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Abstract

:

This work examined a new method of bi-directional static load testing for piles, referencing the Osterberg test. Measurements were taken, on a laboratory scale, using six models of piles driven into a box filled with sand. This method allowed for separate measurements of pile base and pile shaft bearing capacities. Based on the results, the total pile bearing capacity and equivalent Q–s diagrams were estimated. The results obtained show that the structure of the equivalent curve according to Osterberg is a good approximation of the standard Q–s curve obtained from load tests, except for loads close to the limit of bearing capacity (those estimates are also complicated by the inapplicability and ambiguity of a definition of the notion of limit bearing capacity); the equivalent pile capacity in the Osterberg method represents, on average, about 80% of the capacity from standard tests.
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1. Introduction


Static load tests are commonly recognized as the most reliable assessment of pile bearing capacity [1,2,3,4,5]. Preparation of an appropriate retaining structure capable of transmitting the huge loads applied to the pile by a hydraulic cylinder (even 10 or 20 MN) is the most difficult part of the test. Under certain circumstances, an alternative is the Osterberg test, which enables the determination of pile bearing capacity without the need to prepare a retaining structure [6]. Based on two Q–s curves from testing (separate tests for upper and lower parts of the pile), an equivalent curve that represents pile behaviour during standard static load tests can be drawn. A large advantage of the Osterberg test is that the pile capacity can be assessed without a retaining structure. Nevertheless, tests conducted on different types of piles and materials have shown that the stress conditions [7] and the interface behaviour [8] are not the same in both kinds of tests. Consequently, the strength characteristics (stress–strain behaviour) on a pile shaft are different for each test.



This paper presents a new method for running bi-directional static load tests for driven piles. The method refers to the concept of the Osterberg test [6,9], but also to the Austrian method of Hayden [10] for micro-piles and to the Slovak method Vuis-P [11]. This new method allows for separate measurements of pile shaft and pile base bearing capacity and requires no retaining structure, in contrast to standard static load tests. There is a lack of papers comparing the results of the standard and bi-directional static load tests [12] and analysing bi-directional static load tests on a laboratory scale.



Although the model examination (including numerical simulations) is not a substitute for full-scale field tests, it may be a source of additional knowledge about pile behaviour and how the behaviour is affected by various factors such as direction of the shaft displacement.



This paper outlines the traditional static load tests and bi-directional tests made on a laboratory scale for models of driven piles. Based on the results from bi-directional tests, the Q–s equivalent curves were drawn and compared with those from the static load tests. The method shown is directly applicable to models of steel driven piles, but the conclusions could also be useful in analysing other models of displacement piles. The purpose of this research was to compare the two tests in a simple laboratory model. More comprehensive analysis of laboratory tests and scale effects can be found in numerous papers [13,14,15,16,17,18,19].




2. Methodology


2.1. Test Setup


To run tests for model piles, a rigid test box, B × L × H = 1.15 m × 1.25 m × 1.50 m, was prepared. Internal wall surfaces were lined with PVC foil to protect them against moisture and to reduce side friction and boundary effects. The completed box was filled with sand up to a total height of 120 cm.



Siliceous medium sand from a sand mine near Wroclaw, Poland, was chosen for the study. A particle size distribution curve of the sand is presented in Figure 1, and the sand’s parameters are presented in Table 1. The moisture content was considered as insignificant to the test results [20].



The compaction ratio can be calculated as Is = 1.66/1.74 = 0.95. Based on some correlation formulae for sands, the following estimation of the relative density can be derived: Dr ≈ 0.57, so this is a medium-density sand.



The sand was gradually poured into the crate, and twenty-centimeter layers were formed, which were subsequently compacted. The control of sand compaction was carried out using a cylinder and a ZORN dynamic plate with accuracy of 0.1 MN/m2 (Figure 2). At various locations in the crate, three measurements were made at three depths, 40, 70, and 100 cm, for cylinder measurement and four depths, 40, 70, 85, and 100 cm, for the dynamic plate. The results of the measurements are summarized in Table 2 and Table 3. Both tests showed higher soil density at the middle of the box and lower soil density at the bottom. A constant humidity was kept in the room during measurements.



