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1. Introduction 
 

Mud pumping under train load is a common subgrade 

problem in existing railway lines, which is difficult to be 

cured (Indraratna et al. 2010, Saride et al. 2013, Chawla et 

al. 2016, Tang et al. 2018, Singh et al. 2020, Ding et al. 

2022a). The essence of subgrade mud pumping under train 

load is the migration of fine particles in subgrade soil (Trani 

et al. 2010a, Trani et al. 2010b, Yang et al. 2021). The fine 

particles migrate to the overlying ballast layer, which 

change the pore structure of the overlying ballast and 

damage its strength and drainage performance (Indraratna et 

al. 2011, Hussaini et al. 2016, Nagrale et al. 2017, Nguyen 

et al. 2019, Chen et al. 2019). Therefore, it is of great 

theoretical significance and engineering value to study the 

influence of fine particle migration on pore structure of 

overlying ballast layer under cyclic loading. 

The microscopic observation methods of soil pore 

structure mainly include scanning electron microscopy 

(SEM) (Tang et al. 2007, Romero et al. 2007), mercury 

intrusion porosimetry (MIP) method (Romero et al. 2007, 

Wang et al. 2020), nuclear magnetic resonance (NMR) 

method, computed tomography (CT) scanning technology 

(Zhang 2017) and so on. Among them, CT scanning 

technology can realize the visualization of soil pore  
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structure without damaging the internal structure of the soil, 

and it is increasingly applied to geotechnical engineering 

(Watanabe et al. 2012, Mukunoki et al. 2016, Dumberry et 

al. 2018). Hamamoto et al. (2016) analyzed the changes in 

pore structure characteristics of sand and glass beads under 

different compaction degrees by CT scanning technology. 

They found that the glass beads were easy to form a more 

continuous and larger pore network under the same 

porosity, which had a higher permeability. Alshibli et al. 

(2008) studied the changes of shear zone thickness in the 

process of sand shear and analyzed the pore structure 

characteristics in shear zone by CT scanning technology. 

Kim et al. (2010) studied the changes of pore structure 

before and after compaction by CT scanning technology, 

and found that the number of pores in the sample decreased 

by 71 % and the porosity decreased by 64 % after 

compaction. Jiang et al. (2019) analyzed the volumetric 

deformation behavior of crushed stone samples and the 

particles movement during triaxial compression through the 

CT scanning technology. Wang et al. (2017) conducted a 

series of dynamic triaxial tests to study the liquefaction 

characteristics of gravel soil under cyclic loading. 

Combined with CT scanning technology and discrete 

element software, they analyzed the microscopic structure 

changes of gravel soil during liquefaction, and revealed the 

microscopic mechanism of gravel soil liquefaction. Hall et 

al. (2010) investigated the formation of shear band and the 

motion (translation and rotation) characteristics of sand 

particles in the process of triaxial compression test by CT  
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scanning technology and three-dimensional digital image 

technology. With the help of CT scanning technology, 

Nguyen et al. (2019) analyzed the change of microscopic 

characteristics (pore structure, pore ratio and intergranular 

pore ratio), the evolution of fine particle content and the 

vertical displacement of soil particle during the process of 

seepage erosion. 

At present, CT scanning technology is mainly used to 

analyze the pore structure of sand and other soils, and there 

are relatively few studies been done on pore structure of 

gravel, especially on the change of gravel pore structure 

caused by the migration of fine particles. In this paper, a 

series of subgrade mud pumping tests were carried out with 

a tailor-made mud pumping test model. Combined with an 

X-ray computed tomography (CT) scanning equipment, the 

influence of fine particle migration on the pore parameters 

(plane porosity, volume porosity, pore distribution and pore 

connectivity) of ballast layer under cyclic loading were 

analyzed. Based on the results of porosity evolution curves, 

an empirical model for the evolution of ballast porosity is 

proposed. This study explores the formation mechanism and 

development process of subgrade mud pumping from a 

microscopic view, which provides a basis for prevention 

and control of subgrade mud pumping. 

