Research on effects of pulsating water jets on concrete
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Abstract

An article briefly presents results achieved during laboratory and in-situ tests of removing surface layers of concrete exposed to various environments using several types of high-velocity water jets commonly used in the rehabilitation praxis or advanced water jets the use of which is expected in the near future. The effects of pulsating jets were always compared with classical continuous jets under identical or similar working conditions.
Introduction

During their life, concrete structures are exposed to the influence of surrounding aggressive effects. The effects of aggressive environment, the use of the structure during the course of time and the loads induced by the operation can lead to damage of the whole structure. This can also happen due to inappropriate using of the structure, excessive loading or an action of a fire. Transport structures (roads, tunnels, bridges) belong among highly exposed concrete structures (through cyclic loading, climatic conditions, application of thawing chemicals, actions of fires etc.). The already damaged structures have to be returned to an operational condition in the shortest possible time, which requires a specific rehabilitation intervention. The rehabilitation of concrete structures requires that a defective concrete layer is removed on the basis of an expert assessment and design and the defective parts of the structure are replaced. The removal of defective layers therefore represents an important stage during the course of the rehabilitation and maintenance of concrete structures. Apart from the today already traditional methods, such as cutting off, breaking by jack hammers, dry or wet sand blasting, flame cleaning and milling, more and more technologies used to this purpose are based on high-velocity water jets. In our country the use of water jets for these purposes is recommended, whilst in some countries it is, owing to the unique properties of water jets, even required.
The well-known ability of water jets to selectively remove a defective layer can be further enhanced by introducing high-frequency acoustic pulsation into the water jet by means of an acoustic generator of pressure pulsation. The generation of sufficiently high and fast (20 kHz) pressure pulsation in the high pressure system before water discharges from the nozzle makes the creation of the so-called pulsating water jet possible. On the one hand, the water jet discharges from the nozzle as a continuous flow. On the other hand, it changes at a certain distance from the nozzle to a pulsating water jet as a result of the breaking-up of the continuous flow into bunches of water. The advantage of such a water jet in comparison with common continuous water jet is that the impact of each bunch of water of the pulsating jet produces impact pressure at the point of impact, which multiply exceeds the stagnation pressure exerted on the impact area by the classical continuous water jet under otherwise absolutely identical working conditions. This phenomenon causes serious damage to both the surface and the internal structure of the material being disintegrated. Due to the pulses in the water jet, fatigue and shear stresses are induced in the material as a result of high-frequency cyclic loading acting on the impact area and/or as a result of the action of the high velocity flow of the liquid along the surface. This effect further increases the efficiency of the pulsating liquid jet in comparison with the continuous flow. In addition, the use of the pulsating jet makes significant reduction of the working pressure of water possible (roughly to 30 – 70 MPa) with the disintegration effect comparable with standard high pressure equipment used for treating and maintenance of the concrete surfaces (pressures 150 – 200 MPa).

Authors are dealing with the research on removal of concrete surface layers by high-speed water jets over 20 years. This article attempts to summarize their knowledge and own experience, which were achieved in this research area. The efficiency of a pulsating water jets in comparison with a continuous water jets during the removal of surface layers of undamaged (healthy) concretes (Sitek et al. 2011), concretes with different physical-mechanical properties and concretes disturbed due to the lack of technological discipline (Hela et al. 2007), concretes exposed to effects of aggressive environments and/or frost (Sitek et al. 2009) as well as concretes which were damaged by high temperature (Sitek et al. 2013) was investigated.

Compact concretes

The experiments were focused on the process of damaging B55 - C45/55 - XF4 grade compact concrete by means of a flat and rotating pulsating water jets. Results were always compared with the effects of a flat continuous water jet and rotating continuous and rotating pulsating water jets on the same type of concrete. The flat (fan) water jet is currently beyond the scope of interest of companies dealing in rehabilitation of structures. Because of the fact that its energy is spread over a relatively great width, it is not capable of sufficiently damaging concrete in the cases of commonly used parameters of water jets. It was developed for certain special applications (cleaning, removing hot scales from surfaces etc.). A different situation occurs when high frequency pulsations are introduced into flat jet. The pulsating flat jet is then capable of damaging compact concrete even when common high-pressure rehabilitation facilities are used.

