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Abstract: Pile bearing capacity is usually understood as the sum of the bearing capacities of the pile’s
base and shaft. Nevertheless, the behaviour of the pile base and shaft can be different, depending on
what testing method is used for the evaluation of the bearing capacity. In this paper, three different
methods of pipe pile testing are introduced, which make it possible to evaluate the pile base and
shaft bearing capacities. On the basis of the tests conducted on a laboratory scale and numerical
simulations performed with the finite element method, different approaches to bearing capacity
evaluation have been compared. As a result, some similarities and differences between the applied
methods are presented.

Keywords: bidirectional static load test; laboratory tests; numerical simulations

1. Introduction

Most of the traditional methods used to estimate the bearing capacity of a single
pile are based on the concept that the total pile capacity is the sum of the base and the
shaft capacities [1]. The unit resistance values on the shaft surface and the pile base can
be determined using various empirical correlations developed from different soil testing
methods [2,3]. However, it is assumed that there is no mutual relationship between the base
and shaft capacities. There is also a general agreement that, on the basis of the estimated
unit resistances, in some cases, it is impossible to determine the pile bearing capacity with
an accuracy greater than 30% [4].

Static load testing is considered the most reliable method for assessing the pile be-
haviour under an applied load. Nevertheless, the test only makes it possible to determine
the bearing capacity of the whole pile. Determining the behaviour of the pile’s base and
shaft requires conducting tests on specially instrumented piles [5]. In some cases, an
alternative method to the static load test may be a bidirectional static load test, originally
proposed by Osterberg [6]. In this test, the capacity of the pile base and shaft can be
measured separately without the necessity of building a retaining structure. Nevertheless,
the results obtained from the Osterberg test differ from the pile bearing capacity estimated
in the traditional test due to different working conditions of the shaft and the base in these
two tests. Appropriate determination of these differences can make it possible to verify the
method and better apply the bidirectional tests in the analysis of the pile bearing capacity.

In this paper, three methods of pile bearing capacity examination were introduced,
including traditional static load tests with the load applied to both the whole pile and
the pile base and the method of bidirectional static load test [7] developed by the authors.
For the proposed method, tests on laboratory-scale models of pipe piles were carried out,
and numerical simulations of the tests were performed. The results of the base and shaft
load capacities obtained from the tests were compared, and future recommendations were
proposed. This paper is part of a bigger research program concerning tests for a new
bidirectional load testing method on real-scale piles [7–10], model piles [11], and numerical
simulations.
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2. Pile Bearing Capacity

For piles in compression, the load applied to the pile is transferred separately by the
pressure resistance on the pile base and by the friction resistance on the shaft (Figure 1a).
For uplift piles, it is assumed that the load is transferred only by uplift shaft friction (Figure
1b). For the piles under a bidirectional load, the compression of the base is accompanied by
the uplift of the shaft (Figure 1c). The state of stress around the pile for each of these three
cases is different and may generate different load capacities.
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2.1. Base Bearing Capacity

The load on the pile base is transferred to the soil by pressure. The value of unit
resistance generated under the base depends on the type and condition of the soil under-
neath the pile base, the level of stresses at the base level, installation effects, and many
other factors [4,12,13]. During the installation of a pile, additional residual stresses may
appear as a result of soil displacement [14] (deformations created during the installation
of displacement piles). Soil setup (increasing capacity) may also be observed due to pore
pressure dissipation during soil reconsolidation. According to [14], residual stresses can
cause the overestimation of the shaft bearing capacity and the underestimation of the base
bearing capacity.

Determining the pile base bearing capacity in a traditional static load test requires the
use of specially instrumented piles [15]. Separate behaviour of the pile base under a load
can be tested during the bidirectional test [9], although different conditions of the test can
influence the bearing capacity of the pile base.

