


ORIENTATION TESTS ON SUCTION PILE INSTALLATION BY THE PERCUSSION METHOD














H.G.B. Allersma1, J.R. Hogervorst2, C. Dufour1


1) Delft University of Technology, Delft, The Netherlands


2) MATech, Nootdorp, The Netherlands


Email:  h.allersma@citg.tudelft.nl ; Web site: http://geo.citg.tudelft.nl/allersma/hgball.htm














�






�
ABSTRACT


Small scale tests have been carried out at 1G conditions in order to examine the behaviour of suction piles during installation by percussion. In this method, the driving force for the pile to penetrate the sea floor is not obtained by continuous pumping, but by creating short pressure pulses. This technique was thought to reduce upheave, allowing installation of piles at locations where the conventional  method fails.


The influence of several parameters was investigated, including pulse time, pile diameter, soil type and flatness of the sea floor. The orientation tests indicated that the percussion method indeed shows advantages in cases where the conventional installation technique is less successful.





INTRODUCTION


In recent years, suction piles have been applied increasingly often in offshore engineering (Wang et al., 1978; Senpere et al., 1982). Suction piles are attractive because of the convenient method of installation. A pile with a diameter of 9m and a height of 10m can be installed in 1 to 3 hours using only a pump. In a previous test programme (Allersma et al., 1997), the installation process was investigated by means of a centrifuge test. Several research programmes have been carried out to investigate the bearing capacity of suction piles. However, little research has been performed to examine the behaviour of suction piles during installation. Some measuring data has been obtained from the installation of piles in practice. In such cases, however, installation proceeds well and consequently the limits of the foundation technique cannot be examined. Because prototype tests are very expensive and time consuming, it is relatively difficult to investigate the process parameters during installation under a variety of circumstances.


It is much easier to change parameters in small scale tests. The soil type can be varied as well as the dimensions of the suction pile and other process parameters. In a small scale test, however, problems arise concerning the stress dependent behaviour of soil. Furthermore, the required pressure gradients are so low that measurements are not sufficiently accurate to visualize slight differences in design. The effect of these disadvantages can be reduced by performing the tests in a geotechnical centrifuge.


Centrifuge tests on suction piles have been reported in literature by Fuglsang et al., 1991; Renzi et al., 1991 and Helfrig et al., 1976. These tests, however, tended to concentrate on bearing capacity, and the suction tests were performed on clay. At the University of Delft, a test technique has been developed in the centrifuge for simulating the installation of piles in soil by suction, in which it even proved possible to simulate a large water depth (Allersma et al., 1997). More than 30 tests have been carried out at 150G, where prototype piles with a height of 10m and a diameter of 9m were simulated. There was found to be a linear relationship between pressure and such parameters as height, diameter and wall thickness.


In a later stage, tests were performed on the horizontal bearing capacity of suction piles (Allersma et al., 1999a). In this test programme attention was focused on the static horizontal bearing capacity of conventional piles. The failure mechanism was studied and it was examined to what extent the bearing capacity was influenced by density and soil type. A comparison was made with the results of finite element calculations, in order to explore how reliable a tool FEM calculation are for design purposes.


As a follow-up, a test programme was carried out to examine methods of optimizing the bearing capacity of suction piles (Allersma et al. 1999b).


The test programme described in this paper was devoted to examining a new method of installing suction piles. In practice it has been found that in some cases the installation proceeds less than perfectly. Circumstances that can hamper the installation are course material, a non-flat sea floor or layered soil (e.g. sand, clay, sand). In these cases a considerable upheave of the soil plug can be expected. Furthermore the installation of slender piles is preferred in some cases. However, if the height/diameter ratio becomes larger than 4, more considerable upheave can also be expected. With a view to enhancing the application scope of suction piles, a new method of installation is proposed in which a large pressure difference is applied for a short period. A series of small scale tests were performed, at 1G conditions in the first instance, in order to gain an impression of the application scope. The aim of this study was to examine the difference in installation between continuous pumping and percussion. An important parameter in this study was the amount of upheave. An investigation was performed into the influence of several other parameters, such as soil permeability, sand bed flatness and height/diameter. Pulse characteristics, such as pulse length, pulse shape, pulse interval, etc., were a further point of research.