Kerfs were cut in the concrete test beams with individual types of water jets. A Lechler-type 602 571 nozzle with the spraying angle of 15° and the equivalent diameter of 2.05 mm was used for the generation of flat water jets. Rotating water jets were generated by means of a Barracuda rotating head with two 1.19 mm-diameter nozzles mounted on it. A water pressure of 30 MPa was applied at all tests. The distance of the concrete being disintegrated from the nozzle was maintained at 40 mm in the case of the flat jet, both pulsating and continuous. When the rotating continuous water jet was used, the distance from the nozzle was 20 mm, whilst the distance of 40 mm was used for the pulsating water jet because of the higher efficiency of this jet at a greater distance from the nozzle because of the breaking-up of the water jet into the water bunches. The ultrasound output during the course of cutting with pulsating water jets was 630 W; the acoustic generator produced acoustic waves with the frequency of 20 kHz. The cutting rate of 0.2 m.min-1 was maintained in all cases. The disintegrated volume was measured for each kerf and a macroscopic analysis of the newly originated surface after the water jet cutting was conducted for selected kerfs.
Of the entire set of kerfs in the specimens being analysed, it was proved that the pulsating water jet acting under identical conditions always disintegrates a greater volume than the continuous water jet. It further followed from the results that the flat pulsating water jet disintegrates about 7.2 times greater volume of concrete than the flat continuous water jet under identical conditions. When the rotating pulsating water jet is used, this ratio is approximately 2.9 in comparison with the rotating continuous water jet. The graph in Fig. 1 displays the specific energy required for disintegrating 1 cm3 of concrete for all of the observed water jet types. The comparison of the efficiency of the flat pulsating water jet with the rotating continuous water jet, which is usually used for rehabilitation operations, is interesting. The flat pulsating water jet is capable of disintegrating roughly a twice as big volume at otherwise identical energy demand. Because the acoustic energy necessary for the generation of pulses in the pulsating water jet represents a negligible part of the total energy needed for the generation of the water jet (about 1-2%), it turns out that the flat pulsating water jet can become a serious competitor of rotating heads in the future. It has followed from the macroscopic analysis of the newly originated surface after the cutting by the individual water jet types that, whilst continuous water jets remove only the surface part of the hardened cement paste or (in the case of the rotating water jet) only partially expose aggregates in the concrete, the pulsating water jets remove the hardened cement paste down to the aggregates, which subsequently protrude from the newly created surface topography.
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Fig. 1. Specific energy required for disintegration of 1 cm3 of concrete for tested jet types

Concretes consisting of layers featuring different physical-mechanical properties or concretes damaged due to the lack of technological discipline

The experimental research was conducted on special concrete specimens produced on purpose from two concrete layers with different parameters. The concrete layers had different final physical-mechanical properties (first of all the strength); the composition of aggregates, cement types and water-cement ratios were altered. To allow visual inspection, the concrete layers were pronouncedly distinguished using a coloured pigment. The priority objective of the research was to verify whether the pulsating rotating high-velocity water jet technology is really selective and whether the efficiency is reduced during the disintegration process (the amount of the material being removed is reduced) at the moment when the water jet penetrates up to the higher quality concrete. This analysis partially simulated the real application of the water jet technology to the rehabilitation of concrete structures where we remove the surface layer of concrete which was damaged in a certain way, exhibiting worse physical-mechanical properties, whilst trying to maintain and further not damage the higher quality concrete to the as high as possible extent.