To a certain extent, the situation is sensitive to changes in the relative density, Dr, of the sand. In the authors’ opinion, a relative density Dr~60% is representative, i.e., it corresponds to geoengineering practice, because the use of displacement piles is not recommended in very dense sands. Moreover, the paper is focused on the study of relative relations between the shaft and the base bearing capacities, not on the absolute values; in this way, the results and conclusions are less sensitive to the compaction level.




2.2. Pile Models


Six steel pipes, 1.0 m long, with an outside diameter 4.2 cm and wall thickness 0.25 cm, were used as pile models. The layout of the pile models in the box is shown in Figure 3. Pipes used in testing were identified successively as 1, 2, 3, 4, 5, 6, which corresponded to the order they were installed (Figure 3). The pile heads were situated 20 cm above the top of the sand level, so 80 cm of the pipes were embedded in sand, with 40 cm between the end of the pipes and the bottom of the box. This ratio 40 cm/4.2 cm is close to 10; Polish codes of practice for piling works pay special attention to soil conditions within a layer thickness of 5D below the pile base, any deeper mineral layers are not considered in capacity analysis of a single pile. As all the piles were tested separately, not in a group, it was assumed that there were no bottom effects. A similar assumption was made concerning the distance from sandbox’s walls. Again, Polish codes require that anchoring piles or the points of support of reference systems for displacement control should be out of the 4D-wide zone around the tested pile (it was more than 6D in the tests in Figure 3).



The pile base included a steel cap, with a diameter equal to an external diameter of the pipe, loosely placed under the pipe during driving (Figure 4a). Additionally, all caps included a threaded bolt, enabling a steel pole to be screwed to them (Figure 4b).



Pile models were driven using a light dynamic penetrometer to the depth of 0.8 m (Figure 5). While piles were driven, the number of necessary blows, N10, to settle the pile by successive 10 cm increments was determined. The results for the successive pile models are given in Figure 6.




2.3. Measuring Information


During testing, measurements were taken of the pile model head settlement, s, versus the applied force, Q; thus the Q–s curve was constructed. The force was applied using a jack and was taken by means of a load cell with 0.02 kN sensitivity. Displacements were measured with two sensors: an electronic displacement sensor, Keyence type GT2, with an accuracy of 0.001 mm, and analogue sensor ensuring displacement accuracy of 0.01 mm.





3. Testing Program


3.1. Traditional, Compression Static Load Tests


The first stage included static load tests for model piles loaded on their heads; this enabled the determination of the Q–s curve for the whole pile (Figure 7a). Proper struts for the jack were assured by means of a wooden retaining structure transmitting the forces to the rigid ceiling in the room containing the sand-filled box. A cover plate, sensor, and the jack were placed between the pile model and the retaining structure resting on the rigid box (Figure 8a).



Successive loads were applied step by step (by 0.2–0.3 kN increments) after the settlement of the previous step was stabilized. An example of pile head load and displacement vs. time plot is presented in Figure 9. Electronic sensors provided continuous automatic measurements of the force applied and of pipe displacement. The testing was continued until the loss of bearing capacity, i.e., until an uncontrolled increase of settlement was measured even with a small rise of the load.




3.2. Bi-Directional Static Load Tests


After the first stage, described in Section 3.1, the bi-directional tests were performed on the same six piles. In order to run a bi-directional test, a pole of a dynamic probe was placed inside the steel pipe and screwed to the steel bottom (Figure 4). The jack, resting against an appropriate retaining structure as in the standard testing, was placed on the pole (Figure 7b and Figure 8b). A load was applied as in the standard testing, i.e., step by step (by 0.2–0.3 kN increments) after the settlement of the previous step was stabilized. When the load from the jack was increasing, the pole with the cap was pressed into the soil. At the same time, the pipe was pulled out due to the frame composed by the two flat plates and four threaded bars pulled up the collar attached to the pile head via horizontal set bolts.



