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Abstract: In recent years, the detection of offshore pile foundations has received wide attention in
engineering. Compared with traditional methods, the O-cell test has unique advantages in offshore
pile foundation detection. To study the load transfer characteristics of the O-cell method for pile
testing in coastal soft soil foundation, this paper established the pile–soil numerical model to simulate
the O-cell and traditional testing processes. The finite element method and equal displacement
method are combined to calculate the conversion coefficient and ultimate bearing capacity, and the
distribution forms of axial force, side friction resistance, and tip resistance are discussed. The research
results show that the O-cell test method and the traditional method have different load transfer forms.
By introducing the equal displacement method into the O-cell pile–soil model, the error between the
equivalent conversion ultimate bearing capacity and the calculation result of the surcharge method is
less than 0.5%, and the O-cell conversion coefficient can be accurately calculated.

Keywords: O-cell test; conversion coefficient; Q-s curve; load transfer characteristics

1. Introduction

The sustainable development of offshore engineering has attracted great attention
from various countries. The coastal pile foundation is also developing towards a large
diameter, high bearing capacity, and deep water. Figure 1 shows the typical applications of
pile foundations for offshore structures [1]. Soft clay with weak bearing capacity is widely
distributed in many coastal areas of the world. The detection and bearing capacity judgment
of pile foundation in marine soft soil are very important to the safety of engineering
foundation [2].

Traditional static load test methods (including anchor pile method, surcharge method
and anchor pile-surcharge method) are the most commonly used and reliable methods
to check the bearing capacity of pile foundation, but they have disadvantages such as a
high test cost, long test preparation time, and large quantity of works, and are also subject
to constraints such as construction site and tonnage of test piles. Especially for offshore
pile foundation detection, the site is special and the tonnage is large [3]. The O-cell test
method has the advantages of low requirements for site conditions, wide applicability,
short detection time, good safety, and low detection cost. At present, the O-cell test method
has matured and is increasingly widely used in engineering [4–9]. However, due to the
test principle of the O-cell test method, the results of the O-cell test need to be converted
to the results of traditional static load test. Therefore, the accuracy of O-cell test results is
greatly affected by the position of the equilibrium point, the conversion method, and the
value of conversion coefficient. The position of the balance point is generally determined
by engineering experience, and the value of the conversion coefficient is also affected by
soil quality [10–14]. Many scholars have carried out some research on this issue. Through
in situ test or indoor model test, the self-balancing test foundation piles are compared
with the traditional static load test foundation piles. By comparing and analyzing the
similarities and differences of the results of the two test methods, the reliability of the
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O-cell test method and the recommended values of the conversion coefficient in different
soils are obtained [15–18]. With the development of computer technology, many scholars
have studied the bearing characteristics of piles in O-cell test by numerical simulation
O-cell test and traditional static load test from the perspective of computer simulation. By
comparing and analyzing the results of two test methods, the recommended values of the
conversion coefficient and the exact positions of equilibrium points for various soils are
obtained [19–22]. However, the above research did not compare and verify the O-cell test
and traditional methods, nor did it deeply analyze the transmission laws of side friction
and tip resistance during the O-cell testing process.
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In this paper, ABAQUS 6.14 finite element software is used to simulate the O-cell
pile test and the traditional static load test, respectively. By reasonably determining the
mechanical parameters of pile and soil and the interaction between pile and soil, the bearing
characteristics of piles in the two types of pile test methods are compared and analyzed,
the load transfer law of the pipe pile O-cell pile test method in marine soft soil foundation
is studied, the equivalent conversion law is analyzed, and the accurate value range of the
O-cell conversion coefficient is calculated, the finite element calculation method of O-cell
test is established. The method in this paper can be used to calculate the in situ O-cell
conversion coefficient and ultimate bearing capacity, which provides a theoretical guidance
for the engineering application of O-cell test.