The commonly used rotating pulsating water jet was chosen for the experiment; it was again compared with the commonly used rotating continuous water jet. Kerfs were cut in the concrete specimens using both water jet types. A Barracuda rotating head was mounted with a pair of nozzles 1.47 mm in diameter; the water pressure was maintained at the value of 30 MPa. The distance of the concrete being disintegrated from the nozzles was 20 mm for the continuous water jet and 40 mm for the pulsating water jet (because of higher efficiency). The ultrasound output during the cutting with the pulsating water jet was 630 W and the frequency of the generation of acoustic waves was 20 kHz. The cutting rate (0.1 to 0.5 m. min-1) was variable parameter through which the kerf depth was regulated. It was gradually reduced until the harder, coloured lower layer of concrete was reached. The cutting of kerfs using the continuous water jet was performed under identical conditions. The disintegrated volume was determined for each kerf.
The higher efficiency of the pulsating water jet compared with the continuous water jet was again proved. The pulsating water jet disintegrates about 2.3 to 6.3 times greater volume of concrete under identical conditions. The higher ratios are achieved first of all at higher cutting rates, where the duration of the action of the cutting on the surface is shorter. Whilst in such a case the energy of the continuous impact of the water jet is not sufficient for the disintegration of the surface layer of concrete, the pulsating jet is already capable of disintegrating concrete very well. At lower cutting rates the differences between both jet types are diminished. Similar results can be achieved even when the cutting rate is constant and the water pressure is variable. The pulsating water jet (i.e. at a lower water pressure) will overcome the threshold boundary when it will be able to disintegrate concrete earlier. The effects of the continuous water jet will manifest themselves only at higher pressures.
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Fig. 2. Slots created by rotating pulsating jet (A) and rotating continuous jet (B) in C20/25 concrete (Vr – disintegrated volume)

In addition, the ability of both water jets to selectively remove a damaged layer of concrete was proved. After the damaged layer had been relatively easily removed, it was necessary to exert increased energy for the disintegration of the hard, non-damaged lower layer. When the resistance of specially produced concrete layers to the action of water jets was being assessed, it was found out that a layer of undisturbed concrete (grade C20/25, without the lack of technological discipline) resists best of all to the water jet. A layer of insufficiently compacted concrete came off slightly worse, followed by a layer containing a high proportion of sand. The lowest resistence was offered by little compact concrete (grade C12/15) and concrete with a high amount of mixing water. An example of the appearance of the kerfs after the cutting with the continuous rotating water jet and with the pulsating rotating water jet is presented in Fig. 2.

Concretes exposed to the action of aggressive environment or frost

This research was focused on the disintegration of concretes exposed to the action of frost, chlorides and sulphates by means of flat pulsating water jet and flat continuous water jet. Concrete cubes with the average strength of 40 MP were divided into several groups and each group was subjected to some of the following corrosive tests: a frost-thawing test (the ability of specimens in a water-saturated condition to resist repeated freezing and thawing – the concrete cubes were exposed to 100 freezing cycles as required by the standard ČSN 731322), a test of concrete resistance to frost and thawing chemicals (specimens of water-saturated concrete are to be put to a dish containing a 3% solution of NaCl, to be submerged to the height level of 5±1 mm; they are subjected to frost-thawing cycles in the testing place; the concrete cubes were exposed to 100 cycles as required by the standard ČSN 731326), the action of chlorides (concrete specimens were fully submerged in an NaCl solution for 6 months) and the action of sulphates (concrete specimens were fully submerged in the Na2SO4 solution for 6 months). A part of the specimens were stored for reference purposes. Kerfs were cut in all concrete cubes with water jets; the disintegrated volume was determined for each kerf and a macroscopic analysis of the surface newly originated after the cutting with the water jet was carried out for selected kerfs. 

The kerfs were cut using a 602 571 type of the flat nozzle Lechler with the equivalent diameter of 2.05 mm and the spraying angle of 15°. At the pulsating water jet, an integrated acoustic generator created acoustic waves with the frequency of 20 kHz. The water pressure was maintained at 30 MPa during all tests. The distance of the concrete being disintegrated from the nozzle was 40 mm; the ultrasound output was set at 630 W during the cutting with the pulsating water jet. The rates of the cutting with the water jet were 0.1 m.min-1, 0.2 m.min-1, 0.4 m.min-1 and 1 m.min-1, if the condition of the particular specimen allowed it.

