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Long-short pile composite foundation (PC-LSPCF) composed of part-screw pile and cement-soil compaction pile is a new railway
foundation treatment method, which has been widely used in high-speed railway construction projects in China. To explore the
dynamic characteristics and deformation characteristics of railway PC-LSPCF under long-term train loads, the dynamic
characteristics of long piles, short piles, and soil between piles under long-term train loads are tested by an indoor dynamic model
test. The dynamic amplification of pile and soil under dynamic load and the temporal and spatial distribution of peak response are
analyzed, and the stress and deformation development mechanism of PC-LSPCF under cyclic loading of large-cycle trains is
revealed. The results show that the neutral point of the long pile is at 1/2 of the pile length and that of the short pile is at 3/8 of the
pile length. The part-screw pile has a certain absorption effect on vibration energy. The deformation of a long-short pile composite
foundation under long-term train loads can be divided into three stages: extreme growth, transition, and stability. The train speed
is negatively correlated with the cumulative settlement of the long-short pile composite foundation. The higher the train speed, the
smaller the cumulative settlement, and the smaller the number of cycles of the N-S curve entering the gentle period. As the number
of train cyclic loads increases, the load-sharing relationship of the long pile-short pile-soil system will be redistributed. The
research results have important reference significance for the optimization design of high-speed railway foundation treatment.

1. Introduction

Since the opening of the Tokaido Shinkansen high-speed
railway system in 1964, many countries have begun to vig-
orously develop high-speed railways. Especially in China, the
current high-speed rail mileage in the world’s first, high-speed
rail has become one of the important means of transportation.
Because the operation of high-speed trains has very strict
requirements on track smoothness and postconstruction
settlement of subgrade, long-short pile composite foundation
(LSPCF) has been widely used in high-speed railway con-
struction due to its high bearing capacity, small settlement,
and economic rationality [1]. In recent years, a new type of

long-short pile composite foundation (PC-LSPCF) composed
of part-screw piles and cement-soil compaction piles has been
applied to China’s high-speed railway construction projects.
Although several studies have shown that PC-LSPCF has
good bearing capacity under static load conditions [2-4],
there are few reports on the dynamic characteristics of PC-
LSPCF, especially considering that the speed of high-speed
railway trains has been constantly refreshed in recent years
and the influence of vibration load generated during train
operation on the foundation has become more and more
prominent [5-7]. Whether PC-LSPCF can meet the long-
term bearing requirements of the high-speed railway is still a
problem.
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The design concept of a long-short pile composite
foundation was proposed by Chinese scholar Ma Ji in the
early 21st century [8]. It forms a vertical variable stiffness
composite foundation by optimizing the combination of a
longer rigid pile and shorter flexible pile, which just adapts to
the stress field that the additional stress of the foundation
decreases with depth, and achieves the purpose of con-
trolling uneven settlement, as shown in Figure 1. Long-short
pile composite foundation has attracted wide attention in
academia. Scholars in Gong’s team have carried out a series
of engineering practice research projects on it and elaborated
and introduced its theory and practice methods [9-11].
Under the condition of static load, Zhao et al. [12] proposed
a settlement calculation method for long-short pile com-
posite foundations considering the interaction of the pile-
soil-cushion system. Qian and Zhang and Guo et al. [13, 14]
showed that the influence of a long pile on the overall
settlement is greater than that of a short pile by different
research methods. Based on the shear displacement method,
Liu et al. [15] studied the influence of pile spacing on long-
short pile composite foundation by the centrifugal model
test and numerical simulation and put forward a reasonable
range of pile spacing. Yang and Zhang [16] used finite el-
ement analysis, a field test, and the standard formula cal-
culation method to analyze the influence of cushion
thickness, pile length, and raft thickness on the axial force
and side friction resistance of long piles. Under the con-
dition of a dynamic load, Jihui et al. [17] used the finite
element analysis method to analyze the displacement and
acceleration time-history curve of a rigid-flexible composite
foundation under blasting load. Fattah et al. [18] studied the
effect of soil saturation on load transfer from a single pile
under vertical vibration. Yiguo et al. [19] compared the
bearing capacity of long and short pile composite founda-
tions with and without geogrid through the model test. The
results show that the relationship between the settlement of a
long-short pile composite foundation and the number of
cycles can be expressed by an exponential function, and the
long-short pile in a composite foundation with geogrid
should be greatly changed.