 

 
2. Pore structure evolution test 

 
2.1 Test materials 

 
The clay is used as the subgrade soil, and its mechanical 

parameters are shown in Table 1. From Table 1 we can see 

that the clay can be classified as CL-Lean clay. Fig. 1 

shows the particle size distribution curve of clay. It can be 

seen that the particle composition and plasticity index of the 

clay meet the requirements of soil that prone mud pumping 

(Nie et al. 2018, Leng et al. 2018). 

The gravel is used to simulate the ballast layer overlying 

the subgrade, and the specific gravity of gravel is 2.08 g/cm3. 

The particle size distribution curve is shown in Fig. 1, with 

the non-uniformity coefficient Cu = 1.90 and the curvature 

coefficient Cc = 1.28. The gravel is classified as poorly 

graded gravel. 

 

2.2 Test methods 
 
2.2.1 Test model 
The tailor-made test model as shown in Fig. 2 is used in 

the mud pumping test. The model is mainly composed of 
axial loading device, a visual sample cylinder, a sample 
saturation device and a data acquisition system. The test 
model can be used to carry out the mud pumping test of 
saturated soil under cyclic loading, and the date of axial force 
and axial displacement during the test can be recorded. More  
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Fig. 1 Particle size distribution curves for clay and ballast 

 

 

information about the test model can be found in Ding et al. 

(2022b). 

A SIEMENS medical CT scanning equipment was used 

in the CT scanning test, as shown in Fig. 3. The main 

technical indexes are listed in Table 2. 

 
2.2.2 Testing programs 
The diameter of the sample is 178 mm and the height is 

180 mm. The lower part of the sample is subgrade soil (clay) 

and the height is 80 mm. The upper part of the sample is the 

ballast layer (gravel), with a thickness of 100 mm. 

The sample was prepared with a moist compaction 

method. The initial dry density of clay was controlled to 1.40 

g/cm3, and the moisture content was controlled at the optimal 

moisture content. The clay was divided into two layers, and 

the thickness of each layer was 40 mm. Before tamping the 

next layer, it was necessary to scrape the surface of the 

compacted clay to ensure a good contact between the layers. 

The upper gravel of the sample was compacted by two layers, 

and the thickness of each layer was 50 mm. 

After the sample preparation was completed, the sample 

was saturated. Firstly, the sample was vacuumized, and then 

the inlet valve at the bottom of the sample was opened, so 

that the water can slowly flowed into the sample. When the 

water surface was about 10 mm above the surface of the clay, 

the inlet valve was closed. After standing for 24 h, the whole 

sample model was put into the CT scanning equipment for 

the first CT scanning. 

After the first CT scanning, the cyclic load was applied 

on the sample. The sinusoidal wave was used to simulate the 

train load, and the amplitudes of the cyclic loading ( d ) were 

50 kPa, 100 kPa and 200 kPa. Before the cyclic loading was 

applied, the axial static loading ( p ) of 40 kPa was applied to 

the sample to simulate the influence of gravity on the 

subgrade covered by track structure (Bian et al. 2016). The 

loading frequency was 5 Hz (Sun et al. 2016), and the 

loading applied in the test process is shown in Fig. 2. 

Table 1 Physical and mechanical parameters of clay 

Materials sG  
L / % 

P / % 
dmax / (g/cm3) opt / % c/ kPa  / ° 

Clay 2.64 33.42 16.64 1.81 14.7 27.25 24.08 
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Fig. 3 CT scanning equipment 

 

Table 2 Technical indexes of CT scanning equipment 

The maximum size of the 

sample 

700 mm×400 mm  

(diameter × height) 

Scanning imaging mode Spiral scanning 

Light source X-ray 

Maximum voltage of light 

source 
120 kV 

Spatial resolution 700 m  

 

 

When the cycle numbers were 1,000, 15,000, and 30,000, 

the loading was stopped and the sample was slowly removed 

from the loading system after standing for a period of time. 

Then the whole sample was placed in the CT scanning 

equipment for CT scanning. After scanning, the sample was 

further loaded until it was loaded to 50,000 times (that is, the 

end of the test), and then the last CT scanning was performed 

on the sample. The specific testing programs are shown in 

Table 3. 

 

 
3. Test results and analysis 

 
The software of Avizo was used to process CT images. 