It again turned out on the basis of studying all kerfs cut in the concrete specimens that the pulsating water jet is more efficient than the continuous water jet. However, the ratio between the volume removed from the specimen by the pulsating and the continuous water jet varies depending on the type and degree of decomposition of the specimen or on the disintegration rate. The smallest ratio was determined in the case of specimens after testing of the concrete resistence to frost and thawing chemicals (about 1.1) at the cutting rate of 0.4 m.min-1; at the rate of 1 m.min-1 the ratio increases to 2.8. By contrast, the highest ratio was registered at reference samples which were not disturbed by corrosion, at the cutting rate of 1 m.min-1 (about 6.7). The ratio ranging from 2.8 to 4.5 was recorded at specimens kept in the NaCl solution; the ratio ranging from 2.8 to 4.9 was achieved at specimens submerged in the Na2SO4 solution. At the specimens exposed to the action of frost, the ratio was about 1.9.

After the tests of the concrete resistance to frost and thawing chemicals, the concrete surface was so much disintegrated (see Fig. 3) that the coarse aggregate was exposed in the upper part and the hardened cement paste including fine aggregate was partly crumbled away from the specimen. The remaining disturbed structure of the hardened concrete paste and fine aggregates was easily removed by both the pulsating and continuous water jet up to the coarse aggregate, which was no more being removed from the kerf taking into consideration the particular test parameters.
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Fig. 3. Slots created by flat pulsating jet (A) and flat continuous jet (B) in concrete after test of resistance to chemical de-icers (Vr – disintegrated volume)

On the contrary, at the samples undisturbed by corrosion, the best ratios were achieved between the pulsating and continuous water jets because the continuous flat water jet is not able to significantly desintegrate non-eroded and sufficiently strong concrete structure at the specified parameters. Conversely, the pulsating water jet, owing to the high-frequency cyclic loading acting on the specimen surface, removes the hardened concrete paste or even fine aggregates without greater difficulties. This property manifests itself most expressively at higher cutting rates. At compact concretes, the identified ratio of about 7.2 is even more advantageous for the pulsating water jet.

Certain difficulties occurred during the cutting of specimens subjected to 100 frost-thawing cycles: they completely disintegrated at lower cutting velocities regardless the water jet type applied because of the disturbance of the specimens by cracks. Despite the fact that the concretes did not exhibit any visual damage after frost-thawing tests and compressive strength after freezing was almost 85% of its original strength, it turned out that the resistance to the water jet penetration was totally negligible. It is therefore possible to assume that the reason was the damage suffered during the freezing. We therefore recommend on the basis of this fact that other types of tests should be carried out on the concrete specimens which should reveal the disturbed structure (the strength of surface layers, examination of actual pore structure, absorbing capacity of surface layers etc.). A macroscopic analysis confirmed the previous findings that, whilst the continuous water jets remove, under the given test conditions, only the surface layer of the hardened cement paste or, in the case of corroded specimens, partially expose aggregates inside the concrete, the pulsating water jets remove the hardened cement paste up to the aggregates, which subsequently protrudes from the newly created surface. The true area of the surface created by the pulsating water jet is therefore larger than it is in the case of the surface created by the continuous water jet.