At present, most scholars have carried out relevant
research on the static bearing capacity of long-short pile
composite foundations, but there are few studies on the
dynamic characteristics of long-short pile composite
foundations. The existing design and calculation methods
of railway long-short pile composite foundations still do
not fully consider the influence of train dynamic action.
Therefore, it is necessary to study the vibration response of
a new long-short pile composite foundation. Therefore,
through the indoor model test of PC-LSPCF under
simulated train load, the characteristics of acceleration,
dynamic stress, and cumulative settlement of the long
pile-short pile-soil system under long-term train load are
tested. The dynamic amplification of pile and soil under
dynamic load and the temporal and spatial distribution of
peak response are analyzed, and the development
mechanism of stress and deformation of a long-short pile
composite foundation under a large-cycle train cyclic load
is revealed.
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FiGure 1: The schematic diagram of the long-short pile composite
foundation.

2. Physical Model Experimental Design

2.1. Model Similarity Design. This test is based on a new
railway roadbed treatment project in Northwest China. The
subgrade of this section is treated by PC-LSPCF, in which the
long pile is a part-screw pile and the short pile is a cement
soil compaction pile. The length of the part-screw pile is
6.5m, and the pile diameter is 0.4m. The length of the
cement soil compaction pile is 4 m, and the pile diameter is
0.4 m. The piles are arranged in a square pattern with the long
and short piles spaced apart and the long piles spaced twice
as far apart as the short piles, as shown in Figure 2. The scale
test was carried out by using 4 long piles and 4 short piles.
The geometric similarity ratio between the prototype and the
model was 10: 1. The foundation soil and cushion are made
of undisturbed materials. The material properties of pre-
fabricated model piles are similar to those of the prototype,
so the elastic modulus similarity ratio and density similarity
ratio are 1:1. That is, ¢; = 10, ¢z = 1, and ¢, = 1, the simi-
larity constants of other physical quantities can be derived by
Buckingham 7 theorem, as shown in Table 1.

2.2. Material Properties. According to the geological con-
ditions of the prototype foundation, the soil type of the pile
side is mainly the Quaternary Pleistocene alluvial silty clay,
silt, sandy loess, sand, or gravel soil, and the pile end is the
fine sand bearing layer. Considering the constraints of a
small geometric size in a model test, the excessive strati-
fication of model soil will increase the difficulty of revealing
the mechanism [20]. Therefore, the soil is divided into two
layers from the top of the pile: (1) 200 mm thick silty clay;
(2) 700 mm thick fine sand (the bearing layer). Cushion
material and foundation soil are both original materials.
Before filling the model, the density and moisture content
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of the soil were tested by the ring tool method and the
drying method, the compression modulus of the soil was
tested by the indoor compression test, and the permeability
coeficient of the soil was obtained by the indoor seepage
test. The specific parameters are shown in Table 2. When
the foundation soil is filled, it is filled in layers of 5 cm and
compacted layer by layer to make its density meet the
design requirements. Unweathered gravel with good gra-
dation and maximum particle size less than 50 mm is used
as cushion.

The part-screw pile is simulated by gypsum material. The
concrete strength grade is C25, and the pile length is
650 mm. The pile length of the straight rod section is
200 mm, and the pile length of the screw section is 450 mm.
Straight rod section pile diameter is 40 mm, and screw
section diameter is 30 mm. The cement soil compaction pile
is simulated by using the PVC pipe with 8% cement im-
proving the soil. The pile length is 400 mm, and the pile
diameter is 40 mm. The prefabricated model pile and
foundation soil materials are shown in Figure 3.

2.3. Test Equipment and Sensor Layout. According to similar
conditions, the model box is assembled by assembling steel
blocks, and the size is length x width x height=1mx I mx 1 m.
The test loading system consists of a vibration exciter, controller,
load input control machine, and hydraulic system. The maxi-
mum test force of the exciter equipment is 500kN, and the
output action frequency range is 0~30Hz. The controller is
produced by MOOG company in Germany. Different vibration
waveforms can be set according to the axle load and running
speed of different trains to simulate the cyclic action of train
loads.