2.2. Shaft Bearing Capacity

The physical behaviour of the pile shaft is different from its base. The unit resistances
on the shaft surface result from the shear friction at pile–soil contact. Its values depend
mainly on the stress around the pile and after the pile installation [16]. The shaft friction
value is also influenced by the friction between the pile and the soil, usually determined
by the angle δ. The values of the angle δ can be determined from shear tests for various
materials. Kishida and Uesugi examined δ for various surface roughness and they deter-
mined tan δ in the range of 0.75–1.00 [17]. The determination of the δ parameter was also
discussed in several other works, e.g., [18] and [19].
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The shaft bearing capacity for an uplift pile is slightly lower than for a compression
pile, and it is estimated by most design guidelines to be around 70%–90% [4]. De Nicola
and Randolph in their work [20] conducted a parametric study for piles in an elastic and
perfectly plastic Mohr–Coulomb model. On the basis of the research, they proposed the
following relationship

Qt

Qc
≈

[
1 − 0.2· log10

(
100
L/D

)](
1 − 8η + 25η2

)
(1)

η = νp

(
L
D

)(
Gave

Ep

)
tan δ (2)

where η–compressibility parameter, Qc–compressive shaft capacity of a pile, Qt–tensile
shaft capacity of a pile, Gave, Ep, νp–average shear modulus of soil, Young’s modulus of
the pile, and Poisson’s ratio of the pile, respectively. De Nicola and Randolph observed
that even for a large variety of Gave/Ep—despite not taking into account other effects (e.g.,
local changes in stresses caused by dilatation)—the ratio Qt/Qc remains within the range
of 0.7–0.85.

2.3. Concept of the New Method of Bidirectional Static Load Testing

The bidirectional test allows for conducting the static load test without retaining
structure as the loading force is balanced within the testing appliance (Figure 2c). This kind
of test was originally introduced by Osterberg [6]. Similar tests were also carried out in
Austria [21], Slovakia [22], Poland [7], Serbia [23], and the USA [24].

The proposed research method requires two steel pipes with different diameters and
similar lengths for the tests. The outer pipe with a larger diameter is installed in the ground
with a loose steel shoe beneath. Inside the installed pipe, a second pipe is placed. On the
prepared stand, three stages of the test can be performed (Figure 2).
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In the first stage, the load is applied to the outer pipe by means of a hydraulic cylinder
(Figure 2a). The second stage is similar to the first one, although this time the load is
applied only to the inner tube, which allows only for measurement of the pile base bearing
capacity (Figure 2b). In the third stage, the load is also applied to the inner tube, but this
time the support structure is bolted to the outer tube (Figure 2c).

During the measurements, the steel shoe (inner pipe + shoe) is pressed into the ground,
and at the same time the outer pipe, working solely by friction on its shaft, is uplifted
vertically with the same force. The result of the tests, in the first stage, is the Q-s curve for
the whole pile and, in the second stage, for its base. During the tests in the third stage, two
Q-s curves are obtained, one for the uplift shaft and the other for the pressed base.

Additionally, with the conducted tests, it is possible to plot a Q-s diagram for the pile
shaft under compression loading. For this purpose, the Osterberg method [6], originally
developed to determine an equivalent Q-s plot from the results of the bidirectional test, can
be applied. The method for constructing the shaft curve is presented in Figure 3.
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The main assumption in the construction of the curve is that every point in the curve
of a pile is a sum of load points on the base and shaft curves for the same displacement.
The process of curve construction is divided into a few steps. At first, both curves for the
whole pile and pile base are divided into a series of points. Then, two points from both
curves are selected for the same displacement values and a new point is created. It has the
same value of displacement, but the value of load results from subtracting the loads for
these two points selected. This procedure is repeated for successive points until the whole
curve Q-s of the pile shaft can be drawn.

3. Model Pile Tests on a Laboratory Scale

Model tests can provide valuable information on the behaviour of real objects when
there are problems with conducting a full-scale test. The main limitation of laboratory tests
is the difficulty of transferring the obtained results to real objects due to the scale effect.
The tests on pile models were repeated by various authors [25–30].
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For actual tests on a laboratory scale, a test setup was constructed in which six models
of piles scaled 1:10 were prepared. In [11], a comparison of the traditional static load test
with the bidirectional static load test was described. This paper focuses on a more detailed
analysis of the pile base and shaft behaviour during different types of pile testing methods.

3.1. Test Stand

The rigid box prepared for measuring the load capacity of model piles is shown in
Figure 4. It was 1.5 m high and the internal dimensions in the plan were 1.25 × 1.15 m.
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Figure 4. Scheme of test stand with installed model of piles.

