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*e accurate estimate of the ultimate bearing capacity of a single pile in the vertical direction is an important issue in the design of
the pile foundation. *is paper presents a static test on a single-pile model. *e test was performed through a large-scale model
casing test equipment that is independently developed. Various factors that affect the different test soil samples have been taken
into account. In addition, the test has measured the pile’s internal stress and displacement through the sensors that were installed
on the pile. What is more, a series of studies on the settling character of the single pile, pile lateral friction, changing nature of tip
resistance, and its development with settling have been carried out. Finally, this paper analyzes the bearing capacity behavior and
load transfer mechanism in the compressive static load test on the single pile in the vertical direction. *e test results show that,
under the same static load, the lateral friction of a pile in the sand is bigger than that in the silty clay, and with the increasing load at
the pile tip, the increment speed of tip resistance in the silty clay is much faster than that in the sand, while pile’s bearing capacity in
the sand is much bigger than that in the silty clay.

1. Introduction

*e rapid urbanization has led to huge demands on the
infrastructure constructions in city area. Meanwhile, the pile
foundation is one of the most common forms of the in-
frastructure foundations in the constructional engineering.
*e design concept of the pile foundation with settling
control has increasingly been accepted by the academia and
engineering community [1]. *e most urgent problems in
optimizing the settling control for the pile foundation design
include the following: how to figure out the load transfer
mechanism at the pile-soil interface during the static load
process; what is the development nature of tip resistance
with pile settling; how to seasonably calculate the pile
foundation settling. *ese issues provide a theoretical
foundation for the accurate estimate of the ultimate bearing
capacity of a pile. Many scholars explore the working
mechanism of a single pile by bringing forward empirical
methods [2, 3], elastic theory method [4], load transmitting

method [5–7], and numerical method [8, 9]. *ese methods
study the mechanical property of the static load from a
macroscopic perspective; therefore, they have limited ap-
plication range. Some scholars have used the Mohr-Cou-
lomb criterion to study the fracture state of rock under the
ultimate load-bearing state through the comparative analysis
of model tests and numerical simulations and have made
good progress [10–15]. In addition, according to the prin-
ciple of layerwise summation method, Hong and Yang in
2008 extended the elastic theory based on Mindlin dis-
placement solution and successfully established a method
similar to the single-pile load distribution and settlement
calculation under soil hierarchical solution [16]. In 2010,
Wang et al. studied the rule of distribution for the lateral and
tip resistances under different loads [17], as well as the
changing nature of lateral friction with the settling of pile tip
and of a pile in sand layer and silty clay with the relative
displacement of such sand or silty clay. In the same year,
Zhou et al. conducted an indoor single-pile static model test
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through their independently designed visible box model
[18], and by taking into account the influencing factors on
different pile diameters and soil compactness, their team
studied the settlement mode of the single pile, changing
nature of lateral, tip resistances, and their development with
settling. *eir results further revealed the micro- and
macromechanisms in the static load process. In 2011, Diao
et al. explored the static load test on pile under different
loads through on-site test and finite element modeling [19].
In 2012, Hong applied the elastic theory based on Mindlin
displacement solution to the establishment of a theoretical
simulation method by conducting the single-pile static load
test based on pile-loading and achor-pile methods [20].*ey
also made a contrastive analysis between the two methods.
In 2016, Gao et al. conducted and analyzed the PHC pile
static test in Qingdao [21], and their study indicates that
PHC pile has a great bearing potential in the complex ge-
ology of Jiaozhouwan reclamation area. In 2017, Huang and
Zhang combined three socketed piles that were taken from a
construction project in Qingdao to perform an on-site static
load test and have studied the settling nature [22]. In 2020,
Huo et al. conducted field tests based on the rock-socketed
pile foundation of an engineering quartz sandstone for-
mation and obtained the lateral resistance and end resistance
through the conversion of uniaxial compressive strength
theory [23]. However, the mechanical property of soil comes
from the reaction of all elements in the soil. To the best of the
authors’ knowledge, only a few studies focus on the me-
chanical property of soil in the static load process.

*rough the indoor test on the large-scale open pile
model, this paper studies the settlement mode, bearing
capacity, and lateral friction during the static load process of
a single pile, as well as the working nature of tip friction,
which have revealed the internal mechanism of pile–soil
interaction in static load process.

