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Abstract

Passenger comfort and safety are the most important aspects in the operation of high-speed railways. Mud pumping is
a typical problem that occurs in the slab track and the subgrade interface, which influences passenger comfort and safety.
In this paper, various field investigations and a full-scale model of the slab track and the subgrade are presented.
The external and internal characteristics of mud pumping in the slab track—subgrade interface and the influence of
mud pumping on the dynamic properties of the slab track—subgrade are analyzed. The results show that mud pumping
only occurs at the expansion joints in the concrete base of the slab track structure. This happens due to the infiltration of
rainwater into the subgrade bed through the cracks in the expansion joints. When the upper layer of the subgrade is kept
saturated in the full-scale model, mud pumping is found to occur after 3.0 x 10* loading cycles. The vibration ratio of the
subgrade surface to the concrete base gradually increases with continued cyclic loading. In addition, the cumulative
settlement of the subgrade increased continuously. After 2.0 x 10° loading cycles, it was found that a large volume of
slurry composed of water and fine particles was squeezed out of the subgrade bed, and mud pumping occurred on the
surface of the subgrade bed leading to the formation of a mud layer between the concrete base and the subgrade bed,
causing a loss of contact between the subgrade bed and the concrete base. This reduces the ability of the subgrade bed
to support the slab track structure.
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With the increase in the operating speeds of high-

Introduction . .
speed railways, many researchers are focussing more

The subgrade mainly consists of the subgrade filling
layer, and the lower and the upper layers of the sub-
grade bed from bottom to top serve as the foundation
for supporting the slab track structure. The subgrade
should have enough strength, appropriate stiffness,
and long-term stability to handle the vehicle dynamic
loads, and to ensure the safety and comfort of
operation of high-speed railways.!* Therefore, there
are extremely high requirements for the design,
construction, and maintenance of the subgrade
under the slab track structure. However, under
operational conditions, the subgrade is affected by
temperature, rainwater, and vehicle dynamic loads,
and a significant dynamic coupling effect is found to
occur in the slab track—subgrade system under high-
speed moving train load.> !

attention on the slab track—subgrade, where many
2.5D and 3D finite element models, train—track—
ground integrated dynamic model, full-scale models,
and even large-scale international testing are

'Key Laboratory of High-Speed Railway Engineering of Ministry of
Education, Southwest Jiaotong University, Chengdu, China

2School of Civil Engineering, Southwest Jiaotong University, Chengdu,
China

3Institute of Techniques for Special Engineering, Le Quy Don Technical
University, Hanoi, Vietnam

Corresponding author:

Qian Su, Key Laboratory of High-Speed Railway Engineering of Ministry
of Education, Southwest Jiaotong University, No. |11 First Section,
North of Second Ring Road, Chengdu 610031, Sichuan, China.

Email: sugian@126.com


http://orcid.org/0000-0002-6901-3374
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0954409718810262
journals.sagepub.com/home/pif
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0954409718810262&domain=pdf&date_stamp=2018-11-12

Proc IMechE Part F: | Rail and Rapid Transit 0(0)

performed to analyze the dynamic properties and
vibrations of the slab track—subgrade under train
load.'>'® These studies indicate that the slab track—
subgrade has good long-term dynamic stability when
the performance of the slab track—subgrade cannot be
deteriorated by poor construction quality, tempera-
ture, and rainwater. However, the slab track—
subgrade is prone to damages, such as cracks in the
interlayers of the slab track—subgrade and the water-
proof seal layer due to temperature and material
aging. During rainy season, rainwater infiltrates into
the subgrade bed through the cracks, which causes the
subgrade bed to be affected by the dynamic fluid—solid
coupling effect. With the increase in the operational
time of high-speed railways, some mud pumping cases
are found to occur in the slab track—subgrade.
Nowadays, mud pumping of the slab track—subgrade
is the most typical damage that directly affects the
operational comfort and safety of high-speed
railways.