Avizo is a software that can be used for 3D data visualization 
analysis and modeling. It can realize the processing of CT 
images, 3D reconstruction, pore microstructure analysis and 
quantification. The processing of CT images by Avizo mainly 
includes image noise reduction, image enhancement, image 
segmentation and image feature extraction. In the process of 
image segmentation, we adopted a threshold segmentation 
method. By selecting a suitable threshold gray value (the 
iterative method is used to determine the threshold value), the 
particles and pores in the image can be effectively separated 
and a binary image can be obtained. Then the binary image 
can be quantitatively analyzed to obtain the pore 
microparameters such as porosity and pore size distribution. 

 

3.1 Evolution of gravel pore structure during mud 
pumping 

 
3.1.1 Evolution of porosity 
The porosity is divided into plane porosity and volume 

porosity. Among them, plane porosity is defined as the ratio 

of pore pixel value to total pixel value in 2D pore mode. 

Volume porosity (herein after referred to as porosity) is 

defined as the ratio of pore voxel value to total voxel value in 

3D pore model. 

Fig. 4 to Fig. 6 show the changes of plane porosity along 

the gravel height and the changes of gravel porosity for 

samples S-1.40-50-5, S-1.40-100-5, and S-1.40-200-5 at 

different loading stages. 
As shown in Fig. 4(a), after the sample is saturated, the 

plane porosity at upper and lower ends the gravel is larger 
than that at middle of the gravel. The plane porosity 
fluctuates between 37.63% and 49.55% in the height 
direction. And the porosity of gravel is 42.32% after 
saturation. 

 

Fig. 2 The test model 
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After 1,000 cycles of loading (as shown in Fig. 4(b)), the 

plane porosity is large in the upper and middle part, and small 
in the lower part. Compared with plane porosity of gravel 
after saturation, the plane porosity of gravel in the same 
height shows a decreasing trend after 1,000 cycles of loading. 
The decrease of plane porosity in the upper and middle part 
of the gravel is mainly caused by the compression of pores in 
gravel under cyclic loading. The plane porosity of the lower 
end of the gravel (about 0-8 mm) decreased sharply from 
about 41% to about 1%, which is mainly caused by blocking 
effect of fine particles migrated from subgrade under cyclic 
loading. And the porosity of gravel is 27.33% after 1,000 
cycles of loading. 

As cyclic loading continues on the sample (as shown in 

Figs. 4(c) and 4(d)), the plane porosity of the gravel at the 

same height decreases slightly, and the height of the gravel 

with a plane porosity close to zero (that is, the height of fine 

particles migration) gradually increases, and the porosity of 

the gravel gradually decreases with the increase of loading 

cycles. Until the end of the test (as shown in Fig. 4(e)), the 

height of fine particles migration is about 20 mm, and the 

porosity of the gravel is 16.78%. 

For samples S-1.40-100-5 and S-1.40-200-5, the changes 

of plane porosity and porosity of gravel at different loading 

stages are consistent with that for sample S-1.40-50-5. That 

is, after the sample is saturated, the plane porosity at upper 

and lower ends the gravel is larger than that at middle of the 

gravel. With the progress of loading, the migrated fine 

particles gradually blocked the pores in the lower part of 

gravel, resulting in a large plane porosity in the upper and 

middle part, and small in the lower part. 

In addition, with the increase of loading times, the 

porosity of the gravel decreases gradually. For sample S-

1.40-50-5, the porosity of the gravel is 42.32% after 

saturation, and the porosity of the gravel is 16.78% at the end 

of the test, which decreases by about 60%. For sample S-

1.40-100-5, the porosity of the gravel is 42.66% after 

saturation, and the porosity of the gravel is 16.28% at the end 

of the test, which decreases by about 62%. For sample S-

1.40-200-5, the porosity of the gravel is 42.32% after 

saturation, and the porosity of the gravel is 16.78% at the end 

of the test, which decreases by about 72%. 