PRINCIPLE OF SUCTION PILE


A suction pile is a large diameter cylinder (steel or concrete) which is closed at the top. The pile is open at the bottom. Pump inlets and relief valves are installed at the top. The pile chain attachment lug can be located on top of the pile or below the top against the shell. The pile, which can be launched from an installation vessel or from the aft deck of a supply boat, must be landed softly on the sea floor. The cylinder is lowered to the sea floor with open valves so that the air and water contained can escape rapidly. The relief valves are closed once the pile has penetrated the sea floor under its own weight. Additional weights are usually needed in cohesionless soils such as sands to ensure sufficient penetration of the skirt into the soil to avoid piping when the pumps are started. Pumping the trapped water out of the pile by means of pumps mounted on the top causes a pressure difference between the external hydrostatic water pressure and the water pressure inside the pile. The pressure difference generates the driving force for soil penetration. In permeable soils, water will flow through the pores to the tip of the pile during pumping, and local fluidization results in a reduction of soil stress around the tip and between pile wall and soil plug. This reduction means that the driving force is sufficient to ensure penetration of the pile. Pumping is stopped after reaching the designed penetration depth. In general this depth is reached in about 1 to 3 hours, depending on the soil configuration, the pile dimensions and the pump capacity.


After installation, pore pressures in the soil regain their initial values. The loads are therefore subject to resistance from the soil similar to a conventional driven or drilled pile with respect to friction. The pump, the air valves and any measuring equipment mounted on the top of the pile can be made retrievable for recovery after complete installation.





ISTALLATION BY PERCUSSION


In the case of installation of the suction pile by percussion, the pumping system is enhanced with the addition of a depression vessel (Fig.1). The vessel is put under vacuum prior to any action. A crossover valve is then operated, causing an abrupt pressure difference between the inside and outside of the pile. The sudden pressure difference causes a penetration of 





�FIG. 1 DIAGRAM OF THE PERCUSSION SYSTEM





the pile over a certain length. When the balance in pressure between the depression vessel and the pile has restored, the valve is switched back, allowing a vacuum to be established in the depression vessel again. This process is repeated until the pile has fully penetrated into the soil. At that time the installation unit can be removed. Although a more complicated pumping package is required it is believed that it has the following significant advantages:


the maximum pressure difference is directly available;


no frequency control of the pumping system is necessary;


pump cavitation is avoided;


the penetration proceeds more effectively; 


the risk of penetration refusal is substantially reduced in course soils and in an uneven seabed.


A mathematical description of  the installation process is very complicated, especially in the case of percussion. Furthermore, large scale tests to investigate the advantages of the percussion method are very expensive and time consuming. For that reason a series of small scale tests were performed at 1G conditions in order to obtain an impression of the effect of the new installation method.





SIMULATION OF THE INSTALLATION ON A SMALL SCALE


A diagram of the test setup is shown in Fig.2. The open end of a small scale model of a suction pile was placed at the surface of a sand bed. The dimensions of the largest model used were height H=140mm, diameter D=65mm. The interior of the pile was connected via an electric valve to a vessel. Before starting a test the vessel was brought under vacuum. A 





�Fig.2 Diagram of the test setup FOR simulatING suction pile installation by percussion.
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Fig.3 Typical PROGRESS of a pressure pulse.