The box was filled with sand to a total height of 120 cm. Six steel pipes, each 1.0 m
long, with a 4.2-cm outer diameter and a 0.25-cm wall thickness, were used for the test
as pile models. The pile base included a rigid steel cap with a diameter equal to the pipe
diameter, which was loosely placed under the pipe during its driving. Moreover, all caps
included a thread, which enabled the rods to be screwed to them. The pile models were
driven using a light dynamic penetrometer. The degree of soil compaction in the box was
determined to be about ID = 0.5. A detailed description of the test stand is included in [11].

3.2. Loading and Monitoring Mechanism

Three types of tests, introduced in Section 2.3, were performed on the pile models
(Figure 5). The first stage of the study was to perform the static load test on piles after
applying the load to the head of the pile model, which allowed for the determination of
the Q-s curve for the whole pile (Figure 5b). The load in the test was gradually applied by
means of the jack, and the displacements were measured for the subsequent load steps.
The test was carried out until the bearing capacity was achieved.
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In order to determine the Q-s curve of the pile base, a rod from the dynamic probe
was placed inside the steel pipe and screwed to the steel bottom. The applied load was
transmitted by the rod only to the base of the pile (Figure 5b) until the bearing capacity
was achieved. The last stage of the research involved conducting bidirectional tests by
applying a load to the pile base, but with the jack spreading with an additional retaining
structure integrated with the outer pipe. Therefore, increasing the load simultaneously
caused compression of the base and uplift of the shaft. The tests were finished when one of
the two tested elements (base or shaft) achieved load capacity.

3.3. Results

The results of the measurements as Q-s curves obtained from the tests for the six pile
models are presented in Figure 6. Additionally, for every pile model, Q-s curve for the pile
shaft in compression was evaluated, with the method proposed in Section 2.3 and also
presented in Figure 6. The shape of the curves and the bearing capacity were evaluated
with the Brinch–Hansen 80% method. Every chart includes results of the whole pile test,
the pile base test, the bidirectional static load test, and a constructed curve describing the
behaviour of the shaft under compression load. The load capacities obtained from every
curve for each pile are presented in Table 1. The comparison between pile base and shaft
capacities as Rb,s/Rb and Rs,s/Rs ratios are also shown in Table 1.
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Table 1. Bearing capacity results from the tests on model piles.

Pile Rb (kN) Rc (kN) Rs (kN) Rb,s (kN) Rs,s (kN) Rb,s/Rb (kN) Rs,s/Rs (kN)

1 1.63 4.69 3.96 1.60 2.16 0.98 0.55
2 1.71 5.22 4.17 1.56 2.11 0.91 0.51
3 2.60 6.07 4.54 2.54 3.08 0.98 0.68
4 1.74 5.32 3.69 1.80 2.82 1.03 0.76
5 3.19 8.66 6.07 3.25 4.62 1.02 0.76
6 3.26 9.49 6.39 3.29 5.66 1.01 0.89

Rc—whole pile bearing capacity; Rb—pile base bearing capacity; Rb,s—pile base bearing capacity from bidi-
rectional test; Rs,s—pile shaft bearing capacity from bidirectional test; Rs—pile shaft bearing capacity from
constructed curve.

4. Numerical Simulations

The precise numerical simulations of pile behaviour in soil can still be a problematic
issue [31]. This is mainly due to the complexity of the processes appearing in the soil during
and after pile installation. Its influence on stresses and soil properties in the pile vicinity,
and consequently on pile bearing capacity, can be significant and even experimentally, it
still has not been examined accurately enough [24,32].

An example of a simple model estimating the impact of a pile installation has been
introduced by Broere and van Tol [31] and by Krasinski [33]. The more advanced models
can better reflect some of the issues related to the installation of a pile in the ground;
however, their implementation is more difficult than simple FEM (Finite Element Method)
models [32].