In the field of highway, many researchers have ana-
lyzed the formation mechanisms and variations of
pore water pressure and the fine particle migration
in the interlayer between pavement and subgrade,
based on a variety of indoor and outdoor experiments
and on-site tests. The same researches are performed
in the ballast bed under the track. These studies show
that the formation and dissipation processes of pore
water pressure have an important influence on the fine
particle migration, which causes mud pumping in the
highway subgrade and the ballast bed."”* In order to
improve the resistance to mud pumping that occurs in
the sub-base of the pavement and the ballast bed of
railways, some reinforced methods and remedial
measures including the sub-base and subgrade mixed
with cement and reinforced with geosynthetics (geo-
grid, geocell, and geotextile) have been proposed in
fields of highway and traditional ballast track.*>>°
However, only a few researchers have focused on
mud pumping and its remediations of the slab
track—subgrade of high-speed railways. According to
these studies, mud pumping and its effect on the
dynamic properties of the slab track—subgrade of
high-speed railway differ from that of the ballast
bed under conventional ballast track and the sub-
base of pavement owing to some differences in loading
condition and structural characteristics between the
slab track—subgrade and the conventional ballast
track and highway subgrade. Under high-speed train
load, occurrence of mud pumping in the slab track—
subgrade can impel the fine particles in the upper layer
of subgrade bed to migrate and squeeze out of
the subgrade bed, which causes the reduction of the
supporting capability of the subgrade bed to the slab
track structure, the longitudinal uneven of subgrade
bed stiffness to the slab track, and intensified vibra-
tion of the slab track structure.’' >® Presently, the
study on the mud pumping characteristics and mech-
anisms of the slab track-subgrade has not yet

attracted much attention of researchers. However,
with the increase in the operational time of the slab
track—subgrade of high-speed railways, gradually
there will be more and more occurrences of mud
pumping of the slab track—subgrade, which will then
be one of the key factors threatening the operational
comfort and safety of high-speed railways. Thus,
while mud pumping of the slab track—subgrade has
not yet become an important issue affecting the com-
fort and safety of high-speed railways, researchers and
operational management departments of high-speed
railways should put greater impetus on studying the
mechanisms and characteristics of the occurrence of
mud pumping in the slab track—subgrade, so as to
provide a basis for the optimum structural design
and maintenance of the slab track—subgrade.

In this paper, various field investigations were con-
ducted to analyze the mud pumping characteristics of
the slab track—subgrade of high-speed railways during
operation. Then, a full-scale model of the slab track—
subgrade was established to analyze the characteris-
tics of mud pumping in the subgrade bed and its effect
on the dynamic properties of the slab track—subgrade
under cyclic dynamic load when the graded crush
stone in the subgrade bed is saturated by water.

Field investigation on mud pumping

The field investigations only focus on the subgrade
sections of the high-speed railway line, which are
paved by the China Railway Track System (CRTS)
I slab track structure, as shown in Figure 1. The slab
track—subgrade mainly consists of the slab track
structure, the upper and lower layers of the subgrade
bed, and the common subgrade filling layer from top
to bottom. The thickness of the upper layer of the
subgrade bed is 0.4m at the subgrade -center.
The interface between the upper and lower layers of
the subgrade bed is a slope with 4% in the lateral
direction, as shown in Figure 1(a).

In order to overcome the expansion deformation of
the concrete base induced by differential temperature,
the concrete base has an expansion joint at regular
intervals along the line, the regular intervals of
CRTS I slab track structure are 20.108 m, as shown
in Figure 1(b). All the expansion joints have to be
filled with waterproof materials to prevent rainwater
from infiltrating into the subgrade bed. The slab track
structure is placed on the subgrade bed consisting of
the upper layer with a width of 0.4m and the lower
layer with a width of 2.3 m. Traditionally, the upper
and lower layers of the subgrade bed are filled with
the graded crush stone and the group A or B packing,
respectively.’” The upper layer of the subgrade bed is
significantly affected by the high-speed train load in
comparison with the lower layer of the subgrade bed
and the common subgrade filling layer. According to
a series of on-site tests, the dynamic soil pressure
in the upper layer of the subgrade bed is in the
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Figure 1. The structural characteristics of the slab track—subgrade (unit in m): (a) the cross-sectional profile of the slab track—

subgrade; (b) the plane section of the slab track—subgrade.

range of 13-40kPa under high-speed moving train
load,” '%3% %3 which is less than the design value of
100 kPa.’” After the slab track—subgrade is put into
operation for several years, there are some cases of
mud pumping occurring in the slab track—subgrade,
causing stiffness irregularities of the slab track—
subgrade.

In this paper, a variety of field investigations were
carried out to analyze the mud pumping characteris-
tics of the slab track—subgrade. Firstly, various field
investigations based on visual observation mainly
focus on the mud pumping location along the railway
line and its characteristics in the slab track—subgrade.
The results of these field investigations are listed as
follows:

(1) Mud pumping only occurs in the expansion joints
of the concrete base of the slab track structure, as
shown in Figure 2. This is because cracks occur in
the expansion joints due to the waterproof mater-
ials in the expansion joint aging, which causes
rainwater to infiltrate into subgrade bed through
the cracks during rainy season.