number of sensors were connected to the suction pile in order to enable the measurement of relevant parameters. The pressure


difference between the interior of the pile and the outside was detected by a differential pressure sensor. The displacement of the pile was detected by a displacement transducer. This sensor produces a signal that depends on the position of a magnet along a bar. The valve and the sensors were connected to a computer via a data acquisition board. The valve can be activated under software control and the output of the sensors appears as digits in the computer program. The opening time of the valve can be defined in the program (the minimum time was 25 msec.). After the valve receives a signal to open, the computer program starts to read the output of the pressure sensor and displacement transducer. Pulse duration is actually determined by counting the number of readings. The valve is closed when the time has elapsed. In order to monitor the entire pressure pulse, some readings were performed after the valve had closed. As can be seen in Fig.3 the pressure difference proceeds in a rather complicated way in time. 
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Fig.4 Displacement of the pile during a pulse.
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Fig.5 Displacement of the pile after a number of pulses.





Mechanical components in the valve give rise to some delay that could be observed in opening and closing. The peak time was therefore determined from a graph, as the time period for which a negative pressure difference existed. The positive pulse after closing the valve is caused by inertia forces of the pile. It was observed that the first few pulses differ in shape from the later ones, which was caused by changes in the permeability of the sand. 


The displacement of the pile can be measured during a pressure pulse. A typical displacement diagram is shown in Fig.4. It can be seen that the displacement is not linear with time while the valve is open. The rate of penetration is initially slow and increases after a certain time interval. Fig.5 shows the penetration of the pile after each pulse. It was found that displacement had an almost linear relationship with the number of pulses.


One of the most important parameters in monitoring the effect of the different installation procedures is the amount of upheave of the sand plug into the pile. This parameter was measured manually at the end of the tests. In most cases a transparent pile was used, so that the position of the sand plug could be determined easily. The amount of water used to penetrate a pile was determined by manual measurement of the water level in the vessel. It was possible to make comparisons between  the different installation methods.


Most tests were performed in Dutch dune sand (D50=.2mm; k=1.10-4m/s)). This sand was confined in a container with a diameter of 320mm and a height of  420mm. The sand bed was made as dense as possible by hammering. Course sand (D50=1mm; k=1.10-2m/s)) was used to demonstrate that percussion works in cases where the conventional method fails. In some tests, very fine sand was used (D50=.05mm; k=1.10-5 m/s). It appeared, however, that it took a fairly long time for this sand to consolidate. For that reason the sample box was placed in a centrifuge for a 20 minute period. This procedure increases the reproducibility significantly.





TEST RESULTS


Several tests were carried out to examine the influence of the various parameters. The most important test variables were:


pumping strategy (pulse length);  


pile dimension;


permeability of the sand;





Tests in medium fine sand


In the first instance some tests were performed to study the behaviour of the piles during continuous pumping. Although these tests have also been performed in a geotechnical centrifuge (Allersma et al., 1997), 1G tests were carried out to get a better comparison with the 1G percussion tests. The dimensions of the pile used in these tests was H=97 mm, D=60mm (H/D=1.6). The tests were carried out on medium permeability dune sand. The flow rate was changed (28-64ml/s) in order to see the influence of this parameter on the upheave. It was found that flow rate did not have a large influence on upheave (Fig.6). Furthermore, little effect was observed in the amount of water (247-251ml) that needed to be circulated before the pile reached the maximum depth. The most significant difference could be observed in the installation speed (9-4 sec).


The variation in pumping strategy concerns the length of the pulse in the percussion technique. Fig.7 shows the upheave during installation of the pile by percussion in dune sand.  In this graph the upheave is related to the duration of the pulse (57-694ms). An interesting finding was that the upheave decreases as the pulse time becomes smaller. After an opening time of approximately 200ms, however, the upheave is no longer dependent on the pulse time. At longer opening times the averaged pressure appeared to be smaller. The range was from 0.02 bar (695ms) to 0.05 bar (57ms). The associated peak loads were 6N and 14N, respectively, and the number of pulses required to install the pile 8 and 108, respectively. The deeper the pile penetrates, the larger the pressure peaks. This is related to the increasing pile resistance.