4.1. Model Assumptions

For a more thorough examination of different aspects of pile base and shaft behaviour,
a simple numerical model was proposed to simulate the different methods of pile testing.
The model was prepared for a steel pipe pile 8.0 m in length and 0.4 m in diameter, placed
in a homogeneous soil. The calculations were conducted using the finite element method
in the PLAXIS® v.7.2 software (Bentley Systems, Incorporated, 685 Stockton Drive, Exton,
PA, USA) [34] under the conditions of axial symmetry, with the use of six-node elements.
After preliminary simulations, the calculation area was established as a cylinder with a
radius of 10.0 m and a height of 15.0 m, while the pile has a radius of 0.2 m and a length of
8.0 m. The FEM mesh in the model was additionally densified in the 1.0-m zone around the
pile. The calculation area with the generated finite element mesh and boundary conditions
is presented in Figure 7.

The steel elements of the pile were modelled as the elastic beam elements, while the
soil layer was modelled as the volumetric elements with the parameters of the Hardening
Soil model [35]. Between the pile and soil elements, an interface layer was modelled.
The simulations were performed in three stages similar to the research performed in the
experimental test. For the given parameters of the model, three test stages were simulated
(Figure 2), i.e., the simulation of the traditional static load test, the static load test of a single
base, and the bidirectional test.
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4.2. Model Parameters

Numerical simulations performed by Wehnert and Vermeer [36] proved that the
Hardening Soil model allows for better modelling of the pile performance due to the
hyperbolic load–strain relationship and the linear relationship between unloading and
reloading. Each simulation stage was performed in a homogeneous subsoil for three
different subsoil models, representing coarse, medium, and fine sands. Based on the
soil parameters determined from the actual soil tests, the parameters for the Hardening
Soil model were derived. They were determined using the assumptions and correlations
collected in [34,37]. The soil parameters for each soil model are presented in Table 2.

Table 2. Soil parameters for the Hardening Soil model.

LP Soil ID
γ Φ’ ψ c’ K0

NC σoed
ref m Eoed

ref E50
ref Eur

ref

kN/m3 o o kPa - kPa - MPa MPa MPa

1 FSa 0.35 18.5 30.5 0.5 1.0 0.5 100 0.591 15.4 23.4 70.2
2 MSa 0.60 19.0 34.7 4.7 1.0 0.4 100 0.513 53.1 81.7 245.2
3 CSa 0.75 19.5 36.2 6.2 1.0 0.4 100 0.466 92.2 139.7 419.1

γ–unit weight; ϕ–friction angle; ψ–angle of dilatancy; c–cohesion; K0
NC–coefficient of lateral earth pressure for a normally consolidated

stress state; σoed
ref–reference confining pressure; m–power in stress-dependent relation; Eoed

ref–reference oedometer loading stiffness;
E50

ref–reference triaxial loading stiffness; Eur
ref–reference triaxial unloading stiffness.

The pipe pile and steel shoe were modelled as beam elastic elements with E = 210.0 GPa
and ν = 0.3. The width of the elements was assumed to be 0.05 m for the pipes and 0.1 m
for the shoe. On this basis, the parameters of the beam elements were determined (Table 3).
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Table 3. Parameters of beam elements in the numerical model.

EA (kN/m) EI (kNm2/m) W (kN/m/m) N (-)

Pipe 1.05·107 2187.5 3.9 0.3

Pile shoe 6.30·107 4.30·105 7.7 0.3
EA–axial stiffness; EI–bending stiffness; w–weight of beam element; ν–Poisson’s ratio.

The test simulations were carried out for different values of the interface parameter R
between the pile and soil (R = 0.900, R = 0.750, R = 0.666)

4.3. Load Application

In simulations, the same three types of pile tests that were carried out in the exper-
imental tests were performed. The methods of applying the load in numerical models
are presented in Figure 8. The bold lines in Figure 8 show the beam elements, which
simulate the pipe and the steel shoe of the pile. Traditional static load tests were modelled
by applying a concentrated force to the pile head, and the load was transferred to the soil
through coupled beam elements: vertical (pipe) and horizontal (shoe) (Figure 8a). The static
load tests of the pile base carried out through the inner tube were modelled by applying a
concentrated force to the steel shoe (Figure 8b). A small crack was modelled between the
vertical and horizontal beam, allowing for the displacement of the horizontal beam. The
bidirectional tests were conducted on a similar model to the previous one; however, apart
from the force applied to the pile base, there was an additional vertical concentrated force
applied to the vertical beam element, which allowed for the simulation of the uplift of the
outer pipe during the test (Figure 8c).
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4.4. Results of Simulation