2. Test Principle of O-Cell Method

The principle of the O-cell test method is to install a hydraulic load cell at the end
of the pile or between the piles. The complete pile is divided into two parts through the
load cell, namely the upper pile and the lower pile, which are located above and below the
load cell, respectively [1,19]. During the pile test, stress sensors and displacement sensors
are installed at the top and bottom of the load cell, and hydraulic oil is pumped into the
load cell through the high-pressure oil pump on the ground to apply load to the upper and
lower sections of the pile. After vertical loading, the load is maintained by balancing the
negative friction resistance of the upper pile side and the self-weight with the help of the
lower pile end and the side friction resistance. The top and bottom of the load cell will
produce upward and downward displacement, respectively, and the bearing capacity and
displacement of the load cell can be measured by the corresponding sensors. The welding
and testing process of the O-cell is shown in Figure 2.
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to two Q-s curves and their corresponding s-lgt and s-lgQ curves, the ultimate bearing 
capacity of upper and lower piles can be obtained, respectively. As the bearing mechanism 
and bearing characteristics of the lower pile are the same as those of the traditional static 
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Figure 2. Welding and testing of O-cell.

By recording the pressure and displacement after loading, the corresponding load–
displacement curves (Q-s) of upper and lower piles can be drawn, respectively. According
to two Q-s curves and their corresponding s-lgt and s-lgQ curves, the ultimate bearing
capacity of upper and lower piles can be obtained, respectively. As the bearing mechanism
and bearing characteristics of the lower pile are the same as those of the traditional static
load test, but the working mechanism of the upper pile is quite different from that of
the traditional static load test, it is necessary to add up the negative friction resistance of
the upper pile with the ultimate bearing capacity of the lower pile to obtain the ultimate
bearing capacity of the pile. The test principle is shown in Figure 3.
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In order to better analyze the bearing characteristics of O-cell test piles, it is necessary
to transform the two Q-s curves obtained from O-cell test piles into the results of traditional
static load tests. When there is no internal force testing element in the pile body, the
calculation formula of equivalent load on the top of the pile is shown in Formula (1) and
the calculation formula of equivalent displacement on the top of the pile is shown in
Formula (2) [23,24].

Q =
Qu − W

γ1
+ Qd (1)

s = sd+∆s (2)

∆s =
[(Qu − W)/γ1+2Qd]Lu

2Ep Ap
(3)

where: Q is the equivalent load of pile top; Qu and Qd are the upward and downward loads
at the balance point, respectively; γ1 is the conversion coefficient; W is the dead weight of
the upper pile; s is the equivalent displacement of the pile top; sd is the displacement of the
bottom of the load cell; ∆s is the pile shaft compression; Lu is the pile length of the upper
section; Ep is the elastic modulus of the pile; Ap is cross-sectional area of the pile.

3. Numerical Simulation of O-Cell Test

In this paper, finite element software ABAQUS 6.14 is used to carry out numerical
simulation of O-cell test pile method, and the results are compared with static load test
under the same conditions. The bearing characteristics of the O-cell test pile are studied
and the equivalent conversion coefficient γ1 of O-cell method is determined.

3.1. Model Assumptions

1. The pile body is a continuous homogeneous ideal elastic body, and no bending
deformation and failure will occur during the whole loading process. The soil mass is
an ideal homogeneous elastic-plastic material, regardless of the shear dilatancy of soil,
and the soil mass on the side of pile is the same homogeneous rock-soil layer in the
range of pile length.

2. Total stress analysis is used for soil mass, without considering fluid–solid coupling
and without considering rock dip.

3. The contact characteristics between pile and soil are considered. A contact unit is set
up at the interface between pile and soil. The friction coefficient between the pile and
soil remains unchanged during the analysis.

3.2. Parameters of the Numerical Model

In this paper, considering the axial symmetry of pile soil structure and applied load,
an axisymmetric model with symmetrical axis of pile center is selected for numerical simu-
lation. The pile–soil model structure is shown in Figure 4a. According to the specification,
the pipe pile model is the PHC pipe pile (open-end) with an outer diameter of 1 m and
a wall thickness of 0.13 m. The length of the entire pile is 20 m. In order to better utilize
the frictional resistance on the pile side and achieve the ultimate state of the upper and
lower piles simultaneously, the position of the load cell is 5 m away from the bottom of the
pile. In order to eliminate size effect, the height of the soil structure is more than 2 times
the length of pile (50 m height) and the width is more than 20 times the diameter of pile
(50 m width).