2. The Indoor Model Test on Single Pile’s
Static Load

2.1. %e Equipment and Soil Sample Used for Indoor Model
Test. *is test adopts the large-scale model casing equip-
ment that is independently developed by the Qingdao
University of Technology, with its internal dimension of
3000mm× 3000mm× 2000mm (L× W ×H), as shown in
Figure 1. *e dimension of its steel plate installed on its
facade is 900mm× 900mm× 6mm (L× W*ickness), as a
discharge opening for the convenience of disassembly.
Tempered glass is installed at intervals in the middle of the
facade as the viewing windows. *e equipment is soldered
together with steel plate, and its welding lines are sealed with
high-strength solid sealant for waterproof. Its drainage
adopts stainless steel tubes equipped with ball valves, which
are installed at its four corners for the drainage consolidation
of soil sample. All of the steel used for the equipment is
painted with peacock blue antirust paint, with servo-load

system used for loading in static load process, as shown in
Figure 1.

*e pile model used for the test consists of two aluminum
alloy tubes with concentric circles, and their inner and outer
tubes are connected to the pile shoe, with Poisson’s ratio 0.3
and elasticity modulus 72GPa. *e pile model P1 is of
1000mm long, 140mm in diameter, and 13mm in thickness,
while the pile model P2 is of 1000mm long, 160mm in di-
ameter, and 13mm in thickness. Except for the diameter, the
pile model P1 and P2 are made in the same structure, as
shown in Figure 2. *e cross-sectional dimensions of P1’s
outer tube are 140mm× 134mm (outer× inner diameter)
and 3mm in thickness, while the cross-sectional dimensions
of its inner tube are 120mm× 114mm (outer× inner di-
ameter) and 3mm in thickness. *e cross-sectional dimen-
sion of P2’s outer tube is 160mm× 154mm (outer× inner
diameter) and 3mm in thickness, while the cross-sectional
dimension of its inner tube is 140mm× 134mm (out-
er× inner diameter) and 3mm in thickness.

On the outer wall of the outer tube, a groove is opened
for fiber bragg grating (FBG) microsensor to be stuck in
and sealed with epoxy resin glue, while the sensor of inner
tube is also installed onto its outer wall and placed into the
enclosed annular space to protect it from environmental
disturbance (see Figure 3 for both tubes). Both the inner
and outer tubes for FBG microsensor installment are in a
symmetrical layout on both sides. Starting from the pile tip,
the height of outer tube should be, respectively, 20mm,
200mm, 380mm, 560mm, 740mm, and 920mm, and on
each side of the outer tube, six sensors should be installed,
totaling 12.*e height of inner tube should be, respectively,
20mm, 110mm, 200mm, 290mm, 380mm, 560mm, and
740mm, and on each side of the inner tube, seven sensors
should be installed, totaling 14 sensors. FBG microsensor
measures the axial force of pile shaft through detecting the
pile strain change in order to get the shaft friction. *e
stress obtained by the sensor at the bottom of outer tube is
approximately equal to tip resistance, and the displacement

Servo-loading system

Data collection
system

Oil pressure
system

Figure 1: *e large-scale model casing test equipment.
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and accumulated settlement at the pile tip are measured
through the displacement sensor of the servo-loading
system.

Two soil samples are used for this test: one is the sea
sand, and the other is the silty clay taken in a Qingdao area.

*e sea sand used is dried out to reduce the influence from
other factors, and the relative density of the sand is
GS � 2.65; maximum void ratio is emax � 0.52; minimum
void ratio is emin � 0.30; relative compactness is Dr � 0.73;
median size is d50 � 0.72mm; particle size range (mm) is
0–15; internal friction angle is ϕ � 42.8°; dry density is
ρd � 1.95 kg/mm3. *e grain composition obtained through
sieving method is shown in Figure 4.