Concretes damaged by high temperature

Loading of concrete structures by high temperature causes loss of its capacity particularly at the most strained surface layers. Damage can be so large that even the whole structure can be destroyed. Temperature during fire which destroys concrete structure e.g. in road and railway tunnels can be as high as 1200°C. At this temperature, the whole structure of cement paste degrades and the bearing capacity decreases rapidly.
For the test on resistance of various concretes (exposed to thermal stress) against the penetration by high-speed water jet, four series of concrete samples were prepared. The same cement was used for fabrication of all samples; four concrete mixtures differed by various types of aggregates (granodiorite or basalt) and possible presence of two types of polypropylene fibres. Samples were heated to temperatures of 200°C or 600°C. Several samples were left without any thermal loading as a reference for comparison of property changes. Straight kerfs were cut in every concrete sample by flat continuous high-speed water jet (nozzle equivalent diameter of 2.05 mm and spraying angle of 15°). Cuts were performed at pressures of 30 MPa and 70 MPa. The standoff distance from the nozzle exit was 40 mm. Traversing velocity was set to 0.2 m.min-1 and 1 m.min-1, respectively. Disintegrated volume of every kerf was determined as a measure of performance of the jet.

It follows from the results that the higher working water pressure and slower movement of the nozzle over the treated surface cause removal of higher amount of concrete regardless whether the concrete is influenced by high temperature or it is thermally unaffected. The higher the temperature influencing the concrete, the better is disintegration of surface layers by both types of flat water jets and penetration to greater depths because of damaged concrete structure and lower strength. Concrete with basalt aggregate resists better to action of water jet compared to concrete with standard granodiorite aggregate. Basalt aggregate as igneous rock has a very low thermal expansion and therefore concrete structure after heating is slightly disturbed by formation of secondary cracks. The presence of polypropylene fibres has a positive effect mainly on the strength of concrete; the difference in the resistance of such concrete to penetration of water jet is more or less negligible. Crucial role in the resistance of concrete against the jet penetration plays especially type of used aggregate.

The efficiency of water jets in removing layers of concrete affected by high temperatures can be significantly increased by introducing high-frequency pulsations into the jet. Pulsating jet penetrates to greater depths and is able to remove higher volume of concrete if parameters of pulsating jet are set appropriately. A greater difference in the efficiency of both jets is achieved in concretes without temperature exposure, because their structure is not damaged (Fig. 4, kerfs A and B). The ratio between the amounts of concrete removed by both types of jets clearly prefers pulsating jet to continuous one (2.7 times more efficient). The ratio is reduced to 1.7 for concretes heated to 600°C (Fig. 4, kerfs C and D). The ratio reduction can be explained by sufficient failure of the concrete structure by high temperature. Then even continuous jet is able to penetrate to greater depths. The use of pulsating jet is the most effective in unbroken "healthy" concrete, however pulsating jets is staying ahead of continuous one also in heat-affected concretes (see Fig. 5). One can see a noticeable difference in the resistance of various concrete mixtures against the penetration of the jets (compare MIX I – mixture with granodiorite aggregate to MIX II – mixture with basalt aggregate), especially when heated to 600°C. The graph in Figure 5 shows that for a specific mixture similar trend of curves is maintained for both types of jet.
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Fig. 4. Comparison of appearance of kerfs created by continuous flat water jet (kerfs A, C) and pulsating flat water jet (kerfs B, D) in concrete prepared according to mixture with granodiorite aggregate before (kerfs A, B) and after temperature loading to 600°C (kerfs C, D). Vd – disintegrated volume, equivalent nozzle diameter 2.05 mm, standoff distance 40 mm, water pressure 30 MPa, traversing velocity 1 m.min-1
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Fig. 5. Comparison of effects of continuous and pulsating flat water jets on concretes prepared according to selected mixtures depending on temperature loading. Equivalent nozzle diameter 2.05 mm, standoff distance 40 mm, water pressure 30 MPa, traversing velocity 1 m.min-1
In-situ removal of surface layers by water jets

After successful laboratory testing, the field testing of the process of removing surface layers from a standard concrete panel (compressive strength of approximately 40 MPa) stored in a normal outdoor environment (exposed to the effect of frost and atmospheric vapours, without chemicals) for 18 years was accomplished. The layers were removed with both a continuous oscillating and pulsating oscillating water jets using mobile equipment (programmable caterpillar manipulator). The tests were conducted at various water pressures (30 to 200 MPa) and various nozzle diameters (0.81 to 2.26 mm). The distance of the nozzle from the surface to be disintegrated of 45, 50 and 60 mm, respectively, was selected depending on the optimal distance of the particular pulsating water jet. The area-related rate of disintegration was, with respect to the pre-programmed oscillating motion of the nozzle, approximately at 12 cm2s-1. This rate was identical for all tests. The volume of the disintegrated concrete was calculated from the known dimensions of the treated area and the average depth. The calculated volume then served as the measure of the water jet efficiency measure. With respect to the different diameters of nozzles, different water pressures, and thus difficult comparison of individual jet efficiency, the hydraulic power Ph was calculated for each water jet.