Pile and soil adopt a solid unit, in which the top of the soil model is free edge uncon-
strained, the bottom is a fixed constraint and the outside is radial displacement constraint.
Freedom at the top of the pile is unconstrained. For mesh generation, soil close to the pile
body is divided into dense areas and sparse areas away from the pile body to accurately
capture the deformation of the pile body and soil around the pile, as shown in Figure 4b.
CAX4 is used for pile and soil unit type, which is more accurate for the solution of dis-
placement. Elastic plastic model is adopted for rock and soil mass, linear elastic model is
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adopted for elastic part, the Mohr–Coulomb model is adopted for plastic part, and linear
elastic model is adopted for pile. The soft clay layer is saturated, and the limit state is
controlled by the undrained strength. The pile–soil characteristics of the undrained clay
foundation are simulated. The specific parameters are shown in Table 1.
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Table 1. Calculation parameters of pile and soil.

Material Elastic
Modulus (kPa)

Poisson’s
Ration

Unit Weight
(kN/m3)

Cohesion
(kPa)

Friction
Angle (◦)

Soft clay layer 15,000 0.47 18.5 80 0
Sand layer 150,000 0.35 20 30 25

Bedrock 1,200,000 0.25 23.5 400 34
pile 35,000,000 0.15 25 - -

3.3. Pile–Soil Interaction and Initial Geostress Balance

The pile–soil contact problem is simulated by setting contact pairs and defining contact
properties. The contact properties in this model achieve uniform undrained shear strength
(80 kPa) above and below the contact surface by defining the interface bonding model. The
stiffness coefficients knn, kss, and ktt are set to 100,000, which means that the displacement
required for the frictional stress to reach 80 kPa is 0.0008 m. The contact alignment, the
contact between the pile side and the soil and bedrock, and the contact between the pile
bottom and bedrock all adopt the face-to-face contact type. Due to the large rigidity of the
pile relative to the rock and soil, the pile is taken as the main control surface, and the rock
and soil are taken as the subordinate surface. The contact tracking method between the
pile and the soil is limited slip. The contact between pile and soil in this model starts from
the initial analysis step.

The deformation of soil mass caused by self-weight stress is stable before pile sinking,
and the friction between pile and soil is closely related to the lateral pressure caused by
self-weight. Therefore, by establishing the initial geostress balance, the self-weight effect is
included in the model to eliminate the soil mass displacement caused by self-weight.

3.4. Loading Method

Loading methods generally include the displacement control method and load control
method. The former obtains the load–displacement curve by controlling the change of
displacement. The latter is loaded directly to obtain displacement. In practical engineering,
the bearing capacity of pile foundation is analyzed by applying graded load to test piles.
However, since graded loading is carried out by load control method, it is difficult to
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determine the relationship between physical index of soil and bearing capacity parameters
only on the basis of experience without field measured data.

In order to make the bearing capacity of both upper and lower piles reach the ultimate
state and facilitate comparison with static load test, the displacement control method is used
to simulate the loading of upper and lower piles to obtain the ultimate bearing capacity
of upper and lower piles, and the loading of static load test piles is simulated to obtain
the ultimate bearing capacity of static load test piles. Then, the conversion coefficient is
determined by comparison and analysis, and the ultimate bearing capacity of single pile of
O-cell pile is calculated. Based on this, the load grade of step loading is designed and the
transfer law of axial force, side friction resistance and tip resistance is studied.

4. Calculation Results and Analysis
4.1. Load–Displacement Curve Analysis

Figure 5 shows Q-s curve of upper pile and lower pile, where Figure 5a shows
displacement–load curve of upper section of pile bottom and Figure 5b shows displacement–
load curve of lower section of pile top. For curves with steep variations, the load value
corresponding to the starting point of steep curve change should be taken as the ultimate
loading value. For the gradual curve, since the diameter of the pile in this case is 1 m, the
corresponding load value of the downward displacement of the load cell is 0.05 times the
diameter of the pile (i.e., at 50 mm).