During testing, the applied force and displacement of the pulled-out pipe were continuously measured, and additionally, the displacement of the pushed pole was read on a continuous basis (Figure 8b). Testing was finished when either base or shaft failed.





4. Bearing Capacity Analysis


4.1. Determining the Bearing Capacity of Pile Base and Shaft


The test results were used to produce diagrams of pile settlement versus applied force for the standard static load tests and of shaft lifting and base settlement versus applied force in the case of the bi-directional tests. The Brinch–Hansen 80% method [21] was used to approximate the test results as it enables a good fitting of Q–s curves to the results, and to the estimation of the boundary bearing capacity of the pile base and shaft [22]. A reversed parabolic shape of the Q–s curve given by formula (1) is assumed in this method. The shape of the Q–s curve and the ultimate capacity Qult can be determined from the formulae (1) and (2).


  Q =    s    s × A + B    



(1)






   Q  u l t   =  1  2   A × B      



(2)




where A and B are the constants for the Brinch–Hansen method, depending on the system of units adopted.




4.2. Constructing the Equivalent Curve


Based on two Q–s curves (for pile base and shaft) it is possible to draw the so-called equivalent load-settlement diagram, which approximates the traditional static test loads. Several papers have described this problem [6,12] over the years. At the beginning, both curves from the bi-directional test are divided into a series of points. Then, any two points from both curves are selected for the same displacement values and a new point is created. The new point has the same value of displacement, but the ordinate of loads results from summing the loads for the two points selected. This procedure is repeated for successive points until the whole equivalent curve Q–s can be drawn (Figure 10).




4.3. Results


Results are summarized in Figure 11. Each diagram illustrates the testing performed for particular piles. The results of the whole pile settlement, its base, and those for the lifting of the pile shaft are given in the form of points. Additionally, the Q–s curves approximating the results using the Brinch–Hansen 80% method and the equivalent curve together with an estimated total capacity of the pile are presented in Figure 11. A summary of the capacities obtained is also given in Table 4.





5. Discussion


Conducting Osterberg tests pointed out that the bi-directional tests provide the most useful results when the base capacity is close to the pile shaft capacity, which does not happen often. Then, the equivalent bearing capacity from such tests corresponds approximately to the static compression capacity of the pile [6]. In this study for all pile models tested, it was found that the shaft capacity was higher than that of the base. This was anticipated due to the results of the pile installation, when smaller numbers of blows were measured on the lower parts of the piles. Nonetheless, in each case, when the base reached its capacity, the pile shaft was in an elastic–plastic state close to capacity loss. Hence, it was also possible to determine the ultimate bearing capacity of the shaft using the extrapolation with the Brinch–Hansen 80% method.



The capacity results of the pile models differed to some extent. A clear connection between capacity measured and local soil compaction was observed, i.e., larger capacity was found for the pile models featuring higher resistances while they were driven with a light dynamic probe (piles no. 5 and 6 in the central part of the box, Figure 3). The method underestimates, more or less, the bearing capacity, so one can conclude that the shaft pushed into the soil mobilizes the resistance more effectively than the one being pulled-out of the subsoil.



Problems arise when transferring the laboratory test results to full-scale foundation piles. The size of grain highly affects results of scale effects. More conclusive, constructive results could be obtained when finer graining soil is used in model testing, e.g., in [23], or in tests with a geotechnical centrifuge [17] or hydraulic gradient [24].



The differences in capacities obtained for particular piles may be the result of other operating methods for the bases and shafts in the two tests. In the traditional compression test, the shaft operates during penetration, while in bi-directional test, the shaft operates during pulling out. The ratio of the shaft capacity of the pile driven in vs. that of the pile pulled out depends on, but is not limited to, soil conditions, pile installation method, pile stiffness, and other factors. De Nicola and Randolph [25] demonstrated in an example of a parametric study for piles in the elastic-and-ideally-plastic model of Coulomb Mohr, that the ratio between capacity of the pulled out shaft and that of the driven in shaft is maintained within 0.7–0.85. The results found in this paper can also be assessed in a similar range. Note that a 75% reduction of s in the upper Q–s curve in Figure 10 will also cause a correction of the equivalent Q–s curve in Figure 11; in particular, the real Q–s curves in Figure 11 and the equivalent ones will converge.