(2) Under high-speed moving train during the rainy
season, a large volume of slurry is squeezed out of
the subgrade bed from the cracks in the expansion
joint of the concrete base, as shown in Figure 2(a).
A large number of fine particles are carried out

through water expelled from the subgrade bed
and lay on the waterproof seal layer of the sub-
grade, as shown in Figure 2(b).

Secondly, the ground-penetrating radar and
impact-echo method are used to detect mud pumping
in the slab track—subgrade, as shown in Figure 3. Due
to several layers of reinforcing steel rebars in the slab
track structure, the electromagnetic wave cannot pass
and reflect through the slab track structure,***> and
therefore, the ground penetrating radar is not suitable
for detecting mud pumping in the interlayer between
the concrete base and subgrade bed. But the ground
penetrating radar can accurately test areas outside of
the concrete base because of the concrete waterproof
layer without reinforcing steel rebars.***” The impact-
echo method, which is an effective nondestructive test-
ing technique widely used for detecting certain defects
inside concrete elements or structures based on the
frequency spectrum analysis,***’ is introduced to
detect the occurrence of mud pumping in the subgrade
bed under the slab track structure, because there are
different supporting conditions of the subgrade bed to
the slab track structure under mud pumping occurring
in the subgrade bed or not.

Based on the impact-echo method and the ground
penetrating radar used for measuring the internal
characteristics of mud pumping in the subgrade bed,
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Figure 2. The external characteristics of mud pumping occurring in the slab track—subgrade during operation: (a) slurries squeezed

out during the rainy season; (b) fine particles during the dry season.

(0)

Figure 3. Ground penetrating radar and impact-echo method for detecting mud pumping: (a) ground penetrating radar analyzing the
subgrade surface; (b) analysis of the slab track structure by the impact-echo method.

it is found that mud pumping only occurs in areas
below the width of the concrete base and near the
expansion joints in the longitudinal direction. Mud
pumping can deteriorate with the increase of coupling
effects of high-speed moving train loads and rain-
water, leading to a reduction of the supporting cap-
ability of the subgrade bed to the slab track due to fine
particles moving out of the subgrade bed. Therefore,
mud pumping has to be reinforced in a timely manner
during operation.

According to various field investigations, the main
reason for mud pumping in the slab track—subgrade is
that rainwater infiltrates into subgrade bed through
cracks in the expansion joint of the concrete base.
Under high-speed moving train load, the graded
crush stone in the upper layer of the subgrade bed is
affected by the dynamic fluid—solid coupling effects,
causing the migration of fine particles of the graded
crush stone. Especially, the fine particles are carried

out of the subgrade bed in the process of the rainwater
pumping (Figure 2). The reduction of fine particles in
the subgrade bed and the graded crush stone affected
by rainwater can reduce the supporting capability of
the subgrade bed to the track structure. However, the
internal characteristics of mud pumping in the sub-
grade bed and the influence of mud pumping on the
dynamic properties of the slab track—subgrade are still
unknown. Therefore, a full-scale experimental model
consisting of the concrete base and subgrade bed is
established in this paper.

Full-scale model test
Establishment of the full-scale model

According to the structural characteristics of the
slab track—subgrade (Figure 1), a full-scale model of
the slab track—subgrade is established, as shown
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Figure 4. A full-scale model of the slab track—subgrade: (a) cross-sectional view; (b) longitudinal section view (unit in m).
in Figure 4. Based on the struct‘ural optimization of Table 1. Gradation indexes of the graded crush stone and
the slab trackfsu‘bgrade located in the area of the .red group A packing.
dashed boxes (Figure 1), the full-scale model mainly
consists of the concrete base, and the upper and lower Gradation Graded Group A
layers of subgrade bed from top to bottom. In order indexes crush stone packing
to mmulat@ the 1nﬁ1t.rat1(')n of rainwater into subgrade C 27.80 27 47
bed and its gathering in there, a waterproof layer C. 1.05 205

composed of geomembrane is installed between the
upper and lower layers of the subgrade bed and
wrapped around the side of the upper layer of the
subgrade bed, so that the upper layer of the subgrade
bed can be saturated by water.

