glass-reinforced plastic and metallic, are used.

Corrosion Resistance of Glass-Reinforced Plastic Reinforcing Elements  

For the most part, resistance of glass-reinforced plastics to attack by corrosive media depends on the type of polymeric binder and fiber. When glass-reinforced plastics are used for reinforcing concrete components their resistance should be assessed not only with relation to medium, but with relation to liquid phase of concrete as well, because curing concrete is an alkaline medium which destroys aluminoboronsilicate fiber which is commonly employed. In this case, the fibers are to be protected by resin layer or fibers of different origin are to be used. When concrete constructions are not exposed to moistening [wetting] corrosion of glass fiber does not occur [1]. When concrete constructions are exposed to moistening [wetting], alkalinity of medium can be substantially decreased by adding the cement with active mineral admixtures into the concrete. 
In studies of corrosion resistance of reinforcing elements based on aluminoboronsilicate fiber and epoxiphenol binder (which content in glass-reinforced plastic is 22-24 %) the test specimens were exposed to acids, alkalis, salt solutions, etc. Besides, the action of corrosive media on the reinforcing elements through concrete was also studied.  The tests have shown [ ] that corrosion resistance of GRP reinforcing elements in acidic medium is more than ten times higher than that of steel reinforcing elements, and in salt solutions it is five times higher. Alkaline medium is the most corrosive one for GRP reinforcing elements. The fall in strength of GRP reinforcing elements in alkaline medium is resulted from penetration of liquid phase to the glass fiber through revealed defects of the binder, as well as from diffusion through the binder. It should be noted that the range source materials and present-day technologies of production of polymeric materials make it possible to control the properties of binder for GRP reinforcing elements over wide limits and to obtain extremely low-permeable compounds and hence to minimize the corrosion of fiber.

Action of Temperature
When temperature falls from 20 to -40°C the strength of GRP reinforcing elements on epoxiphenol binder grows by 40 %. When temperature rises from 20 up to 300°C their strength gradually declines to 60 % of the initial value (at 20°C). Further rise of temperature causes a severe decrease in the strength because of destruction of the binder [11].
The variation in strength of GRP reinforcing elements in the temperature range from -40 to 300°C is reversible.   

Prestress of GRP Reinforcing Elements

Modulus of deformation of GRP reinforcing elements is 4-5 times less than that of steel. Because of this, it is advantageous to use them only in prestressed constructions. Basically, three methods of prestressing of concrete constructions with discrete GRP reinforcement are used: post-tension, pre-tension and continuous winding. The most commonly used method is post-tension. With the use of special devices the reinforcing elements are extended to the given size and fastened to the side components of metal mould after which the concrete is placed and exposed to thermal wet treatment to accelerate its cure. Once the concrete gains 70% of finite strength, the compression force [the stress] is transferred to the concrete. The prestressed GRP-reinforced constructions are produced with the use of the same basic equipment and attachments that are employed at prefabricated reinforced concrete plants but after some modification. Considering that elasticity modulus of glass-reinforced plastic is lower than that of steel, the tensioning stations are to allow for pronounced displacement, like 1.5 cm by 1 m.   
Serious problems are connected with clamps for glass-reinforced plastic reinforcing elements.   The most commonly used clamp is the clamp consisting of two steel plates with semicircular grooves to place a reinforcing bar [rod]. The plates are clamped up by screws thus compressing the reinforcement. In this case, with the availability of special insert it will be possible to clamp two bars [rods] of the same diameter in it. In case of pre-tension there are ducts in the concrete to   place reinforcing elements. The tensioning is effected with the use of hydraulic jacks fixed on the concrete component by special anchors. 
At the end of the process petrolatum is injected in the duct so that to fill in free space and to secure the reinforcing elements. The third method involves winding of flexible glass-reinforced plastic bars [rods] or bands around the component, but it does not find extensive application as opposed to looping of fiber bundles impregnated with resin around the component and following polymerization of the binder right on the concrete component which is more adaptable to streamlined production. The bundles are placed in the grooves made in the concrete and covered with a protective layer of polymer.  
The work [1] proposes the external reinforcing method which implies that glass-reinforced plastic cover [shell] is applied on the concrete component compressed on both ends. The component is kept in this state until the binder is completely polymerized. After relief of compression force [the stress] the concrete tends to take the initial state, but the glass-reinforced plastic element retards it. As a consequence the stress persists in the concrete, while extending forces arise in the glass-reinforced plastic cover [shell].   The compression forces [the stress] may be applied both along the axis of construction and eccentrically. The eccentric compression [prestress] is employed to make bending and eccentrically compressed components. The prestress may be accomplished by applying of lateral force in a direction opposite to the working load. This method may be used for tensioning of externally reinforced constructions. While making a concrete component it is necessary to leave ducts for GRP-reinforcing elements which will be formed right in the ducts, such as by injection of binder after the bar [rod] is put in place. Upon the stress-relief expanding forces develop in the reinforcing elements.

Use of the GRP-Reinforcing Elements for Repair of Concrete Reinforced Constructions 
Traditional methods of strengthening and reconditioning of concrete reinforced constructions are rather labor intensive and, in many cases, call for a long outage of production. When medium is corrosive, then after the repair it is essentially to protect the construction against corrosion. High manufacturability, short period of hardening of polymeric binder, high strength and corrosion resistance of external GRP-reinforcement predetermine its utility for strengthening and reconditioning of carriers. The methods applicable for these purposes depend on structural features of the components under repair.

Economic Efficiency of GRP-Reinforced Constructions
In corrosive media the service life of concrete reinforced constructions decreases drastically. Their replacement with GRP-reinforced constructions helps to avoid general maintenance [overhaul] costs which may be substantially increased due to the outage. The work [11] contains the calculation of economic efficiency of replacement of concrete reinforced constructions with GRP-reinforced ones, when used in various corrosive media at synthetic-base fiber plants.  
Investments in erection of GRP-reinforced constructions are much higher than of concrete reinforced ones, but they will recoup themselves in 5 years, and in 20 years the economic effect will be double the costs of erection.

