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Abstract: Mud pumping has a significant impact on dynamic behavior of high-speed railway. An elaborate 
study focused on the structure characteristics of CRTS I (China Railway Track System) slab ballastless track 
was made to explain the mechanism of mud pumping from the aspects of displacement between the base plate 
and subgrade, gap growing, disfunction of drainage system and dynamic load of the train. Finite element 
software ABAQUS was applied to simulate the dynamic responses between the base plate and the subgrade 
surface layer in different conditions of gap length and gap size. It has been found that the dynamic force 
between the base plate and the surface layer of subgrade is up to 4,576.29 kN. Suggestions have been given to 
the related department such as slip-casting, white-out, sealing plug to solve the problem. Copyright © 2015 
IFSA Publishing, S. L. 
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1. Introduction 

 

The construction of high-speed railway is a large 
and complex project, and its quality directly 
influences the safety and comfort of train operation. 
CRTS I slab ballastless track has high regularity and 
less maintenance features, which meets the 
requirements of high speed, comfort, safety and 
reliability. Therefore, it is widely used in the high-
speed railway construction in China [1]. 

The graded crushed stone is widely used in the 
subgrade surface layer of high-speed railway in 
China to improve the mechanical properties of the 

subgrade, to reduce elastic and residual deformation 
induced by the dynamic load of trains and improve 
the performance of subgrade [2]. However, with the 
operation of high-speed railway in China, it has been 
found that the quality of the particle size distribution, 
the permeability and the frost resistance of graded 
crushed stone which even though meets requirements 
of subgrade structure in the ballasted track is not 
suitable for the ballastless track. Subgrade surface 
layer of ballastless track is required better 
waterproofing and drainage properties than ballast 
track. The cross section of CRTS I slab ballastless 
track on subgrade is as shown in Fig. 1. The base 
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plate is not effectively closed due to its structure 
characteristics. The closed layer and base plate could 
produce shrinkage cracks, which provide the access 
of the rainwater infiltration [3-4]. There are a lot of 
clay and silty soil in southern rainy regions of China 
with poor permeability of subgrade surface layer, 

which form mud in the poor drainage area, producing 
mud pumping phenomenon. After mud pumping, 
there always exist gaps between base plate and 
surface layer of subgrade bed, which pose a threat to 
the passenger comfort and safety.  

 
 

 
 

Fig. 1. Cross section of CRTS I slab ballastless track on subgrade. 
 
 
Therefore, it is necessary to conduct a survey on 

problems of subgrade surface layer, regional 
distribution characteristics, climate characteristics, 
hydrogeology and the environment characteristic 
along the high-speed railway line and their influence 
on the surface layer of subgrade to analyze the causes 
of mud pumping on subgrade surface layer and its 
main factors. And a research on mud pumping 
mechanism of high speed railway should be carried 
out to provide the guarantee for the safe operation of 
trains, and technical support for the design and 
construction of the subgrade structure of China's 
high-speed railway. 

 
 

2. Causes and Influencing Factors of 
Mud Pumping on the Surface Layer of 
Subgrade 
 
The Surface layer of subgrade is composed of 

graded crushed stone in high-speed railway; the base 
frame is filled by coarse particle and the pore 
structure of base frame by fine particle. Under the 
vibration of high-speed trains, water pressure appears 
to be higher in the graded crushed stone layer, which 
causes dissipation of confined water from expansion 
joint and also lost of fine particle in the layer of 
graded crushed stone. With the aggravation of pump-
absorb effect, fine particle loses continuously, which 
leads to mud pumping of graded crushed stone in the 
end. For subgrade under ballastless track, if there is 
no longitudinal drainage ditch between two high-
speed railway lines, water will stay between two 

lines of a track after raining on the impeded drainage 
surface. Furthermore, because there are a lot of 
vertical expansion joints on the closed layer of 
railway shoulder, the rainwater could penetrate into 
the graded crushed stone under the concrete base, 
which cause mud pumping under the load of vehicle. 
What’s more, the ground water could pump out 
through the cracks between the support layer and the 
slab on cutting slop, causing mud pumping on the 
surface of subgrade when trains passing by. Based on 
the field survey, preliminary analyses of its causes 
are as follows [5]. 