The slab track—subgrade within the red dashed
boxes in Figure 1 has an expansion joint of the con-
crete base in the middle. Rainwater infiltrates into the
subgrade bed from cracks in the expansion joint and
the slurries are squeezed out from that. In this full-scale
model test, the purpose of this study is not to focus on
the way the rainwater and slurries are squeezed out of
the subgrade bed, but to analyze the internal charac-
teristics of mud pumping and its influences on the
dynamic properties of the slab track—subgrade under
the upper layer of the subgrade bed saturated by water.
Therefore, the slab track structure can be simplified to
one layer of the concrete base with a width of 3.20 m in
the horizontal direction and length of 1.00m in the
longitudinal direction. The subgrade bed mainly con-
sists of the upper and lower layers with the thickness of
0.60m and 1.70 m, respectively.

The upper and lower layers of the subgrade bed are
filled with the graded crush stone and the group A
packing, respectively. Before the graded crush stone
and group A packing are used to fill the model, a
series of sieve tests are conducted on the graded dis-
tribution according to the Chinese specification for
soil test of railway engineering.® The nonuniform
coefficient C, and curvature coefficient C. of the
group A packing and graded crush stone are listed

in Table 1. The grain-size distribution curve of the
graded crush stone is shown in Figure 5.

The nonuniform coefficients C, of the graded crush
stone and group A packing are more than 15, and
their curvature coefficients C,. are between 1 and 3.
The results show that the nonuniform coefficient
and curvature coefficients of the graded crush stone
and group A packing, and grain-size distribution of
graded crush stone meet the requirements of the
Chinese design specification.>” Therefore, the graded
crush stone and group A packing, which are config-
ured with the optimum water content of 5.22% and
4.58% from various compaction tests respectively,
can be used to fill the upper and lower layers of the
subgrade bed, as shown in Figure 6. In the filling pro-
cess of the model, compaction quality of the graded
crush stone and group A packing has to be rigorously
tested. The test items are foundation coefficient K3,
dynamic deformation module E,q, and compaction
coefficient K. The detection process of these test
items is conducted according to the Chinese specifica-
tion for soil test of railway engineering.® The test
results are listed in Table 2.

Loading procedures

A large-scale loading test system, which can output a
sine wave load with the load amplitude of 0-250 kN
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and load frequency of 0-10 Hz, is used to supply the
cyclic dynamic load on the model. Under high-speed
moving train load, the amplitude of the dynamic soil
stress at the upper surface of the subgrade bed is
mainly in the range of 13-24kPa based on various
field measurements,” >3 which is less than the
design value of 100kPa.*’ The frequency of the
dynamic soil stress responses on the subgrade bed
surface are mainly determined by the speed and axle
spacing of a moving train. Most of the powers of the
dynamic soil stresses on the subgrade bed surface are
concentrated at a frequency of less than 15Hz 3%
For example, when the speed of train is 330 km/h,
the dominant frequency is about 3.6 Hz and 11.1 Hz
corresponding to the length of a carriage (25m) and
the distance of two bogies in the adjacent carriages
(7.5m).*** Therefore, according to the loading cap-
acity of the large-scale loading test system, a cyclic
dynamic load with the upper limit of 96 kN and fre-
quency of 5Hz, which is determined according to the

100
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0

0.1 1 10 100
Side length of square-opening sieve (mm)
—&— Specification regulated upper limit value

—&— Specification regulated lower limit value
—a— Graded broken stone used for filling the model

Figure 5. Grain-size distribution curve of the graded crush
stone.

above field measurements, is applied on the beam
above the concrete base of the model. The dynamic
soil stress on the subgrade bed surface of the model is
in the range of 25-30kPa under the cyclic dynamic
loading output from the system.

The cyclic dynamic loading procedures for the full-
scale model are divided into two stages, as follows.

(1) In the first stage, the cyclic dynamic loading of
2.0 x 10° cycles is applied to the loading steel
beam to simulate the slab track subgrade put
into operation after the construction of the full-
scale model is completed. In this stage, the graded
crushed stone of the upper layer of the subgrade
bed is in the optimum water content.

(2) In the second stage, once the first loading stage is
completed, the graded crush stone in the upper
layer of the subgrade bed is injected and immersed
by water until saturation. Then another 2.0 x 10°
cycles are continually applied to the full-scale
model.

Test items

The test items include the vertical vibration acceler-
ation and displacement of the concrete base and
subgrade surface close to the concrete base, and the
cumulative settlement and the pore pressure of the

Table 2. Results of the investigation of the compaction quality
of the subgrade bed and the compaction standard.