The amount of water (excluding the volume of the pile) that needed to be circulated to install the whole pile was larger 
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Fig.6 Upheave related to the flow rate in continuous pumping.
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Fig. 7 Upheave in dune sand, related to the pulse  Time.





at larger peak times (26ml at 57ms and 38ml at 695ms). This amount is about 1/10th of the pile volume.


The use of transparent piles made it possible to observe the difference in the mechanisms. In continuous pumping, fluidization of the sand could only be observed close to the pile wall.  When the percussion technique was applied the entire sand plug was lifted up slightly, which apparently causes a sufficient reduction in friction and a decrease of the vertical stress at the tip level of the pile to allow the pile to penetrate.    





Tests in course sand


Fig.8 shows the upheave in a series of tests in course sand. In this case there seems to be a significant influence of the pulse time on the degree of upheave for pulse times less than 150ms. Much more water needed to be circulated in order for the pile to penetrate (3 - 6 times the pile volume). The tendency could be observed that the water consumption was a minimum (770ml) at a pulse time of 70ms. At the shortest pulse time of 27ms, the required quantity of water was 1745ml, while 1520ml was needed at a pulse time of 350ms. The large water consumption at small pulse times is related to the fact that many more pulses were needed (1300) for the pile to penetrate. Apparently the installation proceeded less efficiently at short pulse times. In Fig.9 the water consumption per pulse is plotted as a function of pulse time. The relationship appears to be almost linear.
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Fig.8 Upheave in course sand, related to the pulse time.
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FIG.9 WATER CONSUMPTION PER PULSE IN COURSE SAND, RELATED TO THE OPENING TIME OF THE VALVE.





The peak load (3.3N at 27ms and 1.7N at 350ms)  caused by the pressure difference on the pile was much lower than in medium permeability sand. This is due to the limit of the pumping capacity. The number of blows required to install the pile completely ranged from 1300 at 27ms to 76 at 350ms.      


It appeared not to be possible for the pile to penetrate with continuous pumping in course sand The largest pulse time causing penetration was about 400ms. This limitation was a clear demonstration of a case where the percussion method shows an advantage over the continuous method.





Tests in fine sand


A series of tests in fine sand (D50=0.02mm) was performed in order to examine to what extent the percussion method allows a larger H/D ratio. A slender pile with dimensions (H=107mm, D=26.5mm, H/D=4) was used in this case. In the first instance the continuous pumping technique was applied. It appeared in several cases that it was not possible for the pile to penetrate in this way. Piping occurred from the outset, which caused the pile to fill with sand without significant penetration. Finally, channels were formed, so that the water could easily enter the pile, resulting in small pressure 
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FIG.10 UPHEAVE AS A FUNCTION OF THE PEAK TIME IN FINE SAND.
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FIG.11 WATER CONSUMPTION PER PULSE IN FINE SAND, related to the opening time of the valve.





differences. In a few cases the pile did penetrate, although this was accompanied by a strong upheave (65%).


It was found that the installation of a slender pile proceeded far better if the percussion technique was used. Fig.10 shows upheave as a function of pulse time. Although there is still a considerable amount of upheave, the penetration proceeds in all the cases. As was shown in previous tests, in this case the upheave also decreased at shorter pulse times. The pressure difference was about 0.2 bar, which was a factor 10 higher than in the case of the piles with larger diameter in dune sand, where the force induced by the pressure was similar (10-14N). Fig.11 shows the water consumption per pulse related to the pulse time. In this case also, a more or less linear relationship can be observed.  It is apparent that much less water per pulse is circulated than is the case in course sand (Fig.8). This observation demonstrates the large range in pumping capacity required for different soil types.     