For Figure 5a, there is an obvious abrupt point in the Q-s curve of the upper pile. When
the displacement of the upper pile is 0 mm~24 mm, the load on the pile increases gradually
with the increase of displacement. When the displacement reaches 24.5 mm, the load value
almost does not change with the increase of displacement, which indicates that the bearing
capacity of the upper pile reaches the limit value when the displacement reaches 24.5 mm,
Qu = 3781.11 kN. From Figure 5b, it can be seen that the displacement–load curve of the
lower section of the pile is a typical gradual curve. The load on the top of the pile gradually
increases with the increase of the displacement. The ultimate bearing capacity of the pile is
the load corresponding to the final displacement (50 mm), i.e., Qd = 4310.64 kN.
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From the two Q-s curves obtained by the O-cell method, it can be seen that when the
O-cell method is used for test loading, the upper pile will produce an upward displacement
and the lower pile will produce a downward displacement. During the loading process,
the load applied to the upper section of the pile to achieve the same displacement is
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smaller than the lower section of the pile. This is because the tip of the lower section of the
pile reaches a hard rock layer with a large modulus, which is not easy to produce elastic
deformation. The side friction of the lower section of the pile and the larger tip resistance
jointly resist the load, while the upper section of the pile mainly resists the load by the side
friction and the pile weight, which is more likely to produce displacement compared with
the lower section of the pile.

Figure 6 shows the Q-s curve of the traditional static load test under the same con-
ditions. The load increases gradually with the increase of the displacement of the top of
the pile, and the whole curve shows a slow tendency without obvious catastrophe points.
Therefore, the ultimate vertical bearing capacity of the pile is the load corresponding to the
final applied displacement (50 mm), i.e., Q = 7701.36 kN.

From the Q-s curve of static load test, it can be seen that in the early stage of displace-
ment change, the Q-s curve changes in a straight line, which indicates that the friction
resistance of the upper part of the pile side starts to excite, the relative displacement of pile
and soil is less than the limit slip value, and the soil is elastically deformed. As the load
increases, the side friction resistance of the pile is gradually excited along the pile body,
and the relative displacement of the pile and soil is larger than the limit slip value. At this
time, the soil body undergoes plastic deformation and the Q-s curve changes in a curve.
The tip resistance at the bottom of the pile and the side friction resistance jointly bear the
load of the pile body.
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4.2. Comparison of O-Cell and Traditional Static Load Methods and Determination of
Conversion Coefficient

When determining the bearing capacity of pile foundation, it is necessary to convert
the O-cell test results into the results of traditional static load test method. Although the
proportion of friction and tip resistance of traditional static load test pile and O-cell test
pile in similar soil layer is not consistent before loading, when it is close to the limit state
of pile bearing capacity, the load transfer behavior of the pile will be more consistent, and
the equivalent transfer curve of O-cell test pile measured from this will be more consistent
with the traditional static load curve.

Based on the principle that the displacement of the top cover and bottom cover of
the load cell is equal, the simplified method is theoretically optimized through numerical
analysis. Comodomos et al. [13] believed that when calculating the ultimate bearing
capacity of pile foundation, the influence of pile length-diameter ratio should be considered,
and the resistance coefficient will increase with the increase of length–diameter ratio or
pile tip depth (especially when L:D ≥ 5, the value has an obvious increasing trend). The
specification [23] stipulates that when there is no reliable comparison test data and regional
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experience, 0.8~1.0 can be taken, 1.0 for long piles or cohesive soil, and 0.8 for short piles
or sandy soil. Li et al. [17,18] considered that the conversion coefficient of sandy soil is
0.42~0.71 and that of cohesive soil is 0.7~0.8 according to the field test results.

Conversion coefficient has a great influence on O-cell test results, and the values of
conversion coefficient are different under different engineering situations. In this paper,
γ1 = 0.81, 0.89, 0.97, and 1.05, respectively. Equivalent loads and displacements are calcu-
lated by Formulas (1) and (2). The converted Q-s curve is obtained and compared with the
Q-s curve of traditional static load test. The results are shown in Figure 7. From Figure 7, it
can be seen that the ultimate bearing capacity of O-cell test piles decreases with the increase
of γ1. When γ1 = 0.97, the Q-s curve after equivalent conversion has a higher overall fitting
with the Q-s curve obtained from traditional static load test. This is because the soft clay
layer in the model is completely undrained, and the pile length-diameter ratio L: D is
large, the calculated ultimate bearing capacity of the pile is 7719.68 kN, and the error with
the static load test result is within 0.5%, It shows that it is reasonable, feasible and more
accurate to select the appropriate conversion coefficient to calculate the ultimate bearing
capacity of O-cell piles by improving the theory of empirical conversion method through
numerical simulation.
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4.3. Analysis of Load Transfer Law by O-Cell Method

Dividing the ultimate bearing capacity obtained by equivalent conversion by safety
factor K (usually K = 2), the characteristic value Ra = 3859.84 kN of bearing capacity is
obtained, i.e., the design service value of the bearing capacity of foundation and the bearing
capacity of single pile used in calculation of normal service limit state, which means the
allowable design value of resistance when performing normal service function.

According to Ra, the loading schemes of each level are designed as follows:
640 kN, 960 kN, 1280 kN, 1600 kN, 1920 kN, 2240 kN, 2560 kN, 2880 kN, 3200 kN.
The slow maintenance load method is adopted. The load of each level is 1/10 of the

maximum load value, that is, 320 kN. The first level is twice the load value of the level.
There are nine levels in total. The ultimate bearing capacity of the upper and lower sections
of the pile in the O-cell method shall be considered when the graded loading scheme is
designed according to Ra.

4.3.1. Axial Force Analysis

Figure 8 shows the distribution law of axial force of pile body under various loads.
The balance point is located at 15 m depth of pile. The upper pile is supported by the upper
bottom, and the load is transferred from bottom to top. Under the same load, the closer to
the balance point, the greater the axial force is, and gradually attenuates toward the pile
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top. The axial force curve shows an inverted triangle, protruding to the right as a whole. At
the same pile depth, the axial force increases with the increase of load, and the axial force
curves under different load levels have similar development patterns. The lower section of
the pile is subjected to downward jacking pressure, and the load is transmitted from top to
bottom. When the load is small, the difference between the pile top load and the pile end
load is small. At this time, the pile side friction is small. With the increase of load, the pile
tip resistance increases significantly, and gradually bear more load.
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4.3.2. Analysis of Side Friction Resistance

Figure 9 shows the distribution law of side friction resistance of pile body under
various load levels. Under the same load level, for the upper section of pile, the side friction
resistance is large near the load cell and transfers upward along the pile. When the load
level is small, the difference between the load near the loading position and the pile top
is relatively small. With the increase of the load level, the pile side friction resistance also
increases, and the difference between the load at the loading position and the pile top load
also gradually increases. When the load level increases to 2240 kN, the peak value of the
side friction curve will not increase with the continuous increase of the load level, but the
side friction generated by the upper pile as a whole is still increasing (that is, the curve
coverage area). The statistics of the proportion of the bearing capacity of the upper pile is
shown in Table 2. It can be seen that with the increase of the load level, the side friction
gradually bears more load.

Table 2. Proportion of bearing capacity of upper pile.

Load Level (kN)
Self-Weight (kN) Side Friction Resistance (kN)

Value Proportion Value Proportion

640 133.24 20.82% 506.76 79.18%
960 133.24 13.88% 826.76 86.12%

1280 133.24 10.41% 1146.76 89.59%
1600 133.24 8.33% 1466.76 91.67%
1920 133.24 6.94% 1786.76 93.06%
2240 133.24 5.95% 2106.76 94.05%
2560 133.24 5.20% 2426.76 94.80%
2880 133.24 4.63% 2746.76 95.37%
3200 133.24 4.16% 3066.76 95.84%
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For the lower section of the pile, the load is mainly borne by the side friction and tip
resistance. It can be seen from the figure that the side friction increases with the increase of
the load level, but the extent of the increase decreases, which indicates that more load will
be gradually shared by the tip resistance.