The results of the simulations are presented in the Q-s curves in Figures 9–11. The
results of the calculations were grouped depending on the soil models used for the simula-
tions. For each type of soil, the results are presented on three diagrams with a different
parameter (R) applied. Every diagram contains results of the simulation of the traditional
static load test, the static load test with a load applied to the pile base, and the bidirectional
static load test. Additionally, the Q-s curve, imitating the behaviour of the pile shaft due
to compression load, was constructed. The load capacities obtained from every curve for
each pile and Rb,s/Rb and Rs,s/Rs ratios are presented in Table 4.
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Table 4. Bearing capacity obtained from the numerical simulations.

Soil Interface Rb (kN) Rc (kN) Rs (kN) Rb,s (kN) Rs,s (kN) Rb,s/Rb (-) Rs,s/Rs (-)

FSa
0.666 136 298 218 129 176 0.95 0.81
0.750 136 368 239 133 189 0.98 0.79
0.900 136 423 353 130 248 0.96 0.70

MSa
0.666 358 534 174 333 173 0.93 0.99
0.750 358 575 224 346 201 0.97 0.90
0.900 358 740 379 353 263 0.99 0.69

CSa
0.666 573 716 222 634 188 1.11 0.85
0.750 573 723 279 596 214 1.04 0.77
0.900 573 1061 482 505 316 0.88 0.66

5. Discussion

The main purpose of the measurements was to compare the results of the bearing
capacity of the pile base and pile shaft in different load conditions. For the pile base, slight
differences were observed between the results from the static load test and the bidirectional
static load test. For laboratory tests, the ratio Rb,s/Rb is in the range of 0.91–1.03, and
0.88–1.11 for numerical tests. Therefore, the maximum difference between different types
of tests reaches 12%. This shows that the load-applying method has little effect on the value
of the pile base bearing capacity.
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However, comparing the shaft bearing capacity reveals larger differences between
loading methods. For laboratory tests, the ratio Rs,s/Rs is in the range of 0.51–0.89, and
for numerical tests in the range of 0.66–0.99. Therefore, the differences reach 49% in the
laboratory tests and 34% in the case of numerical simulations. The differences are slightly
larger than those reported in the literature [19]. From the numerical simulations, it was
observed that larger differences occur for higher values of the R coefficient of the interface
layer. This shows that the rougher the pile surface is, the greater the Rs,s/Rs ratio can be
expected.

However, it should be mentioned that the measured values of shaft bearing capacity
are different from the normal compression and uplift conditions. The uplift capacity is
based on bidirectional tests, while the compression capacity is constructed from the full
static test results of the whole pile and pile base. This may cause slightly different results to
what the literature indicates. The analysis did not also include the residual values, which,
when taken into account, could result in smaller differences.

6. Conclusions

In this paper, a comparison of the load-bearing capacity of the pile base and shaft with
different methods of applying the load was introduced. For this purpose, tests were carried
out on laboratory-scale pile models, and numerical simulations were performed. The tests
were carried out for the load applied to the whole pile, the pile base, and for bidirectional
static load tests. The results of the conducted tests showed small differences between the
base bearing capacities and more substantial differences between shaft bearing capacities.

For a more thorough investigation of this issue, the research should be repeated
for other soil conditions, pile dimensions, and technologies. Furthermore, for a better
examination of this issue, it is necessary to carry out the tests on uplift piles and to examine
the bearing capacity of the base and the shaft using the traditional static load test. However,
the latter requires conducting a test on fully instrumented piles.

Moreover, further verification of the proposed numerical model requires simulation
of other real tests in various ground conditions. In the performed simulations, however,
there are some discrepancies in the representation of the level of stresses, deformations,
and plastic phenomena in the soil, but this problem is still present in the simulations of
the pile installation using the finite element method. Improving the convergence of the
solution in these areas would require the application of more complex numerical methods.

Determining the exact relationship of the base and shaft bearing capacity between
different types of tests may allow better application of other types of tests, e.g., bidirectional
tests to determine the bearing capacity of piles, and consequently to a better design of pile
foundations.
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