The comparison causes no difficulties when both surfaces are treated with both the continuous and pulsating water jet under identical working conditions and the surfaces are located in the same place on the panel. An example of such surfaces, which were treated by both water jet types under identical conditions including the removed concrete volume Vd is presented in Fig. 6. The difference is obvious at first sight: whilst the continuous water jet is not able to sufficiently disintegrate the upper layer of concrete and only partial washing off of the disturbed hardened cement paste from the panel surface is achieved, the pulsating water jet easily removes the concrete layer up to the required depth and forms a substrate for the potential application of rehabilitation mortars or protective layers. The volume of concrete removed with the pulsating water jet is at least 3.8 times larger than the volume removed with the continuous water jet under identical working conditions.
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Fig. 6. Comparison of surfaces treated by pulsating oscillating jet (A) and continuous oscillating jet (B) on concrete road panel (Vd – disintegrated volume)

Of course, water pressures used in the common rehabilitation praxis for the removing of concrete layers by means of classical continuous water jets are much higher (up to 200 MPa). At such pressures concrete is easily broken even by continuous water jets. For that reason we decided to compare continuous water jets generated at high pressures with pulsating water jets generated by a several times lower pressure. Several pairs of treated areas with roughly identical volume of disintegrated material were compared; whilst one of them was treated by the continuous water jet, the pulsating water jet was applied to the other. Tests have shown that continuous water jet should have at least twice as high hydraulic power to be able to remove the identical volume as the pulsating jet. On top of that, such a continuous water jet has to be generated at approximately three times higher water pressure. Whilst the pulsating oscillating water jet produces a relatively regular rough surface, the continuous water jet generated by high pressure produces a surface mostly formed by pulling off of cement fragments and small aggregates.
Comparison of effectiveness of individual water jet types 

Specific energy required to remove a unit volume of concrete [kJ.cm-3] for continuous and pulsating water jet was determined for comparison of the effectiveness of different types of nozzles in different conditions to remove concrete surface layers. The ratio of specific energies (specific energy of continuous jet divided by specific energy of pulsating jet) then gives how many times pulsating jet technology is more efficient compared to conventional continuous jet (Fig. 7). Cuts performed by all the nozzles at about the same working conditions were selected for the graph. Nevertheless, efficiency is significantly affected by the properties of removed concrete layer, type and parameters of the jet. It turned out that the best is to use pulsating jets for areal removal of layers (flat, oscillating and rotating jets). Least preferred is the use of pulsating jet for creating notches. However, also in this case pulsating technology is roughly 1.5 times more efficient than continuous one.
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Fig. 7. Ratio of specific energies required to remove a unit volume of concrete [kJ.cm-3] for relevant continuous and pulsating jet