6. Summary and Conclusions


The guiding principle of bi-directional static test loads is to run separate measurements of the forces transferred by the pile base and pile shaft without the need of constructing an expensive retaining structure. The results obtained were approximated and analysed with the Brinch–Hansen 80% method. This allowed us to assess the bearing capacities and to determine Q–s curves of shafts and bases separately for each pile. Moreover, bi-directional test results were used to draw the equivalent Q–s curves according to the Osterberg method and to determine the total capacity of each pile.



The results showed that the proposed method can be suitable for determining the pile capacity of the pile, which was also confirmed by field tests and numerical simulations [26]. However, in true scale pile tests, results can be difficult to predict due to different layered soil conditions.



The problems that can appear in relation to the bi-directional method are similar to those in the Osterberg test: the bearing capacity of the whole pile is in fact determined by the capacity of the weaker pile element (shaft or base). Hence, it is necessary to perform an earlier assessment of pile capacity in a given soil. In general, the equivalent bearing capacity according to the Osterberg method appeared to be about 20% lower than the standard total capacity.



Operating conditions of a pile base are also different depending on the type of test carried out. In the traditional compression test, loading of the shaft can increase the bearing capacity of the base. In the bi-directional test, pulling out the shaft can cause a reduction of stresses at the pile base level, and in consequence reduces the base bearing capacity.







Author Contributions


Conceptualization, J.R and M.B.; Funding acquisition, J.R.; Investigation, M.B.; Methodology, M.B. and J.R.; Supervision, W.B and J.R.; Visualization, M.B.; Writing—original draft, M.B.; Writing—review & editing, M.B., W.B. and J.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Matsumoto, T.; Matsuzawa, K.; Kitiyodom, P. A role of pile load test—Pile load test as element test for design of foundation system. In Application of Stress-Wave Theory to Piles: Science, Technology and Practice; dos Santos, J.A., Ed.; IOS Press: Amsterdam, The Netherlands, 2008; pp. 39–58. [Google Scholar]

	



Fleming, K.; Weltman, A.; Randolph, M.; Elson, K. Piling Engineering; CRC Press: London, UK, 2008. [Google Scholar]

	



Wang, Y.H.; Liu, X.Y.; Zhang, M.Y.; Sang, S.K.; Bai, X.Y. Test and Study of Pipe Pile Penetration in Cohesive Soil Using FBG Sensing Technology. Sensors 2020, 20, 1934. [Google Scholar] [CrossRef] [PubMed]

	



Muszynski, Z.; Rybak, J.; Kaczor, P. Accuracy Assessment of Semi-Automatic Measuring Techniques Applied to Displacement Control in Self-Balanced Pile Capacity Testing Appliance. Sensors 2018, 18, 4067. [Google Scholar] [CrossRef] [PubMed]

	



Kou, H.L.; Diao, W.Z.; Liu, T.; Yang, D.L.; Horpibulsuk, S. Field Performance of Open-Ended Prestressed High-Strength Concrete Pipe Piles Jacked into Clay. Sensors 2018, 18, 4216. [Google Scholar] [CrossRef] [PubMed]

	



Osterberg, J.O. The Osterberg load test method for bored and driven piles the first ten years. In Proceedings of the 7th International Conference and Exhibition on Piling and Deep Foundations, Vienna, Austria, 15–17 June 1998; pp. 1–28. [Google Scholar]

	



Lehane, B.M.; White, D.J. Lateral stress changes and shaft friction for model displacement piles in sand. Can. Geotech. J. 2005, 42, 1039–1052. [Google Scholar] [CrossRef]

	



Fakharian, K.; Evgin, E. Cyclic simple-shear behavior of sand-steel interfaces under constant normal stiffness condition. J. Geotech. Geoenvironmental Eng. 1997, 123, 1096–1105. [Google Scholar] [CrossRef]

	