According to the dynamic response characteristics of
piles and soil between piles, the acceleration, dynamic soil
pressure, and dynamic strain response characteristics of the
pile-soil system were monitored. The acceleration test ele-
ment is a three-way capacitive acceleration sensor. The range
is +5 g, the frequency range is 0~900 Hz, and the sensitivity is
between 184.85mV/g and 191.77mV/g. The fixed acceler-
ation sensor is pasted on the long pile and the short pile to
test the dynamic response of the pile, and the acceleration
sensor is embedded in the soil between the long pile and the
short pile to test the dynamic characteristics of the soil. The
dynamic Earth pressure test element is a CY200 digital
pressure sensor with a measuring range of 0~100 MPa. The
dynamic Earth pressure box is arranged at a certain distance
along the depth direction between the long pile and the short
pile to monitor the soil stress change. The dynamic strain test
element is BE120-10AA-P150 resistance strain gauge, the
resistance value is 120 (), and the sensitivity coefficient is
2.21; we select a long pile and adjacent short pile along the
pile spacing paste dynamic strain gauge to monitor pile
deformation characteristics. Because temperature has a great
influence on the resistance strain gauge sensor, the corre-
sponding temperature compensation sensor is connected to
each test strain sensor. The acceleration signal and dynamic
strain signal are collected by the DHDAS dynamic signal
acquisition and analysis system, and the dynamic Earth

pressure signal is collected by the TST-PFM4.10 dynamic
signal continuous monitoring system. The specific location
of the sensor is shown in Figure 4.

2.4. Test Loading Programme. Train load is an instantaneous
load related to train structure, track, and speed [21]. Al Shaer
et al. [22] pointed out that a single wheel load can be
considered a train load, while a dynamic load is likely to be a
cyclic sine wave load from a theoretical point of view.
Therefore, this study uses sinusoidal cyclic load to simulate
train load, which can reflect cyclic characteristics, speed
effect, and geometric irregularity. The load expression is as
follows:

P(t) = P, + P, sin (wt), (1)

where P (t) is the dynamic train loads acting on top of the
model foundation, unit: kN. P, is the constant load acting on
the top of the model foundation. P,, is the half amplitude of a
sine wave. w = 27 f is the angular velocity, unit: rad/s. fis the
loading frequency, unit: Hz. t is the loading time, unit: s.

The train load frequency can be expressed in terms of
travel speed and axle spacing between wheel pairs, and the
test load frequency can be calculated from the following
equation:

fm:thpzct%’ (2)

where f,, is the test load frequency, unit: Hz; f, is the actual
load frequency, unit: Hz; ¢, is the time similarity ratio; v is
train speed, unit: m/s; L is the wheel-to-wheel spacing, unit:
m (this experimental model takes 2.5 m).

This test is based on the Chinese CRTS-I-type slab
ballastless track. The design axle load of the train is generally
200 kN. The track slab and foundation are considered to bear
the design dynamic axle load of 300kN. Therefore, the
current high-speed railway subgrade structure should meet
the design requirements of structural performance at a level
of 300 kN dynamic axle load. According to Buckingham’s 7
law, it can be calculated that the test dead load P, in this
paper is 3kN. According to the design experience of ordi-
nary railways, the ratio of train live load to dead load is 0.2 to
0.4 [23], which is 0.33 in this test, and the value of train live
load is 1 kN, that is, 2P, = 1kN, P, = 0.5 kN, that is, the wave
load varies cyclically in the range of 2.5 to 3.5kN.

The model test is divided into 8 test conditions to
simulate the long-term vibration load generated by different
train speeds. The number of excitations in each condition is
20,000 times. The test excitation frequency of train load
under each condition can be calculated using formula (2).
The specific loading conditions are shown in Table 3.