As for the silty clay, its optimum moisture content is
w � 23%; maximum dry density is ρd � 1.69 kg/mm3; liquid
limit is wl � 31.6%; plastic limit iswp � 13.8%; plastic index is
Ip � 17.9%; internal friction angle is φ � 30°; cohesive force is
c� 27 kPa; compressibility coefficient is zv1−2 � 0.32MPa;
compression modulus is ES1−2 � 5.5MPa; Poisson’s ratio is
0.3. Soil is filled into the foundation by layer and then
compactedmanually or mechanically. After the preparation is
finished, slowly add water into the soil until complete satu-
ration and then wait for 20 d to ensure that themoisture in the
soil is evenly distributed.

2.2. Soil Preparation. According to inner dimensions of
casing model 3000mm× 3000mm× 2000mm (length×

width× height), the height of soil sample is 1800mm, and
the sample is filled into the casing model in nine times, and
large scraper is used to fill in the soil at 200mm each time,
and each layer of the soil sample is tamped down both
manually (two times) and mechanically (one time). Each
layer of soil is given at least 12 h for its self-compactness
relying on gravity, so as to ensure the homogeneity of test
sample. In each layer of soil, eight cutting rings are placed
each at 300mm from the edge to the four faces of the casing
model. After the test, take out all cutting rings from each
layer to measure the soil compactness and work out the
average compactness.

2.3. Test Procedures

2.3.1. Test Preparation.

① Fill the soil sample into the casing model with layers
at a height of 200mm for each layer, manually (two
times) and mechanically (one time), until the soil at
each layer is tamped to the required height.

② Place an open-ended pile into the casing model after
determining its sinking position in the casing model,
using a leveling rod to adjust the perpendicularity of
the pile, so as to ensure its perpendicularity during
pile sinking.

③ Use a hydrocylinder to slowly press the pile to reach the
required height. After sinking the pile into the required
position, give the sand sample at least 15 d and the
saturated foundation soil at least 28 d before starting the
test.

2.3.2. Loading and Measurement. *e servo-loading system
and the casing model counterforce device are adopted as the
loading devices for this test. *e pile is applied with net load
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Figure 3: *e inner and outer tubes of double-walled open-ended
pile.
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Figure 2: *e structure of double-walled pile.
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by the grading of servo-loading system to reach the ultimate
load. *e loading in the test is in accordance with the slow
maintenance loading method as specified in *e Technical
Code for Building Pile Foundation (JGJ94-94) [24].

During the static test, net load is applied by the servo-
loading system through the loading device to reach the
ultimate load. In the sand, the load of pile model in the first
level is 8 kN; in the second level, it is 16 kN; in the third level,
it is 24 kN; in the fourth level, it is 32 kN; in the fifth level, it is
40 kN or damaged. In silty clay, the load of pile model in the
first level is 1 kN; in the second level, it is 2 kN; in the third
level, it is 3 kN; in the fourth level, it is 4 kN; in the fifth level,
it is 5 kN; in the sixth level, it is 6 kN; in the seventh level, it is
7 kN; in the eighth level, it is 8 kN; in the ninth level, it is 9 kN
or damaged. Loading should be stopped if, at a certain level,
the settling volume of the pile model under the load effect is
five times as much as the settling volume of the previous
level, or there is no obvious increase in the load of pile
foundation.

2.3.3. %e Measurement on Stress and Deformation.
Before loading at each level, record the data collected by each
pile sensor and measure the displacement at the pile tip.
Load for 30min to repeat the aforementioned operation, and
then measure the displacement at the pile tip after each
15min of loading. *e specific test plan is shown in Table 1.

3. Test Data Analysis

3.1. %e Axial Force of Pile Shaft. According to the data
collected from the sensors, we can obtain the axial force of
pile shaft through the following formula:

Ni �
Ri

Sir

× 10− 3
EA � εiEA, (1)

in which Ni is the axial force (kN) of i section; Ri is the data
(nm) collected by the sensor of i section; Sir is the sensitivity
coefficient (Pm/μƐ) of the sensor of i section; E is the
elasticity modulus (kPa) of pile model; A is the pile sectional
area (m2); Ɛi is the strain measured by the sensor of i section.

3.2. Lateral Friction. According to the axial force of each
section, pile lateral friction can be obtained through the
following formula:

Fi � Ni − Ni+1. (2)

According to the lateral friction of soil layer, the unit side
friction of such layer can be worked out through the fol-
lowing formula:

fi �
Fi

Uli
, (3)

in which Fi is the lateral friction (kN); Ni is the axial force
(kN) of i section;Ni+ 1 is the axial force (kN) of i section; fi is
the unit side friction (kPa) of i layer; U is the perimeter (m)
of pile section; li is the distance (m) from i layer section to
i+ 1 layer section.

3.3. Tip Resistance. According to the data collected by the
sensor at the bottom of pile lateral side, the tip resistance can
be worked out through the following formula:

Fd � εEA, (4)

where Fd is the tip resistance; Ɛ is the stress measured by the
sensor of the section; E is the elasticity modulus (kPa) of pile
model; A is the pile sectional area (m2).

4. Test Results Analysis

4.1. PileWorkingPrinciple. At the start of the static test, the
increasing load will first compress the upper part of the
pile, with part of the load passing down and the other part
becoming lateral friction. With increasing load, the
compressed upper part of the pile will have a relative
displacement, while the lateral side will receive an upward
side friction. When all of the lateral frictions have reached
the limit and the load is still increasing, the pile tip will
bear more load; the tip settlement will also grow and even
reach or surpass the allowable deformation, and the pile
will be damaged.

4.2. Pile Test Results. *e purposes of this indoor large-scale
static test on open-ended pile include the following: (1)
studying the basic mode of single-pile settlement in the sand
and silty clay; (2) investigating the single-pile bearing ca-
pacity, tip resistance, operating characteristic of lateral
friction, and development of pile tip displacement under the
application of static load.

Figure 5 shows the curves of single pile’s tip displace-
ment in different soils for various loading conditions. It can
be seen from the figure that the double-walled open-ended
pile in the test has an increasing vertical displacement at the
pile tip with the application of load at the pile tip increased at
the same time. When the vertical displacements are the same
at pile tip, the settling volume of P1 is bigger than that of P2,
and the settling volume of each pile in silty clay is bigger than
that in sand. In the test, the ultimate bearing capacity of P1 in
silty clay is about 6 kN and that of P2 is about 8 kN, while
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Figure 4: *e grain composition of sand sample.
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that of P1 in sand is about 30 kN. From the aforementioned,
we can see that the bearing capacity of double-walled open-
ended pile in the sand is far bigger than that in the silty clay.

Figure 6 is the curves of single pile’s lateral friction in
different soils along with load change. As can be seen from
the figure, the double-walled open-ended pile in the test has
seen its lateral friction increased with the application of load
at its tip increased at the same time. Applying the same load,
the increment speed of lateral friction in the sand is much
faster that in the silty clay. Applying the same load at the pile
tip, the lateral friction of pile in the sand is far bigger than
that in the silty clay. During the process of static load ap-
plication, whether in the sand or the clay, the lateral friction
of the pile body increases rapidly at the early stage. With the
application of the load, the rate of increase of lateral friction
of the pile body gradually slows down or even decreases. *e
main reason is that, at the initial stage of static load ap-
plication, the pile body mainly resists the deformation and
settlement of the pile body through the side friction of the
pile body. As the static load increases, the side friction re-
sistance of the pile body is quickly transmitted from top to
bottom until the side friction resistance is fully exerted. *e
static load causes a certain settlement of the pile, the relative
displacement between the pile and the soil, and a thin layer
of shear band at the pile-soil interface. In the sandy soil, the
pile–soil interface shrinks continuously with the static load,
which causes the normal stress at the interface to gradually
decrease, and the shear stress decreases, which results in
softening under reduced pressure. *e main mechanism of
the stress is that, at the initial stage of static load, the long
axis and short axis of the soil particles are arranged in
disorder and cross. With the increase of the static load, the
settlement of the soil is increasing, the long axis direction of
the soil particles is consistent with the shear direction, the
soil particles are arranged more orderly, and the space area
occupied by the particles is reduced. In addition, with the
continuous shearing, the soil particles near the pile–soil
interface appear to be very obviously broken. Large soil
particles break into small soil particles. *e newly broken
small particles enter the gap between the large particles, and
the soil near the contact surface is further compacted.
*erefore, the friction between the pile and the soil is re-
duced, and the side friction resistance decreases. Due to
continuous shear in the clay, a layer of water will gradually
form between the pile and the soil, which will play a certain
role in lubrication and reduce the interface friction coeffi-
cient. *erefore, the side friction resistance of the pile–soil
interface will also decrease.

Figure 7 illustrates the curves of lateral friction of single
pile in different diameters along with load change. From
that, we can see that the double-walled open-ended pile in

Table 1: Single-pile static test.

No. Type Shape Outer diameter
(mm)

Inner diameter
(mm)

Length
(mm)

*e thickness of inner and outer
walls (mm)

Test
sample

1 Single
pile

Double-walled
open-ended 140 114 1000 3 Sand

2 Single
pile

Double-walled
open-ended 140 114 1000 3 Silty clay

3 Single
pile

Double-walled
open-ended 160 134 1000 3 Silty clay
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Figure 5: *e tip displacement of pile in different soils along with
load change.
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Figure 6: *e lateral friction of pile in different soils along with
load change.
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the test has seen its lateral friction increased with the ap-
plication of load at the tip increased at the same time.
Applying the same load, the lateral friction of P1 is bigger
than that of P2, or under the same load, the smaller the
diameter of a pile, the larger the proportion of lateral
friction.

Figure 8 shows the curves of tip resistance of single pile
in different soils for different loading conditions. *e curves
show that the double-walled open-ended pile in the test has
seen its tip resistance increased with the application of load
at the tip increased at the same time. *e increment speed of
tip resistance in the silty clay is far faster than that in the
sand. Applying the same load at pile tip, the tip resistance of
pile in the silty clay is far bigger than that in the sand. *e
main reason is that the friction coefficient between the sand
particles and the pile is larger than that in the clay, and the
unit side friction resistance of the pile–soil interface in the
sand can be exerted to a greater level than the clay. Under the
same test conditions, the pile top load in sand needs to
overcome the larger side friction resistance to be transmitted
to the pile end, which results in a smaller increase in pile-end
resistance in sand than in clay. Whether in sand or clay, the
resistance at the end of the pile increases slowly at the
beginning of the static load.With the application of the static
load, the speed of the resistance at the end of the pile in-
creases continuously until the increasing speed reaches
stability. *e main reason is that, with the load increases, the
side friction resistance of the pile–soil interface gradually
increases at the initial stage of static load, resulting in a
relatively slow increase in pile-end resistance.

With the increase of the load, the side friction resistance
of the pile body gradually reaches themaximum level. At this

time, the load increases again, and the side friction resistance
no longer increases, resulting in a larger increase in the pile-
end resistance.

*e relationship between the tip resistance of the single
pile and the pile load is revealed in the curved shown in
Figure 9. From the figure, we can see that the double-walled
open-ended pile in the test has its tip resistance increased
slowly along with increase of load application at the pile tip.
With further increase of load application at pile tip, the tip
resistance starts to increase quickly. Under the same load,
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Figure 8: *e tip resistance of pile in different soil samples along
with load change.
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Figure 9: *e tip resistance of piles with different diameters in
various soil samples along with load change.
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Figure 7: *e lateral friction of pile with different diameters in soil
samples along with load change.
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the tip resistance of P2 is bigger than that of P1, or under the
same load, the bigger the diameter of a pile, the larger the
proportion of tip resistance.

5. Conclusions

In this paper, we have studied the settlement mode of a
single pile in the static load process, its bearing capacity and
lateral friction, and the working properties of its tip resis-
tance. Based on the results, the main conclusions can be
drawn as follows.

(1) With increase of tip load, the vertical displacement of
pile tip is increasing. Applying the same load at pile
tip, the bigger the pile diameter, the smaller the
settling volume. Under the same load, the settling
volume of a pile in the sand is less than that in the
silty clay.

(2) *e bearing capacity of a pile in the sand is far bigger
than that in the silty clay.

(3) Applying the same load at pile tip, the less the diameter
of a pile, the larger the proportion of its lateral resis-
tance, and the bigger the diameter of a pile, the larger
the proportion of its tip resistance.With the increase of
load application at pile tip, the tip resistance experi-
ences slow to quick increase.

(4) Applying the same load at pile tip, the tip resistance
of a pile in the sand is smaller than that in the silty
clay. From that, we can see that, under the same load
at pile tip, the lateral friction of a pile in the sand is
bigger than that in the silty clay.
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