Tests in course sand and uneven surface


Four tests were carried out on medium-fine sand to investigate pile penetration in the case that the sea floor is not flat. In the first instance the pile was penetrated into the sand by hand to 10mm. Then, sand was removed over a distance of 20 mm (about 10% of the circumference) in order to simulate an incompletely sealed pile. In a second case half of the circumference of the anchor was left unsealed. Two different pulse times were applied: 50ms and 350ms.  In the case of the 50ms pulse, penetration of the pile proceeded without any problem in both tests, whereas no penetration could be achieved with the longer pulse time. In the case of the longer pulse time, fluidization of the whole sand plug occurred. Sand moved into the pile accompanied by piping. Finally, only slight penetration could be achieved with a large upheave. Although it was not easy to reproduce the initial conditions, it is believed that a clear demonstration was given that the percussion method has advantages in cases where conditions are not ideal.





CONCLUSIONS


A series of small scale tests were carried out at 1G in order to investigate the application of a new method for the installation of suction piles. Computer control of the tests was possible without great difficulty by means of a number of sensors and actuators. In view of the fact that the tests were performed at low stress level, caution is called for in the interpretation of the results. Nonetheless, it is believed that the tests show results that can be translated into practice.


It was found that the percussion technique increases the scope of suction pile installation. In circumstances where the continuous pumping method fails, the percussion method was more successful. Some typical cases where the percussion method was dominant were:


installation in course sand


installation of a slender pile in fine sand


installation of a pile in an uneven sand surface


In course sand the upheave is significantly smaller when the pulse time is shorter. In medium permeability sand the percussion method did not yield as great an advantage. However, in these sands the upheave was also smaller at shorter pulse times.


In all cases the pile penetration was found to have a linear relationship with the number of pulses.


The positive results led to a decision to perform a test programme in the geotechnical centrifuge of the University of Delft (Allersma, 1994). The 1G tests have proved to be very helpful in designing an in-flight (100G) testing device. Orientation tests have already shown that the centrifuge test technique is very promising in analyzing the installation of suction piles by percussion.








ACKNOWLEDGEMENT


Many thanks are owed to the technicians at the Geotechnical Laboratory of the University of Delft for their assistance in this work.





REFERENCES


Allersma, H.G.B. (1994), “The University of Delft geotechnical centrifuge”, Int. Conf. Centrifuge94, Balkema, Rotterdam, pp. 47-52.


Allersma, H.G.B., F.J.A. Plenevaux, J,-F.P.C.M.E. Wintgens (1997), “Simulation of Suction Pile Installation in Sand in a Geocentrifuge”, 7th. Int. Offshore and Polar Eng. Conference,  Vol.1, pp.761-765.  


Allersma, H.G.B., A.A. Kirstein, R. Brinkgreve, T. Simon (1999a), “Centrifuge and numerical modelling of horizontally loaded suction piles”, 9th. Int. Offshore and Polar Eng. Conference, ISOPE99, pp. 711-717.


Allersma, H.G.B., A.A. Kirstein, R.B.J. Brinkgreve, B. Ferres, (1999b). Centrifuge and numerical modelling of methods to optimize the horizontal bearing capacity of suction piles. 18th Int. Conf. on Offshore and Arctic Eng., St. John's, on CD-ROM


Fuglsang, L.D., J.O. Steensen-Bach (1991), “Breakout resistance of suction piles in clay”, Proc. Int. Conf. Centrifuge91, pp.153-159.


Helfrig, S.C., R.L. Brazill, A.F. Richards, U. Lehigh (1976), “Pullout characteristics of a suction anchor in sand”. Offshore Technology Conf., OTC6029, pp. 535-540.


Renzi, R., W. Maggioni, F. Smits (1991), “A centrifugal study on the behaviour of suction piles.” Proc. Int. Conf. Centrifuge91, pp.169-176.


Senpere, D. and G.A. Auvergne (1982), “Suction anchor piles- A proven alternative to driving or drilling. Offshore Technology Conference, OTC4206, pp. 483-494.


Wang, M.C., K.R. Demars and V.A. Nacci (1978), “Application of suction anchors in offshore technology.” Offshore Technology Conference, OTC 3203, pp. 1311-1320.





�PAGE  �1�














