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Abstract: Small-diameter jacked piles are widely used in civil engineering. The formation and
development of the soil-plugging effect and surface frictional behavior of jacked piles have a high
impact on the construction process and pile quality. Clarifying the developmental pattern of the soil-
plugging effect and the change law of frictional force forms the premise of scientific construction and
construction quality. Firstly, we carried out two groups of in situ tests on the small-diameter jacked
piles, recording the relationship between penetration depth and resistance force. Then, the discrete
element method (DEM) was used to analyze the mechanical behavior of the small-diameter jacked
piles during the construction process. The particle flow code (PFC) 2D was used to carry out the
DEM simulation. The research results show that pile resistance exhibited an irregular development
trend as the construction process proceeded. There is a sudden change in pile resistance when the
pile tip reaches the interface of certain soil layers. Both tests revealed the same phenomenon, yet both
occurred at different depths. The DEM analysis showed that plug sliding was the main reason for
the above phenomenon. The difference in strength and stiffness of adjacent soil layers causes the
soil plug to slide, leading to a sudden change in pile resistance. When the upper layer is soft and
the layer below is hard, this phenomenon is especially obvious. This also leads to a difference in
the location of the sudden change in pile resistance between the two groups of tests. The research
results of this paper can be helpful for revealing the relationship between the soil-plugging effect of
small-diameter jacked piles and the development of pile resistance and also provides a reference for
relevant engineering construction and design.

Keywords: small diameter jacked pile; in situ testing; soil-plugging effect; discrete element method

1. Introduction

Small-diameter jacked piles are widely used in urban foundation engineering because
of their high bearing capacity, low cost, and low construction noise. Strengthening the
uneven settlement of the existing building foundation through the use of jacked piles can
not only raise the reinforcement quality of the foundation but also ensure building safety
and environmental protection [1]. It can be applied to various soils and has become the
most preferred scheme of foundation treatment. In order to understand its construction
properties, researchers have used model tests, in situ tests, and numerical analysis to study
the penetration characteristics and pile resistance of jacked piles.

In terms of tests, Lehane and Gavin [2] studied the relationship between the founda-
tion stiffness and the bearing capacity of soil plugs through indoor model tests. Vesic [3]
analyzed the change in pile tip resistance and proposed the critical depth of the pile accord-
ing to the results of the field tests. Randolf et al. [4] studied the influence of foundation
consolidation history on pile stress through parameterization analysis. In the process of
pile penetration via jacked piles, the soil-squeezing effect and soil-plugging effect coexist.
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The existence of the soil plug has a great influence on the characteristics of pile penetration
and the development of the bearing capacity, which makes the engineering characteristics
of jacked piles very different from other kinds. Murthy et al. [5] studied the formation
characteristics of soil plugs during pile construction using laboratory model tests. They
also obtained the influence of pile diameter, pile pressure, and penetration depth on soil
plugs based on data analysis. Hailei et al. [6] conducted experimental fluctuant research on
the mechanical performance of model piles under different penetration rates and obtained
the relationship between the pile penetration rates and the size of the soil plug. Based on
the cavity expansion theory, Li et al. [7] proposed a calculation formula for pile resistance
considering the influence range of pile tip resistance during the penetration process in soft
soil layers. Lehane and Gill [8] and Cao et al. [9] obtained the displacement field of the soil
around jacked piles and the deformation law inside the soil during pile penetration based
on transparent soil material; the result is interesting, but transparent soil is still separate
from natural sand, which should be further studied. Liu et al. [10] and Sang et al. [11] used
the micro FBG-MEMS pressure-sensing technique to monitor the stress of the pile during
the penetration process. They concluded that the pile resistance force (when constructing
in a homogeneous soil layer) also increased in waves, and side resistance degenerated
at the same depth. Kodsy and Iskander [12] analyzed the soil plug effect of 74 groups
of jacked tubular piles with different sizes. With the help of fiber Bragg grating sensor
technology, Kou et al. [13] analyzed the interaction feature of the frictional force between
the inner wall and outer wall of the jacked tubular pile influenced by the soil plug. Han
et al. [14] conducted field tests using both static and dynamic loads on jacked piles. They
also compared the resistance force measured by static load tests with the resistance force
obtained by static cone penetration tests.

On the other hand, various numerical simulation methods were established and used
in the analysis of jacked piles, such as the conventional finite element method [15,16],
arbitrary Lagrangian-Eulerian (ALE) method [17–20], coupled Eulerian-Lagrangian (CEL)
method [21], material point method (MPM) method [22–24], smooth particle hydrody-
namics (SPH) method [25,26], and the discrete element method (DEM) [27,28]. Hong and
Xueyi [29] used FEM simulation to analyze the soil-squeezing effect of static pressure piles
based on spherical cavity expansion theory. Lorenzo et al. [23] used the material point
method to simulate the penetration process of jacked piles, proving the feasibility of the
material point method. Ko et al. [21] simulated the driving process of open-ended piles
in sand using the coupled Eulerian-Lagrangian (CEL) approach; the parametric analysis
revealed that the plugging effect was mostly influenced by driving energy, followed by pile
diameter and pile embedment depth. Hu et al. [30] used the Voigt model to treat the soil
plug as an additional mass attached to the pile body and considered the compactness of the
soil plug in their study. Their research shows that the thickness of the pile influences the
expansion pressure as well as the dynamic effect of the soil plug on the pile. Liu et al. [31]
established a discrete element model of the penetration response of jacked piles consider-
ing different diameters, which qualitatively reflects the changing trends in soil flow, soil
plugging, pile resistance, and the stress distribution of the soil, but it is hard to directly use
in practice. Among all numerical methods, DEM is particularly suitable for the mechanism
analysis of soil materials because it provides a convenient and comprehensive alternative
to investigate both the macroscopic and microscopic behavior of granular soil [28,32].

Most of the above studies focus on homogeneous soil layers. Few studies involve in
situ testing or analyzing the formation and development mechanism of the penetration
process, plugging effect, soil-arching effect, and other characteristics in detail. In this paper,
the penetration process of a small-diameter jacked pile is analyzed through a set of in situ
tests in the soft foundation of a garbage backfill engineering site. The discrete element
method was used to simulate the penetration process of the in situ testing. The pattern of
change for soil plug thickness and pile resistance are analyzed based on the in situ testing
data and the result of the DEM simulation. The research results of this paper are expected
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to provide a reference for similar projects and provide a theoretical basis for the design and
construction of small-diameter jacked piles.

2. In Situ Tests of Small-Diameter Jacked Pile
2.1. Engineering Background of the In Situ Test

The in situ testing in this paper was conducted during a strengthening engineering
project in Xi’an, Shaanxi Province. The soil foundation consisted of 5 layers: the 1© artificial
plain filling layer, 2© filling sand layer, 3© medium sand layer, 4© silty clay layer, and the

5© coarse sand layer. The thicknesses and engineering properties of the layers vary strongly,
and their positional relationship is not fixed. For instance, the minimum fill thickness of
the artificial fill layer is 1.8 m, while the maximum value is 4.3 m. The distribution and
engineering properties of each soil layer are shown in Table 1. The widely distributed
artificial plain filling layer is an uncompacted, irregular, and uneven deposit body, which
is backfilled after soil borrowing. The soil quality of the artificial plain filling layer is
relatively loose and has high porosity, which can be classified as under-consolidated soil.
Under-consolidated soil is compacted by its own weight, and precipitation infiltration has
an influence on the situation during the construction and service period, resulting in a large
area of uneven settlement surrounding nearby buildings. The maximum settlement had
already been reached at 180 mm during this engineering project. Therefore, reinforcements
were needed to control the settlement.

Table 1. Soil layer distribution and engineering properties.

Label Layer Name Thickness
(m)

Bearing
Capacity

(kPa)

Bulk
Density/γ
(KN/m3)

Cohesive/
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(kPa)

Angle of
Friction/φ

(º)

Modulus of
Compressibility/Es

(MPa)

1© Artificial
plain filling 0.5~3.9 85 15.2 10 10 4.8

2© Filling sand 0.3~2.4 150 17.6 5 18 12.5

3© Medium
sand 0.7~5.4 200 19 / 28 20.3

4© Silty clay 0~0.5 160 17.9 30 22 5.1

5© Coarse sand 1.1~3.9 250 19.5 / 30 25.7

2.2. Test Principle and Purpose

Through the in situ penetration tests carried out in the soft foundation of the site,
the pile penetration mechanism of the small-diameter jacked piles under static pressure
was studied. The variation law of the resistance force of the pile during the penetration
process, along with the penetration depth under different soil conditions, was analyzed.
The construction performance of small-diameter jacked piles in strengthening engineering
was also explored.

Before the penetration process of the test, four anchor bolts were embedded around
the pile in advance, serving as a reaction frame. Hydraulic jacks were used to gradually
press the pile into the soil. After pile penetration was completed, concrete was poured to
seal the pile. The pile penetration speed was kept constant during the test process and the
pile penetration process was considered a uniform linear motion. For buildings that have
already settled, the essence of strengthening engineering is to transform the independent
foundation form into a composite foundation, in which piles and soil work together [33,34].
Part of the load of the building will be transferred to the soil through the jacked piles so as
to reduce the pressure of the independent foundation on the foundation soil to limit the
settlement of the foundation and achieve the purpose of reinforcement [35].

The penetration process of a small-diameter jacked pile is more stable than other types,
such as those that are hydraulic hammer-based. The applied static hydraulic force must
overcome the friction force around the side surface of the pile and the tip resistance force
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generated in the penetration process, which is affected by the engineering properties of
the soil layer, pile length, depth of penetration, and so on. In general, jacked piles cause
complex movements and force onto the soil during penetration (and vice versa). When
the pile penetrates, the soil below the pile tip will be compressed and produces excess
pore water pressure [36]. When the penetration pressure increases, the pile tip will break
into the soil, causing the soil to undergo the accompanying direct shear failure. The soil
inside and outside the pile move simultaneously in the beginning. The soil exerts both
friction force and normal force on the pile surface at this stage. When the soil plug emerges,
the soil inside the pile will stay still in the front and cause tip pressure to the pile. Plug
length may also change during the penetration process because of the soil movement. The
total resistance force of the pile may change randomly depending on the state of the soil
plug. Therefore, to study the soil-plugging effect on small-diameter jacked piles, the total
resistance force of the pile was monitored.

2.3. Test Steps

As shown in Figure 1, a small-diameter steel pipe pile with a diameter of 180 mm
and a wall thickness of 8 mm was chosen. Other test devices include a hydraulic jack, a
high-pressure oil pump, and a reaction frame. Before the test, four M24 antifloat anchors
were buried around the pile hole, and the reaction frame was assembled accordingly. Then
steel pipe pile was positioned, and its verticality was checked. The length of each standard
section of the piles is 2 m. During penetration, the pressure value of the oil pump was
recorded every 0.2 m. The pile penetration speed was kept at 0.4 m/min. As shown in
Figures 2 and 3, two locations with distinguished strata were chosen for running the test.
Six test piles, three for each location, were independently constructed.

Figure 1. In situ test of small-diameter jacked pile.
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Figure 2. Penetration resistance curve for condition a.

Figure 3. Penetration resistance curve for condition b.

3. Processing and Analysis of the In Situ Test

Since the penetration speed was kept to a low value, the penetration process can be
seen as quasistatic. Therefore, the total pile resistance force can be obtained as the force
calculated from the oil pump. Figures 2 and 3 show the variation curves of the penetration
resistance of the pile, with the penetration depth of the two conditions. In the figures, TP
stands for test pile. There are 6 test piles in total. It can be seen that, under the same soil
distribution, the variation trend of the test piles is basically the same, indicating that the
variation in pile penetration resistance has a certain regularity.

For condition a, it can be seen from Figure 2 that the change law of pile penetration
resistance of the small-diameter jacked pile is highly related to the soil layers. When the test
piles entered the filling sand layer, due to the large shaking of the test pile, the growth rate
of penetration resistance was low. Then, the pile penetration resistance increased rapidly
when the penetration depth was nearly 0.5 m, denoting that the soil plug began to form.
When the pile tips started to enter the medium sand layer, the penetration resistance force
peaked at 805 kN, 935 kN, and 772 kN, respectively, for the three test piles. In the upper
part of the medium sand layer, the penetration resistance decreased by about 50%. In
the thicker medium sand layer, due to the nonuniformity of the soil, the pile penetration
resistance also changed slightly, but it still showed an increasing trend. When the pile tip
enters the silty clay layer, the pile penetration resistance encounters a second inflection
point. It can be seen that, within complex geological conditions, the hardness of the soil has
a direct impact on pile penetration resistance [37].

For condition b, the changing trend of the three test piles in Figure 3 is quite different
from that in Figure 2. Because the artificial plain fill layer is relatively soft and the external
disturbance is large, the pile penetration resistance in this layer is small. At the junction of
the artificial plain fill and the medium sand layer, the pile penetration resistance was only
74 kn, 82 kn, and 123 kN for the three test piles. When the pile tips entered the medium
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sand layer, the growth rate of the pile penetration resistance increases, but the change is
moderate compared to condition a, as shown in Figure 2. The is mainly caused by the
interaction between adjacent layers and the small compaction degree of the medium sand
layer in this area. As the penetration proceeds, there is an inflection point in the penetration
resistance curve when the pile tip enters the upper part of the coarse sand layer. The
mutation is small: 7.4%, 13.7%, and 10.9%, respectively. Penetration resistance continues to
increase in the middle and lower part of the coarse sand layer. The changing trend is not
obvious; the values reached 821 kN, 805 kN, and 801 kN, respectively.

The phenomenon of the sudden increase or decrease in the growth rate of penetration
resistance occurs during pile penetration and is mainly related to the geotechnical nature
of the soil layer at the tip and side of the pile, the penetration depth, and other factors. The
above analysis is only a qualitative analysis of the obtained pile penetration resistance data
based on limited stratum data and construction experience, which cannot quantitatively
describe the change mechanism for pile penetration resistance, the soil plug effect, and
the soil-arching effect during the penetration process. The following part of this paper
will analyze the in situ test processes with the help of the discrete element method (DEM)
to study the change in pile penetration resistance and reveal the mechanism between
penetration resistance and the soil plugging effect.

4. Discrete Element Numerical Simulation Analysis of the Small-Diameter Jacked Pile
4.1. DEM Modeling of the Small-Diameter Jacked Pile
4.1.1. Geometric Model

In the present study, considering the calculation cost of practical usage, PFC2D was
used to model the pile penetration process of the in situ tests. The discrete element model of
the in situ test process of the small-diameter jacked piles includes three parts: test piles, soil
containers, and soil layers. The stiffness of the piles and soil is relatively large [38,39], and
the deformation of the steel pipe pile has little effect on the simulation results; therefore, the
steel pipe pile was considered to be a rigid wall. Since the model is two-dimensional, the
test piles are simplified into two parts: the left wall and the right wall. The soil container
is composed of three rigid walls. In order to avoid the boundary effect and also decrease
the calculation costs, the container size was set to 2.8 m (15 times that of the pile diameter)
in the horizontal direction and 10 m in the longitudinal direction (Figure 4). The soil
particles were modeled with two-dimensional discs. Considering the gradation curve and
void ratio of each soil layer, the proportional method and expanded radius method were
used to gradually generate the soil particles. The total number of particles is 35,000. The
constitution model and the contact parameters of the soil particles were assigned according
to the stratum information in Figures 2 and 3 and Table 1. Two discrete element models
were obtained according to the two test conditions. It should be mentioned that, strictly
speaking, the 2D model follows the plane strain assumption, and therefore the modeled
piles should be considered empty wall structures rather than piles. However, the purpose
of this study is to explain the mechanism of the soil plugging effect on the small-diameter
jacked pile during the construction process and to qualitatively analyze the relationship
between the plug length and penetration resistance. Additionally, the use of 2D DEM for
pile penetration has already been verified by many researchers [40–44]. Therefore, a 2D
DEM model was used.
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Figure 4. Soil container and pile model from the DEM model.

4.1.2. Calibration of Contact Parameters

In this paper, the trial-and-error method was used to calibrate the parameters of the
contact parameters of each layer of soil. Among them, the linear-bonding model was used
for layers 1©, 2©, and 4©, and the linear model was used for layers 3© and 5©. In order to
carry out the trial-and-error method, a numerical triaxial test was established using the
same particle settings of the in situ test simulation. Random contact parameters were then
input to run the DEM simulation. The analysis results were compared with the actual
performance of the material. The parameters were then manually adjusted according to the
comparison results until the input parameters made the model analysis results meet our
expectations. The contact parameters in the model include the friction coefficient, fric, the
tensile and shear strength, cb_tens and cb_shears, the contact stiffness modulus, Emod, and the
normal tangential stiffness ratio, Kratio. The calibration results are shown in Table 2.

Table 2. Calibration results.

Label Layer Name Fric cb_tens(cb_shears)
102 kPa Kratio Emod/

104 kPa

1© Artificial plain filling 0.57 2.18 2.62 2.42

2© Filling sand 0.91 1.52 3.08 8.21

3© Medium sand 1.32 / 1.71 15.34

4© Silty clay 1.56 10.69 3.53 3.72

5© Coarse sand 2.21 / 3.16 20.18

4.1.3. Determination Off-Loading Rate

The loading rate is one of the most important simulation parameters in the DEM.
Figure 5 shows a comparison of the shear strength indexes and different loading rates. It
can be seen that the loading rate has a significant impact on the cohesion of the soil but has
a small impact on the internal friction angle. When the loading rate is less than 0.02 m/s,
a lower loading rate will have little impact on the results. Therefore, considering the
calculation cost and simulation accuracy, the loading rate was set to 0.02 m/s in this paper.
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Figure 5. Influence of loading rate on shear strength.

4.2. Simulation Process and Results

In the simulation, the piles were statically pressed at a speed of 0.02 m/s, and the
relationship between the vertical reaction force on the modeled walls that represent the
test piles and the displacement was recorded to reflect the pile penetration resistance curve.
The friction of the inner walls was extracted to analyze the stress characteristics. Moreover,
the change in the length of the soil plug was also obtained to analyze the soil plug effect
during the construction using the small diameter jacked piles. As show in Figure 6 is the
initial state of the model. Figures 7 and 8 show the simulation results for condition a and
condition b, respectively.

Figure 6. Modeling of soil particles.
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4.3. Analysis of the Simulation Results
4.3.1. Soil Plug Length

The trend of soil plug length (the distance from the soil’s surface in a pile to the pile
bottom) variation with time was extracted, as shown in Figure 9 (condition a) and Figure 10
(condition b). For condition a, it is clear that the development curve for soil plug length
with penetration depth can be divided into four stages: 0–1 m, 1–2 m, 2–4 m, and 4–6 m.
The curve has a stagnation point when the pile penetration depth is around 1 m. Before
that, the soil plug length increases approximately in a linear fashion. When the penetration
depth is 1–2 m, the soil plug length almost remains unchanged. When the pile penetration
depth is 2–4 m, there is a second approximate linear growth stage. Finally, in the last 4–6 m
stage, there is another stable stage for the soil plug length. Compared with Figure 2, it can
be seen that when the depth is about 1 m, the pile penetration resistance switches from a
slow-growth mode to a fast-growth mode. This change is caused by the fact that, at 1 m,
the lower soil particles in a pile are blocked by the upper soil plug particles, making the
soil at the tip of the pile more and more dense, forming a soil arch and finally developing
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the soil plug. As a result, the bottom soil plug in a pile begins to bear the soil pressure at
the pile tip, so the pile penetration resistance increases rapidly.

Figure 9. Soil plug length curve for condition a.

Figure 10. Soil plug length curve for condition b.

In Figure 9, the length of the soil plug began to increase when the penetration depth
exceeded 2 m. This is because the pile tip entered the middle sand layer from the filling sand
layer. As the compression modulus and strength of the middle sand layer are significantly
higher than that of the filling sand layer, the soil arch temporarily failed. The friction
status between the soil plug and the pile changed from static to dynamic, and the effect
of the soil plug was ineffective at this moment. Therefore, the pile penetration resistance
plummeted. During the 2–4 m stage, the length of the soil plug increased gradually, and the
pile penetration resistance basically remained unchanged. After about 4 m, the soil plug
formed again. It can be seen from Figures 2 and 9 that the length of the soil plug no longer
increased, and the pile penetration resistance began to rise rapidly again at the same depth.

Similarly, Figures 3 and 10 show the relationship between penetration resistance and
soil plug length for condition b. It can be seen that the development curve of soil plug
length with penetration depth can be divided into three stages: 0–2 m, 2–4 m, and 4–6 m.
The length of the soil plug increases linearly before the pile penetration depth reaches 2 m,
which is in accordance with the slow linear increase stage of pile penetration resistance in
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the early period in Figure 10. This is because the surface soil in test condition b is composed
of the plain fill layer, the compression modulus and strength of which are too low to form
a soil plug. When the pile tip enters the medium sand layer, the soil plug forms slowly.
At this time, the length of the soil plug no longer changes within the 2–4 m stage, and the
pile tip resistance of the soil plug begins to work, meaning the pile penetration resistance
rises sharply.

Similar to condition a, when the pile penetration depth reached 4 m, the pile touched
the coarse sand layer, and the strength and stiffness of the coarse sand layer were greater
than that of the medium sand layer. For the same reason, the effect of soil arching on the
soil plug temporarily fails, with the soil plug length then gradually increasing, while the
pile penetration resistance remains almost unchanged.

4.3.2. Lateral Resistance

In order to further understand the composition and change mechanism of the pene-
tration resistance of the test piles, the frictional resistance between the soil particles and
both the inner and outer surface of the piles was obtained by calculating the resultant force
in the Y-direction, as shown in Figures 11 and 12. It can be seen that the total friction is
different in value from that in Figures 2 and 3, but the overall trend is consistent, and it can
also correspond to the changing trend in soil plug thickness.

By comparing and analyzing the changing pattern of the inner and outer frictional
resistance, we concluded that the outer frictional resistance basically maintains linear
growth with penetration depth and shows different slopes in different soil layers. This is
because the outer frictional resistance is only related to the earth pressure acting on the pile
and the interface property between soil and pile, so it is relatively stable.

On the other hand, the inner frictional resistance is influenced by the soil plugging-
effect and soil-arching effect. It can be seen that the variation trend of the total frictional
resistance is basically dominated by the inner frictional resistance. In Figures 11 and 12, the
inner and total frictional resistance changed dramatically at 1.5 m, 3 m, and 4 m, which is
related to the sudden change in the soil plug length in the previous section. When the soil
plug length is stable, the soil-plugging effect is obvious, and the inner frictional resistance
is large. On the other hand, when the soil plug length increases, evidently, denoting that
the soil plug is in the formation or reformation stage, the soil plug and the pile slide during
this kind of situation; the static friction changes into sliding friction, and the soil-arching
effect fails, meaning the friction is low.

Figure 11. Penetration resistance curve for condition a.
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Figure 12. Penetration resistance curve for condition b.

5. Conclusions

By combining in situ test analysis and DEM simulation, this paper discusses the devel-
opment mechanism of the soil-plugging effect on surface resistance during the penetration
process of small-diameter jacked piles. Through the analysis of the test results and the com-
parison between the in-situ tests and the simulation results, it was found that the changing
curve of pile penetration resistance of the two groups from the in situ tests showed a similar
development pattern. Our detailed conclusion is as follows.

For the first test condition, penetration resistance increases with pile penetration depth,
then decreases or remains unchanged after reaching a certain depth. Then, there is a second
stage of continuous growth. For the second condition, the first stage was not observed. For
both of the test conditions, the sudden change in pile penetration resistance occurred when
the pile tip moved through the interface of two layers of soil, yet the depth of this sudden
change was different for the two conditions.

The DEM analysis results show that the soil plug slides with the inner surface of the
pile due to the difference in strength and stiffness between the different soil layers, which
is the reason for the sudden change in the pile penetration resistance. When the soil layer is
soft and hard, this phenomenon is relatively strong, which also explains the missing part of
the first stage for condition b, as the first layer in the second condition is too soft for the
soil plug to form quickly. The analysis results of this paper can be helpful for revealing
the relationship between the soil-plugging effect of small-diameter jacked piles and the
development of pile resistance and can also provide a reference for relevant engineering
construction and design.

Future work includes the following aspects:

1. The influence of the simulation dimension of the DEM should be further discussed;
2. The friction characteristics between the soil and pile and the corresponding mi-

cromechanism should be studied;
3. A more accurate simulation method should be developed for the prediction of pene-

tration resistance.
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