The seal of the base do not work properly; as a 
result, the water penetrates into the base of expansion 
joint and accumulates. Under the dynamic loads, the 
water which accumulates into the cracks between the 
base and subgrade surface layer could cause high 
water pressure, which scours the fine particles into 
the railway shoulder. This phenomenon could cause 
the void between slab and subgrade surface layer, 
which may lead to the irregularity of the track, as 
shown in Fig. 2. 

 
 

 

 
Fig. 2. Mud pumping near base plate expansion joints. 
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Mud pumping is affected by a variety of factors 
such as temperature, water, soil, dynamic load of 
trains and so on. Besides, improper track 
maintenance is also an important factor. 

1) The mud pumping of subgrade is affected by 
soil and other geological condition. In the subgrade 
soil of mud pumping line, the content of fine particle 
is higher, which affects the permeability. According 
to the past researches, the substance which is 
softening easily, such as chlorite and montmorillonite, 
is the direct factor. What’s more, the soil is 
characterized by strong hydrophilicity, poor 
permeability, fine particles, dehydration shrinkage 
cracking, and water softening, swelling 
characteristics and so on. It is also the necessary 
material for the mud pumping. For example, the 
capillary water of the clay soil flows higher but 
slower. Only in the situation of the sufficient water 
and slow freezing could clay soil cause serious mud 
pumping. Silt soil with strong frost heaving is the 
most likely cause of mud pumping. In addition, silt 
soil and clay soil consist of a lot of soluble salt and 
humus, which causes mud pumping easier. It is hard 
for coarse particles to cause mud pumping unless 
more than a certain amount of silt clay content  
is included. 

2) Water is the necessary factor to cause mud 
pumping. In fact, the essence of mud pumping is 
migration process and the phase transition of water. 
Under action of water, the content of soften 
substance will increase quickly. With the penetration 
of water, soil will soften and swell, so the graded 
stone could be pumped into subgrade surface layer. 
The range of soften soil will enlarge quickly. When 
trains pass by, the soil will be sucked out of the track 
through cracks.  

3) The load of vehicles will aggravate mud 
pumping. The phenomenon of mud pumping appears 
only in the situation of moving trains. Under the 
repeated load, the subgrade soil will produce plastic 
deformation, causing deformation and destruction for 
subgrade bed. Uneven settlement of subgrade could 
appear and aggravate the phenomenon of mud 
pumping with increasing speed. In the same 
condition, mud pumping of subgrade will become 
serious with the increasing times of the train passages. 

4) The thickness of graded crushed stone is not 
enough. When the thickness does not meet the 
requirements, the elastic of the subgrade will 
decrease, the force passed down from the train will 
be unevenly distributed in the surface of subgrade, 
the local pressure will increase and the graded stone 
will be penetrated into the surface of subgrade. So 
the thickness of subgrade camber will decrease, 
resulting in decrease of drainage capacity. Or, 
subgrade will produce plastic deformation, causing 
formation of the orbital plate. Finally, under the load 
of train, the soil will be sucked out of track surface 
due to the impact and the adsorption effect between 
concrete base plate and subgrade, which leads to  
mud pumping. 

5) The rigidity of track doesn’t match up with the 

stiffness of subgrade, causing open gap between 
them, as shown in Fig. 3. 

 
 

 
Fig. 3. Mud pumping in the gap. 

 
 

6) Improper track maintenance may also promote 
mud pumping. Water will accumulate into the 
surface of ballastless bed without proper maintenance 
of track, and subgrade turn soft, causing mud 
pumping gradually. 
 
 

3. Mechanism of Mud Pumping 
 

Scholars of all over the world have conducted 
researches of mud pumping mechanism on ballasted 
tracks; the most representatives are Japanese and 
French [6-7]. They simulated producing process of 
mud pumping through the test of substantive testing 
model and monitored the change of pore water 
pressure on subgrade surface through the sensor, 
which laid a solid foundation for the ballasted  
track mechanism research of mud pumping, as shown 
in Fig. 4. 

 
 

 
 

Fig. 4. French equipment. 
 