3. Analysis of Test Results

3.1. Time Domain Characteristics of Acceleration Response of
the Long Pile-Short Pile-Soil System. Taking the train speed
of 240 km/h as an example, the vibration acceleration time
history of different spatial positions of pile body and soil
between piles measured by the test is shown in Figure 5. The
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FIGURE 2: Design drawing of prototype long-short pile composite foundation treatment (unit: m). (a) Cross section of long-short pile

composite foundation treatment. (b) Long-short pile composite foundation treatment plan.

TaBLE 1: Similarity relation and similarity constant.

Physical quantity

Similarity relationship

Similarity ratio Note

Length [ C, 10:1 Controlled quantity
Geometric characteristics Area A C.=C/ 100:1
Displacement u C.=C 10:1
Strain & Ce=10 1:1
Stress o C,=Cg 1:1
Elastic modulus E Cg 1:1 Controlled quantity
Material characteristics Poisson’s ratio y C,=10 1:1
Density p C, 1:1 Controlled quantity
Cohesion ¢ C.=Cg 1:1
Internal friction angle ¢ Cy,=10 1:1
Load Concentrated force F C p=CPCg 100:1
Surface load ¢ C,=Cg 1:1
Quality m C .=C’C, 1000:1
Time ¢ ct_c,c“c —05 10:1
Dynamic characteristics Frequency w C,=C" 0.1:1
Speed v Cv cct 1:1
Acceleration a C.=CC? 0.1:1

left side is the acceleration time history curve of the whole
load cycle, and the right side is the acceleration time history
enlarged view of a certain cycle. It can be seen from the
figure that the acceleration response trends of long piles,
short piles, and soil in the whole load cycle are synchro-
nized, and the acceleration amplitude changes little with
time. It can be seen from the enlarged view that the re-
sponse form is a simple harmonic vibration. The

acceleration response amplitude of surface soil and pile top
of a composite foundation is larger, in which short pile top
(PS1) <long pile top (PLI) <surface soil between piles
(SA1), and the peak acceleration response is 0.117 m/s?,
0.126 m/s>, and 0.132 m/s>, respectively.

Figure 6 shows the response peak changes of long piles,
short piles, and soil between piles at different positions. It
can be seen that the peak acceleration response of the



Shock and Vibration 5
TaBLE 2: Test material parameters.
Natural . i
Similar materials Density (g/cm3) moisture Compression Permeability

content (%)

modulus (MPa) coeflicient (cm/s)

Silty clay 1.88
Fine sand 1.73

7.24 5.24%107°
23.67 3.59x 1072

Fine sand

Silty clay

Part-screw pile model

cement-soil compacted pile model

FIGURE 3: Model test material.

composite pile composite foundation at different spatial
positions increases with the increase in train speed. With the
increase of foundation depth, the acceleration amplitude of
pile and soil has obvious attenuation. Under the conditions
of low speed 160km/h, fast 240km/h, and high speed
360 km/h, the acceleration amplitude of the short pile
bottom relative to the pile top in the first reinforcement area
is attenuated by 17.97%, 23.55%, and 27.79%. The acceler-
ation amplitude of the long pile in the second reinforced area
decreased by 29.33%, 38.62%, and 44.85%, respectively,
relative to the pile top. The bottom of the soil between piles
decreased by 42.72%, 46.73%, and 49.81%, respectively,
compared with the top soil. It shows that the faster the train
runs, the greater the attenuation rate of acceleration re-
sponse with the depth of foundation, and the attenuation
rate of soil is greater than that of the pile.

3.2. Time Domain Characteristics of Dynamic Stress Response
of Soil between Piles. Under the condition of 240 km/h, the
dynamic stress time history of soil between piles at different
depths obtained by the test is shown in Figure 7. The left side
is the dynamic stress time history curve of the whole load
cycle, and the right side is the dynamic stress time history
enlarged view of a certain cycle. It can be seen from the left
figure that the dynamic stress of the soil begins to increase
during the initial loading period and then stabilizes at a
simple harmonic wave on a certain baseline. The dynamic
stress amplitude of the soil on the surface (DS1), middle

(DS3), and bottom (DS5) of the pile-soil composite rein-
forcement area is 1.6 kPa, 3.0kPa, and 2.5 kPa, respectively.