Kso (MPa/m)  E,q (MPa) K

Tested Standard Tested Standard Tested Standard
Layer name value value value value value value

Lower layer >220 > 130

> =95 >40
Upper layer >255 >190

>120 >55

>0.95 >0.95
>0.97 >0.97

Figure 6. The graded crush stone in the optimum water content used to fill the upper layer of subgrade bed.
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upper layer of the subgrade bed. All the sensors are
installed according to the corresponding positions
shown in Figure 4. Some sensors testing for vibration
of the concrete base and subgrade surface are shown
in Figure 7. During the loading process of the full-
scale model, the signals of all the sensors are collected
by a dynamic acquisition system. Then the collective
voltage signals of all the sensors are converted into the
vibration acceleration and displacement, and settle-
ment datum by the corresponding process software
installed in the dynamic acquisition system, which
has amplification, filtering, and sampling functions
for the collective voltage signals.

Analysis of the experimental results
Vertical vibration acceleration

When the upper layer of the subgrade bed is in normal
condition (optimum water content), the variation of
the vertical vibration acceleration of the slab track—
subgrade with the number of loading cycles are is
shown in Figure 8(a). The vertical vibration

Figure 7. Installation of the testing sensors in the full-scale
model.

acceleration is the amplitude value in each loading
cycle. During carly loading stage, the vertical vibra-
tion acceleration of the concrete base decreases grad-
ually, and that of the subgrade bed surface increases
gradually. Both tend to be stable as soon as the
number of loading cycles reaches 8.0 x 10° times.

With the upper layer of the subgrade bed saturated
by water, the variation of the vertical vibration accel-
eration of the concrete base and subgrade surface
close to the concrete base with the number of loading
cycles is as shown in Figure 8(b). The vertical vibra-
tion acceleration of the concrete base increases
quickly when the number of loading cycles is less
than 8.0 x 10° times, and then increases gradually
with the increase of the loading times because mud
pumping begins to occur in the full-scale model
after 3.0 x 10* cycles. However, the vertical vibration
acceleration of the subgrade surface decreases slightly
with the increasing number of loading cycles.

After 5.0x 10° cycles in each loading stage,
the time-history curves of the vertical vibration accel-
eration of test points Al at the concrete base center
and A3 at the subgrade surface are as shown
in Figures 9 and 10, while the upper layer of the
subgrade bed is in the normal and mud pumping con-
ditions, respectively.

When the upper layer of the subgrade bed is in the
normal condition, the average value of the measuring-
point Al on the concrete base in 3s is 0.332 m/s?; and
that of the measuring-point A3 on the subgrade sur-
face is 0.146 m/s>. After the upper layer of the sub-
grade bed is saturated by water in the second loading
stage, the former is 0.582 m/s% the latter is 0.050 m/s*.
Obviously, the average amplitude value of the vertical
vibration acceleration of the concrete base under the
upper layer of the subgrade bed saturated by water
increases by 75.3% in comparison with the upper
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Figure 8. The variation of the vertical vibration acceleration with the number of loading cycles: (a) the upper layer of the subgrade
bed in the normal condition; (b) the upper layer of subgrade bed in the saturation condition.
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Figure 10. The time-history curve of the vertical vibration acceleration under the upper layer in the saturation condition: (a)

measuring-point Al; (b) measuring-point A3.

layer of the subgrade bed in normal condition, while
that of the subgrade surface close to the concrete base
reduces by 65.8%.

When the upper layer of the subgrade bed is in
normal and saturation conditions, the ratios of the
vertical vibration acceleration of measuring-points
Al and A3 after the completion of both the loading
stages are 1.90:1 and 46.09:1, respectively. In the
second loading stage, some slurries begin to be
squeezed out of the subgrade bed after 3.0 x 10*
cycles, as shown in Figure 11(a), and mud pumping
begins to occur in the full-scale model. Mud pumping
in the subgrade bed gradually deteriorates with
the increasing number of loading cycles, which
causes a large volume of slurry to be squeezed out
of the subgrade bed, as shown in Figure 11(b).
Based on the variation of vibration of the model
with the number of loading cycles for the upper
layer of the subgrade bed in normal and satur-
ation conditions, the occurrence of mud pumping
in the subgrade bed can significantly intensify the
vibration of the slab track—subgrade, which affects
the comfort and safety of operation of high-speed
railways.

Vertical vibration displacement

Under cyclic dynamic load, the variation of the verti-
cal vibration displacement of the concrete base and
subgrade surface with the number of loading cycles
is as shown in Figure 12, when the upper layer of the
subgrade bed is in normal and saturation conditions,
respectively.