4.3.3. Analysis of Tip Resistance of Lower Pile

Figure 10 shows the change rule of the ultimate tip resistance of the lower section pile
with the increase of the load grade. It can be seen that when the load grade is small, the
slope of the limit tip resistance curve with the increase of load grade basically remains
unchanged, approximating a straight line. When the load level increases to 2240 kN, the
slope of the curve increases and the growth rate of the ultimate tip resistance increases,
which indicates that when the load level increases to a certain extent, the tip resistance will
gradually share more load. Table 3 shows the statistics of the proportion of the side friction
and tip resistance of the lower section of the pile under all levels of load. It can be seen that
the proportion of the tip resistance first decreases and then increases, and the side friction
first increases and then decreases. This is because as the loading process progresses, the
side friction resistance between the soil layer near the load cell and the pile body will play
a role first, then gradually reaches “saturation”. At the later stage of loading (load level
increases), the tip resistance will bear more loads.
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Table 3. Proportion of bearing capacity of lower pile.

Load Level (kN)
Tip Resistance (kN) Side Friction Resistance (kN)

Value Proportion Value Proportion

640 427.03 66.72% 212.97 33.28%
960 573.81 59.77% 386.19 40.23%

1280 720.58 56.30% 559.42 43.70%
1600 871.59 54.47% 728.41 45.53%
1920 1017.60 53.00% 902.40 47.00%
2240 1172.43 52.34% 1067.57 47.66%
2560 1332.07 52.03% 1227.93 47.97%
2880 1591.21 55.25% 1288.79 44.75%
3200 1899.93 59.37% 1300.07 40.63%

4.4. Distribution of Yield Region during Loading Process

Figure 11 shows the yield region distribution of the soil mass on pile side at each time
along with the loading process.
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AC Yield is the yield mark, which is one when yielding occurs, and zero when not
yielding. The calculation results show that the yield mainly occurs in the soil layer near the
load cell at the initial stage of loading, and the yield of the soil layer at the pile end mainly
occurs at the later stage with the loading process. This shows that the pile side resistance
is developed first and the tip resistance is developed later. At the initial stage of loading,
large pile–soil relative displacement will occur near the load cell, and the friction resistance
will begin to play at the earliest time. As loading progresses, friction resistance develops
from the load cell along the pile body to the far end until the limit value is reached. The
development of pile tip resistance lags behind the lateral resistance. For the lower section
of pile, under the condition of short pile length and high pile modulus, the pile–soil relative
displacement at the pile end will also be relatively more, and the load shared by the tip
resistance will also be more, so the yield will mainly occur in the soil layer at the pile end
in the later stage of loading.

5. Conclusions

In this paper, the bearing mechanism and numerical model of static load test and
O-cell test are compared, and the load transfer rule of single pile of O-cell test is analyzed.
The conclusions are as follows:

• The pile end of the lower section reaches the hard rock layer with a large modulus,
which is not easy to generate elastic deformation. The Q-s curve of the upper section
of the pile is steep, and the Q-s curve of the lower section of the pile is slow At the
same displacement, the load required by the upper section of the pile is smaller than
that of the lower section;

• The Q-s curve of the O-cell pile test method after equivalent conversion has a high
fitting degree with the results of the static load test, and the error is within 0.5%. The
method in this paper is feasible to judge the bearing capacity of the foundation pile.
The conversion coefficient value calculated using the method in this article is 0.97;

• In practical engineering, it is often difficult for the upper and lower sections of piles
to reach their ultimate state simultaneously. When designing loading schemes, it is
not only necessary to consider the overall vertical bearing capacity of the pile, but
sometimes it is also necessary to consider the individual bearing capacity of the upper
or lower sections of the pile;

• For the upper section of the pile, as the pile weight remains unchanged, the side
friction resistance will gradually bear more loads. For the lower section of pile, the
side friction resistance increases rapidly at the initial stage of loading, and plays a role
first. As the load continues to increase, the side friction resistance gradually decreases
and the pile tip resistance will bear more loads;

• It is worth noting that this article only studies the load transfer behavior of O-cell
test based on numerical methods, and compares their similarities and differences
with traditional methods. In subsequent research, more influencing factors need to be
considered, and further in-depth research should be conducted in combination with
practical engineering applications.
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