 

3.1.2 Evolution of pore distribution characteristics 
The equivalent diameter of pores is usually taken as the 

basis of pore size classification, and the distribution of pores 

is counted. In this paper, according to the characteristics of 

the equivalent diameter of the pores in gravel, the pores with 

an equivalent diameter less than 3.00 mm are classified as 

small pores, the pores with a diameter between 3.00 mm and 

5.00 mm are classified as medium pores, and the pores with a 

diameter greater than 5.00 mm are classified as large pores. 
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(b) after 1,000 cycles of loading 
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(c) after 15,000 cycles of loading 

Fig. 4 The porosity of sample S-1.40-50-5 at different 

loading stages 

 

Table 3 Testing programs 

Test No. 
Initial dry density of 

clay 
d /(g/cm3) 

Amplitude of cyclic 

loading 
d /(kPa) 

Frequency 

f/Hz 
Scanning process 

S-1.40-50-5 1.40 50 5 The CT scanning was performed at samples 

after saturation, loaded to 1,000, 15,000, 30,000, 

and 50,000 cycles, respectively. 

S-1.40-100-5 1.40 100 5 

S-1.40-200-5 1.40 200 5 
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(d) after 30,000 cycles of loading 
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(e) after 50,000 cycles of loading 

Fig. 4 Continued- 

 

 

Fig. 7 shows the gravel pore size distribution of sample S-

1.40-50-5 at different loading stages. As shown in Fig. 7(a), 

after saturation, the equivalent diameter of gravel pores is 

distributed between 0.90 mm and 16.10 mm, among which 

the number of pores in the range of 1.00 mm to 2.00 mm is 

the most, accounting for 38.68% of the total number of pores. 

The number of pores in the range of 2.00 mm to 3.00 mm and 

the number of pores less than 1.00 mm account for 19.90% 

and 18.78% of the total number of pores, respectively. On the 

whole, the percentage of small pores, medium pores and 

large pores is 77.36%, 15.40% and 7.24%, respectively. The 

pore distribution is characterized by more small pores and 

less large pores. In addition, the pore distribution 

characteristic curve obeys the lognormal distribution as 

shown in Eq. (1), and the corresponding lognormal 

distribution function is shown in Table 4. 

 
2

2

ln ln
( ) exp

22





 
  

 
 

cx x
f x

x
 (1) 

where, x  is the pore diameter,   is the relative proportion, 

cx  is the average pore diameter,   is the standard 

deviation. 

After cyclic loading is applied on the sample (as shown in 

Fig. 7(b) to Fig. 7(d)) and at the end of test (as shown in Fig. 

7(e)), the equivalent diameter of the gravel pores was 

distributed within the range of 0 mm to 10.0 mm, and the 

pores distribution still shows the characteristics of more small 

pores and fewer large pores. The pore distribution 

characteristic curve follows the lognormal distribution, and 

the corresponding lognormal distribution function is shown 

in Table 4. 
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(b) after 1,000 cycles of loading 
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(c) after 15,000 cycles of loading 

Fig. 5 The porosity of sample S-1.40-100-5 at different 

loading stages 
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(d) after 30,000 cycles of loading 
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(e) after 50,000 cycles of loading 

Fig. 5 Continued- 

 

 
Fig. 8 shows the curves of the percentage of large, 

medium and small pores in sample S-1.40-50-5 with cycle 
number. It can be seen that the percentage of small gravel 
pores increases with the increase of cycle number, from 
77.36% to 82.18%. The percentage of large gravel pores 
decreases, from 7.22% to 4.70%. And the percentage of 
medium gravel pores fluctuates with the increase of cycle 
number. This also indicates that in the process of cyclic 
loading, the large pores in gravel trends to be compressed or 
blocked by migrated fine particles and converted into small 
pores. 

For samples S-1.40-100-5 and S-1.40-200-5, the 
distribution characteristics of pore size and the curves of 
percentage of gravel pores with cycle number are basically 
the same as those of sample S-1.40-50-5. Due to space 
limitation, no further details are required. 