Figure 8 shows the distribution characteristics of the
dynamic stress amplitude of soil between piles under dif-
ferent velocity conditions. It can be seen that the dynamic
stress response in the middle of the pile-soil composite
reinforcement layer is the largest, the dynamic stress re-
sponse at the surface and bottom is small, and the overall
distribution is an inverted “M” shape. The amplitude of the
dynamic stress response of the soil between piles increases
with the increase in train speed. Compared with the low-
speed 160 km/h condition, the dynamic stress amplitude of
the surface, middle, and bottom of the pile-soil composite
reinforcement layer increased by 162.5%, 236.4%, and
240.1%, respectively, under the condition of high speed
320 km/h, indicating that the dynamic stress of the surface
soil of the long-short pile composite foundation is less
sensitive to the change in train speed. With the increase in
foundation depth, the influence of train speed on soil dy-
namic stress increases.

3.3. Time Domain Characteristics of Dynamic Strain Response
of the Pile. In order to understand the deformation char-
acteristics of the pile under cyclic dynamic load, the dynamic
strain test signals of the pile top measuring point, the pile
middle measuring point, and the pile bottom measuring
point of the long pile and the short pile are selected, re-
spectively. The time history change under the condition of
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FIGURE 4: The schematic diagram of the model test design. (a) The main device of the model test. (b) The long-short pile composite
foundation model. (c) Model plane diagram. (d) Model elevation diagram (unit: cm).

TaBLE 3: Test loading condition.

Cases Dead load P, (kN) Amplitude P, (kN) Frequency f (Hz) Simulated train speed v (km/h) Cycles
1 3 0.5 3.904 80 2x10*
2 3 0.5 5.856 120 2x10*
3 3 0.5 7.808 160 2x10*
4 3 0.5 9.760 200 2x10*
5 3 0.5 11.712 240 2x10*
6 3 0.5 13.664 280 2x10*
7 3 0.5 15.616 320 2x10%
8 3 0.5 17.568 360 2x10*
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of acceleration response of short pile. (c) Time-domain curve of the acceleration response of soil between piles.

240km/h speed is shown in Figure 9. The left side is the

of a certain cycle. It can be seen from the left figure that the
long pile and the short pile have different degrees of com-
pression deformation at different positions. The deformation

dynamic stress time history curve of the whole load cycle, and
the right side is the dynamic strain time history enlarged view
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increases rapidly in the initial cycle period and then stabilizes
at a certain interval value. It can be seen from the enlarged
view on the right that the average dynamic strain Sav of the
long pile at YL1, YL3, and YL5 is —189.05 ue, —866.02 pe, and
—52.58 e, respectively. Peak-to-peak Sppy was 33.35pue,
111.38 ye, and 13.36 pe, respectively. The average dynamic
strain Spv of the short pile at YS1, YS2, and YS3 is —227.01 pe,
—259.64 pe, and —126.52 pe, respectively. The peak-peak Sppy
was 56.87 ue, 70.85 pe, and 33.42 e, respectively. It shows
that under the train vibration load, the deformation in the
middle of the long pile and the short pile is the largest,
especially the peak value of dynamic strain in the middle of
the long pile, which is 3-5 times that of other positions and
should be considered in the composite foundation of the
railway composite pile.

According to the average dynamic strain S,y value of
different parts of the pile shaft, the axial force distribution of
the pile shaft can be obtained by Hooke’s law and the section
method. The calculation formula is as follows:

Fp = EAigyy, (3)

where F; is the average dynamic axial force of section i of
the pile. E is the elastic modulus of the pile. A; is the area of
section i of the pile. ¢,y is the average dynamic strain of
section i of the pile.