Fellenius, B.H.; Altaee, A.; Kulesza, R.; Hayes, J. O-cell testing and Fe analysis of 28-M-deep barrette in Manila, Philippines. J. Geotech. Geoenvironmental Eng. 1999, 125, 566–575. [Google Scholar] [CrossRef]

	



Hayden, M. Pile HAY-Proof-System: New Test Method for Static Load Tests of Slender Piles. Ground Eng. 2013, 12, 25–28. [Google Scholar]

	



Velič, P.; Mišove, P. Static load tests of piles. Inženýrské stavby 2013, 4, 34–35. (In Slovakian) [Google Scholar]

	



Lee, J.-S.; Park, Y.-H. Equivalent pile load–head settlement curve using a bi-directional pile load test. Comput. Geotech. 2008, 35, 124–133. [Google Scholar] [CrossRef]

	



Bałachowski, L. Size effect in centrifuge cone penetration tests. Arch. Hydro-Eng. Environ. Mech. 2007, 54, 161–181. [Google Scholar]

	



Dijkstra, J. On the Modelling of Pile Installation. Doctoral Thesis, Delft University of Technology, Delft, The Netherlands, 2009. [Google Scholar]

	



Engin, H.K.; Brinkgreve, R.B.J.; van Tol, A.F. Simplified numerical modelling of pile penetration—The press-replace technique. Int. J. Numer. Anal. Methods Geomech. 2015, 39, 1713–1734. [Google Scholar] [CrossRef]

	



Blanc, M.; Thorel, L. Effects of cyclic axial loading sequences on piles in sand. Geotech. Lett. 2016, 6, 163–167. [Google Scholar] [CrossRef]

	



El Haffar, I.; Blanc, M.; Thorel, L. Impact of pile installation method on the axial capacity in sand. Geotech. Lett. 2017, 7, 260–265. [Google Scholar] [CrossRef]

	



Konkol, J.; Balachowski, L. Influence of Installation Effects on Pile Bearing Capacity in Cohesive Soils—Large Deformation Analysis Via Finite Element Method. Studia Geotech. Mech. 2017, 39, 27–38. [Google Scholar] [CrossRef]

	



Lee, M.; Bae, K.T.; Lee, I.W.; Yoo, M. Cyclic p-y Curves of Monopiles in Dense Dry Sand Using Centrifuge Model Tests. Appl. Sci.-Basel 2019, 9, 1641. [Google Scholar] [CrossRef]

	



Lu, N.; Kim, T.H.; Sture, S.; Likos, W.J. Tensile Strength of Unsaturated Sand. J. Eng. Mech.-Asce 2009, 135, 1410–1419. [Google Scholar] [CrossRef]

	



Fellenius, B.H. Basics of Foundation Design—A Textbook; Electronic Edition: Sidney, BC, Canada, 2019. [Google Scholar]

	



Fellenius, B.H. The analysis of results from routine pile load tests. Ground Eng. 1980, 13, 19–31. [Google Scholar]

	



Altaee, A.; Fellenius, B.H. Physical modeling in sand. Can. Geotech. J. 1994, 31, 420–431. [Google Scholar] [CrossRef]

	



Yuan, B.X.; Chen, R.; Li, J.H.; Wang, Y.X.; Chen, W.W. A hydraulic gradient similitude testing system for studying the responses of a laterally loaded pile and soil deformation. Environ. Earth Sci. 2016, 75, 97–103. [Google Scholar] [CrossRef]

	



De Nicola, A.; Randolph, M.F. Tensile and compressive shaft capacity of piles in sand. J. Geotech. Eng. 1993, 119, 1952–1973. [Google Scholar] [CrossRef]

	



Baca, M. Modelling of Pile Behaviour in the Bi-Directional Static Load Test. Doctoral Thesis, Wroclaw University of Science and Technology, Wroclaw, Poland, 2019. (In Polish). [Google Scholar]








[image: Applsci 10 05492 g001 550] 