 

According to the field research in China, mud 
pumping on the ballastless track of high-speed 
railway is divided into the following stages in  
this paper. 
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3.1. Void Between Base Plate and Surface 
Layer of Subgrade 

 
Track research group of Beijing Jiaotong 

University made a test on frictional resistance 
between base plate and subgrade surface layer. Two 
typical positions on subgrade surface layer were 
chosen to pour test benches of 1.0×1.0×0.3 m. The 
volume of the test block is 0.3 m3 and the density of 
concrete is 2500 kg/m3. The friction resistance 
between subgrade surface layer and base plate can be 
determined through applying load on the test bench 
step by step, recording corresponding time of 
displacement meter electric signal, registration of 
dial indicator, and load intensity under each  
load level. 

The experimental results show that the shear 
strength provided by the cohesive force between the 
unit area of base plate and subgrade surface layer is 
more than 300 kN. That means the shear strength 
provided by base plate and the bed is over 0.3 MPa. 
In the areas with higher temperatures during summer, 
base plates will extend longer with the temperature 
increasing and shrink shorter with temperature 
decreasing during rainfall because it is built by strip 
concrete materials. Subgrade surface layer is built by 
granule gravel ballast material, so it will not extend 
or shorten with temperature change. The longitudinal 
force such as braking force of train will take place 
when trains pass the response area. Therefore in the 
local area, the bond between base plate and subgrade 
surface layer will be damaged, leaving void between 
their surfaces. 

 
 

3.2. Extension of the Gap 
 
In this article, a dynamical analysis model (shown 

in Fig. 5 and Fig. 6) with different gap of 1 m, 3 m, 
5 m, 10 m, 15 m between base plate and subgrade 
surface layer is developed based on the finite element 
software ABAQUS to analyze dynamic response of 
vehicle, track and subgrade in the process of high 
speed train operation. The material parameters of 
track and subgrade are shown in Table 1 and Table 2. 

In the mud pumping area, the surface portion of 
subgrade is brought out with mud under dynamic 
train load due to rain immersion, increasing the gap 
size between base plate and subgrade surface.  

 
 

 
 

Fig. 5. Finite element model of CRTS I plate 
ballastless track. 

 
 

Fig. 6. Dynamics model of vehicle-track-subgrade system. 
 
 

Therefore, in the ABAQUS dynamic analysis models, 
a “tie” binding contact property is set between base 
plate and subgrade surface outside the gap area to 
simulate the "bonding" relation, whereas a sinusoidal 
gap which is common used in railway to simulate the 
void between base plate of ballastless track and 
subgrade surface layer is adopted in the gap area. 

 
 

Table 1. Track model material parameters. 
 

 Rail 
Track 
 plate 

Mortar 
layer 

Base 
 plate 

Elastic 
modulus 

(Pa) 
2.06×1011 3.65×1010 7×109 3.55×1010 

Poisson's 
ratio 

0.3 0.1 0.167 0.167 

Density 
(kg/m3) 

7985 2500 2450 2500 

Rayleigh 
damping 
factor α 

7 3 3 3 

Rayleigh 
damping 
factor β 

1×10-6 2×10-5 2×10-5 2×10-5 

 
 

Table 2. Subgrade model parameters. 
 

 Subgrade surface 
layer 

Subgrade bottom 
layer 

Bulk density 
(kN/m3) 

19.5 19 

Dynamic modulus 
of elasticity(MPa) 

1900 500 

Poisson's ratio 0.25 0.25 
Cohesive force 

(kPa) 
1300 80 

Internal friction 
angle (O) 

46 30 

 
 

The function of vertical gap size is as follows [8]: 
 

0 0

2
y - s in

x
f

l

π= , (1) 

 
where f0 is the half amplitude, l is the values for 
wavelength, as shown in Fig. 7. 
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When vehicles pass the gap area, base plate will 
come into contact with subgrade surface under 
vertical force transfer mechanism of wheel-rail-
fasteners-slab-CA mortar layer-base plate under the 
dynamic train load. In the meanwhile, slab, CA 
mortar layer and concrete base will have a vertical 
displacement. When the first bogie arrives at the top 
of the gap area, the lower surface of base plate will 
be exposed to the surface of subgrade, and the 
contact will disappear after it moves on; when the 
second bogie is at the top of the gap area, the contact 
appears again, forming a tapping action. There is an 
obvious impacting when the bogie arrives at the gap 
area, shown in Fig. 8. 