 
3.1.3 Evolution of pore connectivity 
The pore connectivity is an important index to evaluate 

the hydraulic properties of porous media. Pore connectivity is 
defined as the ratio of the volume of pores through the upper 
interface to the lower interface to the volume of total pores. 
That is 

100% c
c

n
R

n
 (2) 
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(b) after 1,000 cycles of loading 
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(c) after 15,000 cycles of loading 
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(d) after 30,000 cycles of loading 

Fig. 6 The porosity of sample S-1.40-200-5 at different 

loading stages 

632



 

The influence of fine particle migration on pore structure of overlying ballast under cyclic loading 

 

 

0 10 20 30 40 50 60
0

20

40

60

80
 Plane porosity

 Porosity

H
ei

g
h

t 
o

f 
th

e 
g

ra
v

el
 (

m
m

)

Porosity (%)

Porosity n =12.26%

The trend line of plane 

porosity changes

 
(e) after 50,000 cycles of loading 

Fig. 6 Continued- 

 

0 2 4 6 8 10 12 14 16 18
0

10

20

30

40

50

P
er

ce
n

ta
g

e 
(%

)

Equivalent diameter of pores (mm)  
(a) after saturation 

0 2 4 6 8 10
0

10

20

30

40

50

P
er

ce
n
ta

g
e 

(%
)

Equivalent diameter of pores (mm)  
(b) after 1,000 cycles of loading 

0 2 4 6 8 10
0

10

20

30

40

50

P
er

ce
n
ta

g
e 

(%
)

Equivalent diameter of pores (mm)  
(c) after 15,000 cycles of loading 

Fig. 7 Pore size distribution of sample S-1.40-50-5 at 

different loading stages 
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Fig. 8 The curves of percentage of gravel pores with 

cycle number in sample S-1.40-50-5 

 

 

where, cR  is pore connectivity, cn  is connected porosity, and 

n  is porosity. 

There is little possibility for pores connecting the upper 
and lower interfaces in the full-size 3D reconstruction 
model of gravel pores, especially when the fine particles 
migrated and blocked in the gravel pores. However, in a 
certain area of the gravel, there are pores connecting the 
upper and lower interfaces, and the connected pores within 
the regional gravel also have an important impact on the 
hydraulic characteristics of gravel layer. Therefore, this 
paper adopts the method of taking the average value of local  
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pore connectivity instead of the pore connectivity of the 

whole gravel layer. It is considered an approximate method 

that can be accepted with some error. 
Table 5 to Table 7 show the pore connectivity of 

samples S-1.40-50-5, S-1.40-100-5 and S-1.40-200-5 under 
different loading states. As can be seen from Table 5 to 
Table 7, the pore connectivity of gravel decreases gradually 
with cyclic loading, and the reduction rate of pore 
connectivity decrease gradually. For example, in sample S-
1.40-50-5 (as shown in Table 5), after saturation, the pore 
connectivity in gravel is about 84.85%. Under cyclic 
loading, the migrated fine particles from subgrade soil 
blocking the pores at the lower part of gravel layer, 
resulting in the decline of pore connectivity. After 1000 
cycles loading, the pore connectivity is 69.61%; after 
15,000 cycles loading, the pore connectivity becomes 
61.72%; after 30,000 cycles loading, the pore connectivity 
is 57.84%; and after the test, the pore connectivity is 
55.89%. 

  

 

Table 5 Pore connectivity of sample S-1.40-50-5 at different 

loading stages 

Loading stages Pore connectivity (%) 

After saturation 84.85 

After 1,000 cycles of loading 69.61 

After 15,000 cycles of loading 61.72 

After 50,000 cycles of loading 57.84 

At the end of the test 55.89 

 

Table 6 Pore connectivity of sample S-1.40-100-5 at 

different loading stages 

Loading stages Pore connectivity (%) 

After saturation 81.89 

After 1,000 cycles of loading 57.17 

After 15,000 cycles of loading 51.21 

After 50,000 cycles of loading 45.22 

At the end of the test 41.58 

 

Table 7 Pore connectivity of sample S-1.40-200-5 at 

different loading stages 

Loading stages Pore connectivity (%) 

After saturation 80.51 

After 1,000 cycles of loading 49.63 

After 15,000 cycles of loading 36.61 

After 50,000 cycles of loading 33.02 

At the end of the test 31.13 
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Fig. 9 Curves of gravel porosity with loading time 

 

 

 