Adhesion of repair mortars to surfaces treated with water jets

The previous research proved that true areas of surfaces treated with the pulsating water jet are larger than the areas of surfaces treated with the continuous one. It will be possible to use this fact in applications where good tension and shear bond with newly applied layers is required from the substrate prepared in this way. The ability of the new layers to adhere to the substrate, which is required to exist during lifetime of the structure, is one of the basic requirements for protective or concrete repair layers. The adequate macroscopic roughness of the substrate provides good anchoring and a large surface area for the bonding. The upper layer is mechanically joined with the substrate. Several studies (e.g. Sakada et al. 1998 and Galecki et al. 2006) have confirmed the fact that the adhesion strength of layers applied to the surface treated with the water jet technology safely meets requirements placed by respective standards on concrete surfaces before rehabilitation and, at the same time, exceeds the values of adhesion strength achieved by applying other concrete surface treatment methods, such as the application of jack hammers, dry or wet sand blasting, flame cleaning etc. Because of the fact that surfaces prepared by the pulsating water jet exhibit greater roughness and relief dissection than it is in the case of the continuous water jet (Sitek et al. 2002), it is expected even better adhesion of repair mortar to the surface than it is at surfaces created by the continuous water jet. This is eventually suggested even by results of the study carried out by Mazáčová et al. (2009): it was found out during standard pull-off tests that average bonding strength in the cases of the pulling off carried out on the contact between mortar and concrete was by about 38% higher in the case of surfaces treated with a rotating pulsating water jet than in the case of surfaces treated with a rotating continuous water jet. The surface treated with the pulsating jet exhibited higher degree of the erosion of the hardened cement paste, with a partially exposed aggregate relief. The cement matrix was visibly removed in the surroundings of aggregate grains. This condition improved the adhesion of mortar to the substrate (see Fig. 8).
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Fig. 8. Detail of cross-section perpendicular to surface treated by rotating pulsating jet

Economic demands of the technology

A part of the study dealt with comparison of the continuous and pulsating water jets in a particular case of removing surface layers of the above-mentioned standard concrete panel from the economic point of view. The calculation was carried out by means of a model used for the assessment of production technologies (Vidová 2007), which was supplemented by specific parameters for the assessment of economic demands of the high-velocity water jet technology as formulated by Zeng & Kim (1993) and Singh & Munoz (1993). The model is based on the assumption that the total economic costs are the most important technical-economic indicator of the operation of equipment and the criterion suitable for the comparison of solution variants. The total technological costs are calculated as a sum of the total fixed cost and total variable cost. These costs are costs incurred in the context of the overall production volume.

In the case of the volume of removed concrete maintained identical, the total costs of one hour of the application of the pulsating water jet are at least 1.6 times lower than the costs of the operation of a continuous water jet (the costs were calculated based on prices available in the Czech Republic in 2012). At higher water pressures and flow rates (thus also at a higher volume of disintegrated concrete per a unit of time) the pulsating water jet technology becomes even cheaper and, at the parameters being monitored, the ratio reached is 1.8. Since both technologies are similar (based on the same principles), the use of pulsating jets yields greatest savings compared to the continuous ones in depreciation items covering total price of the equipment and related costs for repair, maintenance and spare parts. Energy costs are also lower when using pulsating jets.

This specific example cannot be applied generally. Based on the great variety of applications where water jet is used, it cannot be generally affirmed that the pulsating water jet technology is economically more advantageous than other technologies. A specific case should rather be assessed and only then should the decision be made on which technology is to be applied. Anyway, it is necessary to realise that the pulsating water jet technology has become a serious competitor of the relatively widely spread continuous water jet technology (see Hela et al. 2012).

Conclusions

Research on removal of surface layers of concretes using various types of high-speed water jets based on tests in laboratory and field applications demonstrated in all cases higher efficiency of pulsating jets in comparison with the corresponding continuous jets. The higher efficiency of pulsating jet technology is achieved by using nozzles which allow the spreading of the jet energy over a larger area of blasted surface (flat, oscillating or rotating jets). The pulsating water jet better clears the space among coarse aggregate grains, thus the true area of the surface is increased. Such the surface then provides better mechanical anchoring for various coatings and repair materials applied. The knowledge gained by the research into the process of the interaction of water jets with the concretes will make the efficient use of water jetting technology possible at the rehabilitation of concrete structures affected by various environments, physical and chemical load or potential events.

Compared with continuous water jets, pulsating water jets are more advantageous even from the economical point of view when total technological costs are considered to be the most important technical-economic indicator in the process of comparing the production technologies. It is therefore possible to save up to 45% of the costs if the pulsating water jet technology is applied.
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