The peaks of wheel-rail contact force in different 
gap length and size are shown in Fig. 9, which grow 
with the gap length and size.  
 

 

 
Fig. 7. Gap simulation. 

 
 

0.5 0.6 0.7 0.8 0.9 1.0
40

60

80

100

120

140

160

w
he

el
-ra

il 
ve

rti
ca

l f
or

ce
/k

N

time/s

 no gap
 with gap

 
 

Fig. 8. Wheel-rail vertical force-time graph. 
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Fig. 9. Wheel-rail vertical force change with wavelength 
and gap size. 

As it can be seen from the Fig. 10 and Fig. 11, the 
dynamic pat force between base plate and subgrade 
surface changes little when base plate just gets out of 
contact with subgrade surface. When the gap size 
reaches 2 mm, the wheel-rail vertical force of 10 m 
and 15 m wavelength (longer than a piece of plate) 
increases rapidly, the maximum value is 165.8 kN, 
especially in length of 15 m; the maximum value is 
up to 4,576.3 kN, when the gap gets to 10 mm. The 
existence of gap area increases the dynamic contact 
effect between the base board and subgrade surface 
layer, leading to extension of gap area. At the same 
time, the tensile stress of base plate is up to 3.5 MPa, 
which is over tensile strength of concrete. It could 
result in the crack of base plate; exacerbate the 
fatigue damage of base plate and reduce the service 
life of base plate [9]. 
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Fig. 10. Dynamic tapping force-time graph. 
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Fig. 11. Dynamic tapping force changes with wavelength 

and gap size. 
 
 

3.3. Poor Drainage 
 
The average rainfall in China appears to be 

excessive in the southward and few in the northward. 
Rainfall of eastern China is much more than western 
China. For example, Jiangsu and Zhejiang Province 
rain more in spring and summer than other northern 
provinces. The network plan of high-speed railway in 
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China is mainly in the eastern coastal regions, such 
as Beijing-Shanghai high-speed railway, Shanghai-
Hangzhou high-speed railway, Hefei-Wuhan high-
speed railway, Hefei-Bengbu high-speed railway. All 
these lines are distributed in the Yangtze River Delta 
which is full of rainfall. Due to its structural 
characteristics, a small amount of rainwater 
infiltration can get in gaps between the slab and the 
closed layer of CRTS II ballastless track used in 
Beijing-Shanghai and Shanghai-Nanjing high-speed 
railway. As for CRTS I ballastless track, the concrete 
base plate of the expansion joint with plywood 
plugged is not effectively closed. In summer, the 
concrete base plate expands due to temperature rises; 
as a result it clamps the plywood, resulting in 
difficulty for water to penetrate into the subgrade. 
According to the survey, high-occurrence season of 
mud pumping of Shanghai-Nanjing high-speed 
railway is not in the rainy summer, but March and 
April [10]. A Track surface in mud pumping area 
after raining is shown in Fig. 12. 

 
 

 
 

Fig. 12. Track surface of Shanghai-Nanjing high-speed 
railway after mud pumping. 

 
 

The reasons for the phenomenon are: first of all, 
concrete usually happens to shrink and expand under 
the change of temperature. For the concrete base 
plate of 20 m long, it may produce shrinkage gap 
about 12 mm caused by the drop of temperature. 
Infiltration water will get into the graded crushed 
stone layer in the rainy days. Secondly, as the 
temperature drops, the concrete closed layer on 
subgrade shoulders will shrink, producing shrinkage 
cracks between closed layer and base plate, providing 
a channel for rainwater infiltration. However, the 
material selection in the surface layer of subgrade 
complying with the specifications is in accordance 
with the grain size distribution curve of the crushed 
stone in the project implementation process. The 
percentage of each particle size is consistent, particle 
size of less than 1 mm accounted for 10 %,  
0.1 mm - 1 mm accounted for 20 %, 1 mm - 5 mm 
accounted for 10 %, 5 mm - 10 mm accounted for 
20 %, 10 mm - 20 mm accounted for 20 %, 20 mm - 
31 mm accounted for 20 %. Such subgrade surface 
(graded crushed stones layer) has a low permeability 
or impermeable characteristics [11]. As for high-
speed railway ballast track structure (for example 