When the upper layer of the subgrade bed is in the
normal condition, the vertical vibration displacement
of the concrete base and subgrade surface close to the
concrete base gradually stabilizes with the increasing
number of loading cycles. While the upper layer of the
subgrade bed is in the saturation condition, the verti-
cal vibration displacement of the concrete base
increases quickly when the number of loading cycles
is no more than 8.0 x 10° times, and then increases
gradually until all the loading cycles of the second
loading stage is completed; however, the vertical
vibration displacement of the subgrade surface close
to the concrete base tends to stabilize after a quick
decreasing trend.

When the upper layer of the subgrade bed is in
normal and saturation conditions, after 2.0 x 10°
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Figure I1. The characteristics of the occurrence of mud pumping in the model in the process of cyclic loading: (a) the initial stage of

mud pumping; (b) the serious deterioration stage of mud pumping.
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Figure 12. The variation of the vertical vibration displacement with the number of loading cycles: (a) the upper layer of subgrade bed
in the normal condition; (b) the upper layer of subgrade bed in the saturation condition.

cycles the vertical vibration displacement of the con-
crete base center is found to be 0.238 mm and
0.549 mm, respectively; and that of the subgrade sur-
face close to the concrete base (measuring-point A3) is
0.104 mm and 0.030 mm, respectively. With the upper
layer of the subgrade bed saturated by water, the ver-
tical vibration displacement of the concrete base
center increases by 130.7% in comparison with the
upper layer of the subgrade bed in the normal condi-
tion, while that of the subgrade surface (measuring-
point A3) close to the concrete base reduces by
71.1%. When the upper layer of the subgrade bed is
in normal and saturation conditions, the ratios of the
vertical vibration displacement of measuring-point A1l

on the concrete base center to that of measuring-point
A3 on the subgrade surface close to the concrete base
are 2.17:1 and 18.32:1, respectively.

With the increasing number of loading cycles, the
variation of the vertical vibration displacement of
the model is basically similar to the variation of the
vertical vibration acceleration of the model, when the
upper layer of the subgrade bed is in normal and
saturation conditions, respectively. After the upper
layer of the subgrade bed is saturated by water, mud
pumping occurs in the subgrade bed under cyclic
loading and deteriorates with the increasing number
of loading cycles, which causes the intensification of
the vibration of the model.
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Figure 13. The variation of the cumulative settlement of the subgrade bed with the number of loading cycles.
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Figure 14. The variation of pore pressure in the subgrade bed with the number of loading cycles; [], PW-1; A, PM-2; O, PM-3. (a)
The upper layer of the subgrade bed in the normal condition; (b) the upper layer of the subgrade bed in the saturation condition.

Cumulative settlement

The variation of the cumulative settlement of the
upper layer of the subgrade bed with the number of
loading cycles is shown in Figure 13.

When the upper layer of the subgrade bed is in the
normal condition, the cumulative settlement of the
subgrade bed can gradually stabilize after 5.0 x 10°
cycles. After 2.0 x 10° cycles for the first loading
stage, the cumulative settlement of the surface and
middle position of the upper layer of the subgrade
bed at the center of the model are 0.89 mm and
0.71 mm, respectively. However, once the upper
layer of the subgrade bed is saturated by water, the
cumulative settlement of the same measuring points in
the model increases rapidly with the increasing
number of loading cycles and has no convergent
trend. Finally, the additional cumulative settlement
of the surface and middle position of the upper
layer of the subgrade bed at the center of the model
is 3.22mm and 1.92mm, respectively. Based on the
results of this full-scale model, if the upper layer

of the subgrade bed is saturated by water, the sub-
grade bed produces new settlement under the cyclic
loading, and also mud pumping occurs in the
subgrade bed under the slab track structure.

Pore pressure

When the upper layer of the subgrade bed in this full-
scale model is in the normal and saturation condi-
tions, the relationships between the pore pressure
in the upper layer of subgrade bed and the number
of loading cycles are as shown in Figure 14.

When the upper layer of the subgrade bed is in the
normal condition, the pore pressure of the upper layer
of the subgrade bed increases with the increasing
number of loading cycles at first, and then gradually
stabilizes after 5.0 x 10° cycles. While the upper layer
of the subgrade bed is kept in saturation, the pore
pressure of the upper layer of the subgrade bed
increases rapidly at first, and then decreases gradually
with the increasing number of loading cycles. Under
cyclic loading, the pore pressure of each test position
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Figure 15. The time-history curve of the dynamic pore pressure at an advanced stage of mud pumping: (a) PW-I; (b) PW-2;

(c) PW-3.

in the upper layer of the subgrade bed in saturation is
more than that of the upper layer of the subgrade bed
in the normal condition. When the upper layer of the
subgrade bed is in the normal condition, the graded
crush stone is in the unsaturated condition. The pore
pressure in unsaturated soil is a complex problem and
is not analyzed in this paper.