Figure 1. A particle size distribution curve of the sand used in this study. 
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Figure 2. The cylinder and dynamic plate used for the control of sand compaction. 
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Figure 3. Layout of pile models, 0.8 m embedded in the soil, in the box. 
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Figure 4. (a) Steel bottom of model pile base. (b) Pole placed inside the pipe. 
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Figure 5. Pile installation with a light dynamic penetrometer. 
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Figure 6. Diagrams of the N10, number of impacts necessary to achieve 10 cm of displacement, for each pile during installation. 
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Figure 7. Concept of traditional static load tests (a) and scheme of bi-directional tests (b), 1: uplifted steel pipe, 2: compressed pole of dynamic probe, 3: frame composed by the two flat plates and four threaded bars, 4: steel collar attached to the pile head with three horizontal set bolts 5: load cell, 6: manual jack. 
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Figure 8. Stands for traditional static load tests (a) and bi-directional tests (b). 
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Figure 9. Example of pile head load and displacement vs. time plot for the traditional static load test. 
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Figure 10. Method for constructing exemplary Q–s curve. 
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Figure 11. Test results for standard static loads and bi-directional tests including the resultant equivalent curve: (a) pile 1. (b) pile 2. (c) pile 3. (d) pile 4. (e) pile 5. (f) pile 6. 
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Table 1. Parameters of the sand used to fill the box.
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	Sand
	ρd (g/cm3)
	w (%)
	d50 (mm)
	Uc = d60/d10
	wopt (%)
	ρd,opt (g/cm3)





	
	1.66
	7.0
	0.5
	5.2
	11.9
	1.74







ρd is the dry unit density, ρd,opt is the maximal dry unit density from the Proctor test; Uc is the coefficient of uniformity; w is the moisture content, wopt is the optimal moisture content from the Proctor test; d50 is the grain size at which 50% of the particles by weight, respectively, are smaller.
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Table 2. Results of ZORN dynamic plate tests, accuracy 0.1 MN/m2.
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LP

	
Sand Layer

	
Soil Constrained Modulus (Evd)

	
Mean Soil Constrained Modulus (Evd,mean)




	
cm

	
MN/m2

	
MN/m2






	
1

	
40

	
26.6

	
23.4




	
2

	
40

	
20.2




	
3

	
40

	
23.4




	
4

	
70

	
26.9

	
22.9




	
5

	
70

	
17.6




	
6

	
70

	
24.1




	
7

	
85

	
21.5

	
18.9




	
8

	
85

	
15.9




	
9

	
85

	
19.3




	
10

	
100

	
29.8

	
28.3




	
11

	
100

	
30.3




	
12

	
100

	
24.9
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Table 3. Results of soil density tests with cylindrical mould.
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LP

	
Sand Layer

	
Weight

	
Mean Weight

	
Volume

	
Soil Density

	
Degree of Compaction




	
cm

	
kg

	
kg

	
cm3

	
g/cm3

	
-






	
1

	
40

	
4.18

	
4.18

	
2545

	
1.64

	
0.94




	
2

	
40

	
4.19




	
3

	
40

	
4.18




	
4

	
70

	
4.26

	
4.25

	
1.67

	
0.96




	
5

	
70

	
4.24




	
6

	
70

	
4.25




	
7

	
100

	
4.30

	
4.31

	
1.69

	
0.97




	
8

	
100

	
4.32




	
9

	
100

	
4.31
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Table 4. Test results.
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Pile

	
Rb

	
Rs

	
Rc,e

	
Rc

	
Rc,e/Rc




	
kN

	
kN

	
kN

	
kN

	
-






	
1

	
1.61

	
2.16

	
3.77

	
4.69

	
0.80




	
2

	
1.56

	
2.11

	
3.67

	
5.22

	
0.70




	
3

	
2.54

	
3.08

	
5.60

	
6.07

	
0.92




	
4

	
1.80

	
2.82

	
4.38

	
5.32

	
0.82




	
5

	
3.22

	
4.62

	
7.78

	
8.66

	
0.89




	
6

	
3.29

	
5.66

	
8.10

	
9.49

	
0.85








Rb: pile base bearing capacity from bi-directional test. Rs: pile shaft bearing capacity from bi-directional test. Rc: total pile bearing capacity. Rc,e: equivalent bearing capacity of total pile.
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