Hangzhou-Shenzhen railway), rainwater can quickly 
be drained from the base bed and get into the side 
ditch due to the well-drained embankment slope on 
subgrade surface. However, rainwater lingers around 
the graded crushed stones layer surface because of 
poor permeability, what’s worse, concrete closed 
layer on subgrade shoulder is 3 - 5 cm higher than 
that of graded crushed stones, which forms a natural 
blocking sink. So rainwater cannot be drained easily, 
but staying in the graded crushed stones. This is one 
of the most important internal causes of mud 
pumping in subgrade surface of Shanghai-Nanjing 
high-speed railway [12]. 
 
 
3.4. Subgrade Mud Pumping Induced  

By Train Vibration 
 
The stress of the train passing down to subgrade 

surface through rail track plate-CA mortar layer-base 
plate is afforded by soil skeleton and soil moisture. 
Only effective stress afforded by soil section can 
produce soil deformation and provide shear strength. 

As shown in Fig. 13, the free water in graded 
crushed stone layer will produce high transient 
dynamic water pressure under train vibration, and at 
the same time transient confined water pressure is 
slowly dissipated.  

 
 

 
Fig. 13. Variation of pore water pressure  

when train passes by. 
 
 

During this progress, on one hand, fine particles 
which is filled in large grain size gravel of subgrade 
surface, will leave the graded gravel skeleton and get 
into confined water. On the other hand, transient 
confined water will bring away some fine particles 
when the water run away from the expansion joints 
and cracks between base plate and closed layer. 
Particles in crushed stone layer with 5 mm size 
would also run away if the dissipation effort is strong 
enough. After many cycles of "the pore water 
pressure rises when the train passes by and gets down 
after train goes far away", on the macro level, water 
and fine grained soils turn into mud and leak away 
from base plate, resulting in mud pumping on 
subgrade. In general, mud pumping in the expansion 
joint of base plate is the strongest, and gradually 
extends to the expansion joint in the range of 5 m 
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[13]. If the development of subgrade mud pumping 
continues, base plate would suspend and then sink. 
Through observation, vibration amplitude of base 
plate caused by trains can reach a few millimeters. 
With the aggravation of mud pumping, base plate 
will sink and produce transverse cracks when 
suspension of base plate is big enough. According to 
the survey, the maximum subsidence of base plate in 
Shanghai-Nanjing intercity railway is up to 30mm. It 
is extremely easy to cause the slab crack when 
subsidence is serious. 

 
 

4. Conclusions 
 

1) Compared with ordinary ballasted railway, the 
high-speed railway subgrade has higher requirements 
on settlement control standard, subgrade stiffness 
uniformity and stability in the natural conditions with 
trains on operation. The present standard stresses that 
the subgrade surface layer should be in a dense 
condition, while ignores its permeability. Due to 
large percentage of the fine particles in graded gravel, 
it not only makes the surface of subgrade become 
impermeable layer, but also provides the conditions 
for subgrade mud pumping. 

2) The mud pumping under CRTS I slab 
ballastless track is not only related with the 
hydrological, geological conditions, but also with 
base plate’s invalid closure and shrinkage crack of 
base plate and closed layer, which provides the 
channel for rainfall to infiltrate. 

3) As soon as subgrade mud pumping appeared, it 
should be renovated timely, otherwise, base plate 
would deform, sink and even fracture, which not only 
affects the safety of track structure and reduces the 
service life, but also increases the difficulty of 
maintenance and influences the driving comfort; 

4) Due to the short window time of high-speed 
railway and high requirements of maintenance, the 
implemented scheme of mud pumping needs an 
optimal design to make the disease line recover as 
soon as possible, avoiding secondary disease. 
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