At an advanced stage of mud pumping, the time—
history curve of dynamic pore pressure at different
test positions is as shown in Figure 15.

When the upper layer of the subgrade bed was kept
in saturation, the pore pressure at the bottom of the
upper layer of the subgrade bed is more than that of
the test position PW-3 near the junctures between the
concrete base and waterproof layer on the subgrade
bed, which can form pore pressure difference between
the top and bottom surfaces of the upper layer of the
subgrade bed under cyclic loading. Under the flow
drive force caused by the pore pressure difference,
the fine particles in the subgrade bed can be migrated
upwards to the surface of the upper layer of the sub-
grade bed and repeatedly carried out of the subgrade
bed by mud pumping, as shown in Figure 11.

External and internal characteristics of mud
pumping
After the completion of the first loading stage, the
upper layer of the subgrade bed of the full-scale
model is saturated by water and always kept in satur-
ation during the second loading stage. Under cyclic
loading, mud pumping begins to occur in the model
after 3.0 x 10* cycles, and a small volume of slurry
accumulates on the waterproof layer, as shown in
Figure 11(a). Especially, mud pumping deteriorates
gradually with the increasing number of loading
cycles, which causes a large volume of slurry to be
squeezed out of the subgrade bed after the completion
of the second loading stage, as shown in Figure 11(b).
A waterproof layer composed of geomembrane
installed between the upper and lower layers of the
subgrade bed of the full-scale model has been cut off
from the migration paths of fine particles from the

lower layer of the subgrade bed to the upper layer
of the subgrade bed. Therefore, the fine particles car-
ried out of the subgrade bed by mud pumping are not
from the lower layer of the subgrade bed but from the
upper layer of the subgrade bed in this full-scale
model. Combining with relevant literature,'®>* it
was concluded that mud pumping was caused by the
cyclic process of pore water pressure rise-dissipation
in the upper layer of the subgrade bed under dynamic
loading and unloading cycle. There is a sharp rise in
the pore pressure in the upper layer of the subgrade
bed in the loading process of dynamic load, forming
excess pore water pressure. Water infiltrates up to the
surface of the upper layer of the subgrade bed under
excess pore water pressure, and then flows out of the
upper layer of the subgrade bed through the broken
junctures between the waterproof layer and concrete
base during the cyclic loading process of dynamic
load. The infiltrating and flowing process of water
have an instant impact force on the fine particles in
the upper layer of the subgrade bed, which causes the
fine particles to migrate upwards to the surface of the
upper layer of the subgrade bed and be carried out of
the upper layer of the subgrade bed. With the decrease
of fine particles in graded crush stone, contact stress
between coarse particles increases, which may cause
the breakage of the contact region of some coarse
particle. After the completion of the second loading
stage, a large volume of slurry composed of water and
fine particles is squeezed out of the subgrade bed, as
shown in Figure 16.

After the completion of the second loading stage,
the waterproof layer on the subgrade bed close to the
concrete base is broken to form a square opening.
Then the upper layer of the subgrade bed is excavated
to a depth of 10cm from the opening. It is found that
there are still a large number of fine particles accumu-
lated on the subgrade bed surface, which form a mud
layer between the concrete base and subgrade bed, as
shown in Figure 17. What is more, mud pumping only
occurs on the surface of the subgrade bed.

Based on the external and internal characteristics
of mud pumping of the full-scale model, the
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supporting capability of the subgrade bed to the con-
crete base decreases with the increasing number of
loading cycles due to the occurrence of mud pumping
in the upper layer of the subgrade bed; many fine
particles are carried out of the subgrade bed, and a
mud layer was formed between the subgrade bed and
concrete base. Therefore, the vertical vibration accel-
erations and displacements of the concrete base
increase with the increasing number of loading
cycles, while that of the subgrade bed surface
decreases due to the dynamic load spreading to
other areas by the concrete base.