The axial force distribution of long and short piles under
different speed conditions can be obtained. It can be seen
from Figure 10 that, for long piles, the axial force of the pile
increases with the increase in depth within a range of 3.2m
from the top of the pile. This is because the settlement of the
pile in the depth range of 0-3.2m of the composite foun-
dation is less than the settlement of the soil around the pile,
resulting in a downward relative force, which in turn pro-
duces a negative friction resistance on the pile side, making
the axial force of the pile gradually increase. In the range of
3.2~6.2 m downward from the top of the pile, the axial force
of the pile gradually decreases with the increase in depth. At
6.2 m of the pile, the axial force of the pile decreases to about
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2.8 N. This is due to the fact that the dynamic load contin-
uously overcomes the side friction resistance and diffuses into
the soil through the side friction resistance during the
downward transmission of the pile, resulting in the axial force
of the pile gradually decreasing along the depth in this range
[24]. Similar to the change law of long pile axial force, the axial
force of the short pile increases linearly with the increase of
depth in the depth of 0-1.5 m and decreases gradually with the
increase of depth in the depth of 1.5-3.8 m. In summary, the
axial force of the long pile reaches its maximum at 1/2 of the
pile length, and the pile side friction is 0, which is the neutral
point position; the axial force of the short pile reaches its
maximum at 3/8 of the pile length, and the pile side friction
resistance is 0, which is the neutral point position.

3.4. Dynamic Load Magnification Factor of the Pile-Soil
System. Taking the amplitude of dynamic strain (dynamic
stress) at the initial stage of dynamic loading (i.e., static
loading) as the reference, the dynamic load magnification
factor under each frequency is the ratio of the amplitude
of dynamic strain (dynamic stress) under this frequency
to the amplitude of strain (stress) under static loading
[25]. The measuring points YL1, YS1, and DS1 at pile top
are selected as the research object, and the relationship
curve between the dynamic load magnification factor @4
and the excitation frequency f is shown in Figure 11.
According to Figure 11, the dynamic load magnification
factor of the long pile, short pile, and surrounding soil
varies with the excitation frequency in the same way.
When the excitation frequency is less than 12 Hz, the
dynamic load magnification factor increases slowly with
the increase of the excitation frequency. Then, the dy-
namic load magnification factor increases sharply within
the frequency range of 14-16 Hz, reaching a maximum of
1.8, and finally drops to a lower level around 18 Hz. In
addition, under the same load frequency, the dynamic
load magnification factor shows the following pattern:
short pile >long pile > surrounding soil. This indicates
that the resonance frequency of the long-short pile
composite foundation system under train load is in the
range of 14-16 Hz and that the sensitivity of the pile to
dynamic load is greater than that of the surrounding soil.
When the running speed is 320km/h (load frequency
15.616 Hz), the maximum dynamic load magnification
factor of the composite foundation with long and short
piles obtained in this paper is 1.8, which is far less than
the dynamic load magnification factor of 3.0 in the design
specification of the China high-speed railway [26].
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3.5. Variation of Long-Term Settlement of Composite
Foundation. The postconstruction settlement of the sub-
grade is closely related to the service performance of the
railway track, and it is of great engineering significance to
study the surface settlement characteristics of a composite
foundation [27]. Figure 12 shows the number of cycles-
cumulative settlement (N-S) scatter distribution of com-
posite pile composite foundation under different speed
conditions. It can be seen from the diagram that the

settlement of the composite foundation increases with the
increase in the number of cyclic loading cycles. In the early
stages of cyclic loading, the settlement development rate of
composite foundation is faster, but the rate of settlement
increase of composite foundations decreases with the in-
crease of cycle times. When the cycle times are large enough,
the trend of the cycle times-settlement curve tends to be
gentle, and the settlement development of a composite
foundation is basically stable. Comparing the settlement law
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of composite foundation under different speed conditions, it
can be seen that the train speed is negatively correlated with
the cumulative settlement. The higher the train speed, the
smaller the cumulative settlement, and the smaller the
number of cycles of the N-S curve entering the gentle period.

In order to further study the relationship between the
settlement S of composite foundation and the number of
cycles N, the numerical fitting of the test results is carried
out. The numerical fitting results show that the relationship
between the settlement S of the composite foundation and
the number of cycles N can be expressed by the following
exponential function:

S = aN?, (4)

where « and f3 are the fitting parameters. Table 4 shows «,
B, and the coefficient of determination R* obtained by
numerical fitting, where R* is above 0.95, indicating that
the reliability of numerical fitting results is high. It can be
seen from Table 4 that with the increase of train speed, A
increases and B decreases, indicating that the larger the
train speed, the faster the initial development rate of
settlement of a composite pile foundation, but the smaller
is the number of cyclic loads entering the stable period of
settlement.