4. Porosity evolution model 

 
4.1 The establishment of porosity evolution model 
 
The porosity of gravel is significantly changed by 

migrated fine particles under cyclic loading, and the 
evolution of porosity is important for the study of mechanical 
and hydraulic properties of gravel. Based on the CT scanning 
test results, the changes of gravel porosity with different 
loading time were analyzed, as shown in Fig. 9. Fig. 9 
indicates that the porosity of gravel shows a non-linear 
decreasing with the increase of loading time, and the 
reduction rate decreases gradually. The gravel porosity 
evolution curve caused by migrated fine particles under 
cyclic loading can be characterized by power function. Based 
on this, an empirical model of gravel porosity evolution is 
proposed, as shown in Eq. (3). 

( )  cn a t b  (3) 

where, n  is gravel porosity, t  is loading time, and a, b, c 

are fitting parameters. 
The empirical model (3) was used to fit the test results, 

the fitting parameters and the correlation coefficient were 
obtained, which listed in Table 8. From Table 8, we know 
that correlation coefficients are all greater than 0.95, which 
indicating that the empirical model (3) can well predict the 
evolution trend of the gravel porosity in the process of fine 
particles migration under cyclic loading. 

 
4.2 The Validation of porosity evolution model 
 
To verify the accuracy of the porosity empirical model  

Table 4 Lognormal distribution function of pore size of sample S-1.40-50-5 at different loading stages 

Loading stages   
cx    2R  

After saturation 99.47 1.79 0.66 0.98 

After 1,000 cycles of loading 97.72 1.85 0.81 0.99 

After 15,000 cycles of loading 97.26 1.97 0.79 0.98 

After 50,000 cycles of loading 97.13 1.32 0.56 0.98 

At the end of the test 99.89 1.73 0.71 0.95 
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Table 8 Parameters for porosity evolution model (3) 

Test No. 
Parameters Correlation 

coefficient 
2R  a  b  c  

S-1.40-50-5 49.09 -4.01 -0.11 0.97 

S-1.40-100-5 34.38 -0.06 -0.08 0.99 

S-1.40-200-5 35.48 -0.17 -0.12 0.99 
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Fig. 10 Validation of porosity evolution model (3) 

 
 
(3) established in this paper, the experimental data of 
porosity and time in Trani et al. (2010a) were used, and the 
results were shown in Fig. 10. As can be seen from Fig. 10, 
the porosity evolution model (3) proposed in this paper can 
well predict the porosity change curve over time in Trani et 
al. (2010a), and the correlation coefficients are all above 
0.90, which verifies the accuracy and applicability of the 
porosity evolution model (3) proposed in this paper. 

 
 
5. Conclusions 

 

In this paper, the Computed Tomography (CT) scanning 

technology was used to study the characteristics of gravel 

pore structure evolution considering the fine particles 

migration under cyclic loading. The main conclusions are as 

follows: 

1) After the sample saturation, the plane porosity at 

upper and lower ends the gravel is larger than that at middle 

of the gravel. With the application of cyclic loading, the 

plane porosity of gravel along the height is large in the 

upper and middle part, and small in the lower part. The 

porosity of gravel decreases gradually with the application 

of cyclic loading. For example, after saturation, the porosity 

of gravel is about 42%; after the test is finished, the porosity 

of gravel decreases to 16.78% (S-1.40-50-5), 16.28% (S-

1.40-100-5) and 12.26% (S-1.40-200-5), respectively. 

2) The pore size distribution of gravel is characterized 

by more small pores and less large pores, and the pore 

distribution characteristic curve obeys lognormal 

distribution. With the application of cyclic loading, the large 

pores in gravel are compressed or blocked by migrated fine 

particles and transformed into small pores, the percentage 

of small pores gradually increases, and the percentage of 

large pores gradually decreases. 

3) The pore connectivity of gravel decreases gradually 

with cyclic loading, but the reduction rate decreases 

gradually. 

4) The porosity of gravel exhibits a non-linear 

decreasing with increasing loading time, and the rate of 

decrease gradually slows down. Based on curves of gravel 

porosity with loading time, an empirical model of gravel 

porosity evolution is proposed. 
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