Besides, the graded crush stone, which meets the
requirements of the grain-size distribution of Chinese
design  specification  for  high-speed railways
(Figure 5), is used as a filler of the upper layer of
the subgrade bed in this full-scale model, and the fill-
ing quality of the subgrade bed meets the require-
ments of Chinese specifications for high-speed
railways (Table 2). When the upper layer of the sub-
grade bed is in the normal condition, the vibration of
the full-scale model can tend to be stable with the
increasing number of loading cycles. However, when
the upper layer of the subgrade bed is saturated by
water and always kept in saturation during the second

Figure 16. A large volume of slurry composed of water and
fine particles squeezed out of the subgrade bed.

loading stage, mud pumping still occurs in the upper
layer of the subgrade bed and gradually deteriorates
with the increasing number of loading cycles.
Combining the field investigations and the full-scale
model testing, it is indicated that the grain-size distri-
bution of the filler and the filling quality for the sub-
grade bed meet the requirements of the related
specifications of high-speed railways, but mud pump-
ing would still occur in the upper layer of the sub-
grade bed under long-term cyclic dynamic load, if
rainwater could infiltrate into the upper layer of the
subgrade bed under the slab track structure and not
be quickly drained out of the upper layer of the sub-
grade bed. Therefore, the greater impetus for improv-
ing the long-term dynamic stability during operation
should be placed on preventing water from infiltrating
into the upper layer of the subgrade bed, except for
strictly controlling the filler selection and filling qual-
ity of the subgrade bed in the process of design and
construction of high-speed railways. Considering that
it is difficult to eliminate cracks in expansion joints of
the concrete base to prevent water from infiltrating
into the upper layer of the subgrade bed, the subgrade
bed with permeability capability through application
of new materials and structural design optimization
can ensure that the slab track—subgrade would not be
subject to mud pumping during long-term operation.

Conclusions and recommendations

In order to analyze the internal and external charac-
teristics of mud pumping in the subgrade bed under
the slab track structure and the influence of
mud pumping in the subgrade bed on the dynamic
properties of the slab track—subgrade, various field
investigations were conducted and a full-scale model
was established. The results based on the field
investigations and the full-scale model testing can be
summarized as follows:

(1) Mud pumping only occurs at the expansion joints
in the concrete base of the slab track structure,
due to cracks in the expansion joints of the

Figure 17. The internal characteristics of mud pumping in the upper layer of the subgrade bed.
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concrete base caused by waterproof materials
aging in the expansion joints. Rainwater can infil-
trate into the upper layer of subgrade bed through
the cracks, which causes the upper layer of the
subgrade bed to be filled with the graded crush
stone affected by dynamic fluid-solid coupling
effects under high-speed moving train loads.
Besides, a large number of fine particles are car-
ried out of the subgrade bed once mud pumping
occurs in the subgrade bed during operation.

(2) When the upper layer of the subgrade bed is in the
normal condition, the full-scale model of the slab
track—subgrade has a good long-term dynamic sta-
bility under the cyclic loading. However, when the
upper layer of the subgrade bed is saturated by
water and always kept in saturation, mud pumping
begins to occur in the upper layer of subgrade bed
after 3.0 x 10* cycles and deteriorates rapidly with
the increasing number of loading cycles, which
causes a large number of fine particles to be
squeezed out of the subgrade bed. At the same
time, the vertical vibration acceleration and dis-
placement of the concrete base increase quickly at
first and then increase gradually, and that of the
subgrade surface decrease gradually, with the con-
tinual increase of the cumulative settlement of the
upper layer of the subgrade bed. What is more, the
occurrence of mud pumping in the subgrade bed
can enlarge the ratio of the vibration acceleration
and displacement of the subgrade bed to that of the
concrete base of the slab track structure, due to
the reduction of the supporting capability of the
subgrade bed to the slab track structure caused
by mud pumping in the subgrade bed.

(3) Mud pumping can still occur in the subgrade bed
under the cyclic dynamic load if rainwater could
infiltrate into and not be quickly drained out of
the subgrade bed, although the filler selection and
filling quality of the upper layer of the subgrade bed
meet the requirements of design specification of
high-speed railway. With the deterioration of mud
pumping in the subgrade bed, the external charac-
teristics of mud pumping of the slab track—subgrade
are that the fine particles can be continually carried
out of the subgrade bed, and the internal character-
istics are that mud pumping only occurs on the sur-
face of the subgrade bed under the concrete base
and forms a mud layer between the subgrade bed
and concrete base, thereby causing the reduction of
the supporting capability of the subgrade bed to the
slab track structure, which affects the comfort and
safety of operation of high-speed railways.

Therefore, in order to prevent mud pumping from
occurring in the slab track—subgrade, more attention
should be given on the waterproofing and drainage
design of the subgrade bed to prevent water from infil-
trating into the subgrade bed under the slab track
structure. If rainwater could infiltrate into the subgrade

bed through the cracks in the slab track structure, it
must be able to be quickly drained out of the subgrade
bed to avoid the filler of the subgrade bed being
affected by the coupling effects of rainwater and
dynamic load under high-speed moving train loads.
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