4. Discussion

4.1. Spatial and Temporal Distribution of the PC-LSPCF
Dynamic Response under Train Dynamic Load. From the
analysis of the abovementioned test results, it can be seen
that there is a certain correlation between the dynamic
response of the PC-LSPCF under train dynamic load and the
depth of foundation and the loading frequency (train speed).
We draw the color mapping diagram of the peak acceler-
ation response of the PC-LSPCF with depth and train speed.
From Figures 13(a) and 13(b), it can be seen that the ac-
celeration response peak of the PC-LSPCF is the smallest and
the minimum value is 0.008 m/s” in the depth of 40-65cm
and the train speed of 80-160 km/h. The peak acceleration of
PC-LSPCF is maximum in the interval of pile depth 0-40 cm
and train speed 200-360km/h with the maximum value
0.0502 m/s>. The maximum acceleration response value in
the actual project is 2.51 m/s* according to the similar ratio,
which meets the design requirement of not more than 10 m/
s* for roadbed vibration acceleration in China’s “Technical
Specification for Dynamic Acceptance of High-Speed
Railway Projects.” It shows that the PC-LSPCF has good
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TaBLE 4: Fitting parameters.
Train speed (km/h) o B R?
160 2.98x107* 0.75 0.99
240 4.08x107* 0.70 0.98
320 6.07x107* 0.64 0.98

overall vibration resistance and is suitable for railway soft
soil foundation treatment.

On the whole, the foundation depth is negatively
correlated with the peak acceleration response of the PC-
LSPCF, and the train speed is positively correlated with
the peak acceleration response of the PC-LSPCF. As
shown in Figure 13(c), in order to further clarify the
relationship between PC-LSPCF acceleration response
and foundation depth and train speed, Gauss2D surface
fitting was performed on the acceleration response peak
data of different depths of composite foundation under
different speeds. The empirical equation is expressed as
follows:

1/z-15\% 1/v—4677\*
Amax:—0.0039+533exp{ (Z )——(V )} (5)

2\ 30 2\ 1006

where A, is the peak acceleration response; z is the dis-
tance from the measuring point to the surface of composite
foundation; and v is train speed.

Comparing 13(a) and 13(c), it can be seen that the
fitting surface is basically consistent with the mapping
surface of the real-side acceleration response data, and the
correlation coefficient R* = 0.91 is close to 1, indicating that
the fitting model is more realistic. It can be clearly seen
from Figure 13(c) that the smaller the foundation depth z,
the more prominent the dynamic response of PC-LSPCEF,
and the stronger the correlation with train speed v, while
the dynamic response of the pile bottom at different speeds
does not change significantly. From another point of view,
with the increase in train speed, the influence depth range
of train load on PC-LSPCF increases. According to the
typical characteristics of the peak acceleration response, the
peak acceleration response range of PC-LSPCF can be
divided into three regions under the experimental condi-
tions: 0 m/s? < A < 0.015 m/s? is defined as the low im-
pact area, 0.015 m/s? < A < 0.030m/s? is defined as the
moderate impact area, and 0.030 m/s? < A < 0.050 m/s>
is defined as the high impact area. When the train speed v
<120km/h or the foundation depth z>50cm, the train
load is not sensitive to the dynamic effect of PC-LSPCF and
belongs to the low influence area. When the train speed is
120 km/h < v <240 km/h or the foundation depth z < 50 cm,
the train speed has a great correlation with the dynamic
response of PC-LSPCF, and the peak class growth of the
acceleration response is significant, which belongs to the
moderate influence area. When the train speed v > 240 km/
h or the foundation depth z <40 cm, the PC-LSPCF has a
more severe dynamic response under the action of the
train. The acceleration response of the 3/5 pile length below
the pile top is severe, which is a height-affected zone. This
result is similar to the results obtained by Bian et al. [28]. It
should be noted that Figure 13(c) and the previous fitting

formula are only used in similar cases, and further research
is needed to determine the application under other
foundation conditions.

4.2. Deformation Evolution Characteristics of PC-LSPCF
under Long-Term Vibration Load. Through the analysis of
the test results, it is found that the dynamic stress of the pile,
the dynamic stress of the soil, and the cumulative settlement
trend of the composite foundation are similar. Considering
the normalization of the measured data, the data are di-
mensionless. The abscissa is the number of dynamic load
cycles, and the ordinate has its own meaning. Through
multidata normalization processing, the correlation between
data changes can be more intuitively expressed, and the
response of PC-LSPCF under long-term dynamic load ex-
citation can be obtained.

In order to make each sensor’s data dimensionless, the
pile dynamic stress, soil dynamic stress, and cumulative
settlement of the composite foundation are normalized. The
normalization formula is as follows:

X-Xn
Xnorm = X _ }IT(UHA ’ (6)
max min
where X, ,,, is the normalized ordinate value; X is the
measured value of each sensor; X, . is the maximum value
of each sensor measured; and X is the minimum mea-
sured value of each sensor.

The normalized processing result is shown in
Figure 14(a). It can be seen that there is a highly similar trend
between the normalized pile dynamic stress and the soil
dynamic stress. According to the stage change characteristics
of dynamic stress, it can be divided into three stages: the
rapid growth stage, the transitional growth stage, and the
stable stage. Under the cyclic loading of small cycles, the
stress on the pile and soil will increase rapidly. After a certain
cycle, the stress on the pile and soil will increase slowly and
finally remain stable. The normalized cumulative settlement
also has a similar change trend, but the number of times the
settlement deformation enters the stable period is much
larger than that of the dynamic stress stable period, indi-
cating that the settlement deformation of the long and short
pile composite foundation has a “ lag effect” relative to the
change of dynamic stress. Through the dynamic stress
distribution of long pile top, short pile top, and surface soil,
the load sharing relationship of the pile and soil in long-
short pile composite foundation can be obtained.
Figures 14(b) and 14(c) show the load sharing ratio of the
long pile, short pile, and soil under different vibration times.
It can be seen that under the small cycle of train load, the
load percentage of the long pile, short pile, and soil is not
much different, and the role of the pile body is fully exerted.

n
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With the increase of vibration times, the load sharing re-
lationship between the long pile, short pile, and soil is
redistributed, the load bearing ratio of the soil increases, and
the load bearing ratio of the pile decreases. Finally, after the

vibration times are greater than 2000 times, the load sharing
ratio of the composite foundation is expressed as soil > long
pile > short pile, and the long pile-short pile-soil interaction
remains stable in the long term.
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5. Conclusion

In order to explore the dynamic characteristics and defor-
mation characteristics of railway PC-LSPCF under long-term
train load, we tested the dynamic characteristics of long piles,
short piles, and soil between piles under long-term train load
through an indoor dynamic model test. The dynamic am-
plification of the pile and soil under dynamic load and the
temporal and spatial distribution of the peak response are
analyzed, and the development mechanism of stress and
deformation of PC-LSPCF under cyclic loading of large-cycle
trains is revealed. The main findings are as follows:

(1) The axial force of long and short piles increases first
and then decreases along the pile. The neutral point
of the long pile is at 1/2 of the pile length, and the
neutral point of the short pile is at 3/8 of the pile
length.

(2) The resonance frequency of the long-short pile
composite foundation system under train load is in
the range of 14-16 Hz, and the sensitivity of the pile
to dynamic load is greater than that of the sur-
rounding soil.

(3) The train speed is negatively correlated with the
cumulative settlement of PC-LSPCF. The higher the
train speed, the smaller the cumulative settlement,
and the smaller the number of cycles of the N-S curve
entering the gentle period.

(4) The deformation of PC-LSPCF under long-term
train loads can be divided into three stages: the
extreme growth stage, the transitional growth stage,
and the stable stage.

(5) With the increase in the number of train cyclic loads,
the load sharing relationship between long piles,
short piles, and soil will be redistributed, the load
bearing ratio of soil will increase, the load bearing
ratio of piles will decrease, and the load bearing
relationship will remain stable for a long time after
the vibration times are greater than 2000.
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