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Influence of particle size distribution and initial dry density on the characteristics
of subgrade mud pumping

DING Yu!, JIAYu!, WANG Xuan"2, ZHANG Jia-sheng’2, CHEN Xiao-bin"?2, LUO Hao', ZHANG Yu!

1. School of Civil Engineering, Central South University, Changsha, Hunan 410083, China
2. National Engineering Research Centre of High-Speed Railway Construction Technology, Central South University, Changsha, Hunan 410083, China

Abstract: The subgrade mud pumping of heavy-haul railway is widespread and harmful, which seriously affects the stability of tracks
and the safety of train operation. The properties of railway subgrade soil, such as the particle gradation, the void ratio, have a significant
impact on the characteristics of subgrade mud pumping under train load. In this study, a series of remolded samples consisting of silty
clay and different content of Kaolin was subjected to mud pumping tests with a self-developed test model. The influence of varying
particle gradations (Kaolin content) and initial dry densities (void ratio) on axial strain, excess pore water pressure, and fine particles
migration under dynamic load were analyzed. The results show that with the increase in Kaolin content and initial dry density, the axial
strain and the excess pore water pressure of the samples, the average migration height of fine particles, and the degree of subgrade mud
pumping all decrease. We also find that the excess pore water pressure gradient is the leading factor driving the migration of fine particles
in subgrade soil, and the interlayer has a promoting effect on the occurrence of subgrade mud pumping.

Keywords: mud pumping; particle size distribution; initial dry density; axial strain; excess pore water pressure; fine particles migration

1 Introduction

Economic growth and development requires more and
more resources, and railway transportation, especially
the heavy-haul railway transportation, has been an
important way of achieving this. Compared with ordinary
trains, the axle load and traction mass of heavy-haul trains
are larger, which aggravates the subgrade diseases, such
as mud pumping. The mud pumping of subgrade will not
only contaminate the ballast and reduces its drainage
performance, but also results in differential settlement
of tracks, seriously affecting the track stability and train
operation safety!' 2. The subgrade mud pumping caused
by train load is widespread around the world?® ®l. Therefore,
it is necessary to study it deeply and systematically.

Mud pumping is widespread, and scholars have con-
ducted a large number of laboratory and field tests on its
characteristics, but there are still numerous disputes on
its generation and development mechanism. Some scholars
believe that the excess pore water pressure (difference)
is one of the main causes. Alobaidi et al.”'% studied the
relationship between the excess pore water pressure
between the layers of subgrade structure and the mud
pumping under cyclic load. They deemed that the excess

pore water pressure between the layers under cyclic load

Received: 24 November 2021 Revised: 6 May 2022

can drive the water to carry fine particles to migrate upward,
thus resulting in the mud pumping. Duong et al.[''"!?]
have concluded by an experimental study that a large
excess pore water pressure was generated in the subgrade
soil near saturation under cyclic load, and the dissipation
of the excess pore water pressure induced the migration
of fine particles, thus leading to the mud pumping. However,
there was no obvious mud pumping in unsaturated soil.
Abeywickrama et al.'3] considered that the excess pore
water pressure would be generated and accumulated in
undrained railway subgrade under cyclic train load, giving
rise to the upward migration of mud and thereby resulting

14=13] carried out the

in the mud pumping. Zhang et al.l
experiment on the hydraulic characteristics of sand-silt
mixtures and the migration mechanism of fine particles
under the dynamic-static load of trains. By analyzing the
deformation and excess pore water pressure of the samples
during the test, they stated that the axial pore water pressure
gradient inside the samples was the main inducement of
migration, flow and accumulation of fine particles. This
experiment mainly aimed at the load of high-speed trains,
so the stress amplitude of the cyclic load was low, but its
frequency was high. Cai et al.'®! conducted an experimental
study on the mud pumping mechanism of silty-clay subgrade
under traffic load. The results show that the pore water
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pressure inside the subgrade accumulates under traffic
load; transient liquefaction appears, and mud pumping
occurs when the effective stress in the foundation is zero.
This experiment was mainly at traffic load, so the stress
amplitude of the cyclic load and its frequency were both
low. However, Takatoshi!”! believed that the rigidity
difference and the incomplete contact between the sleepers
and ballast lead to the suction between them when the
train is unloaded, and this suction is the main cause of
mud pumping. Furthermore, mud pumping has a great
relationship with the frost heave of the railway subgrade!'® %!
in the seasonal frozen areas in the north and southwest
of China.

In this study, according to the stress characteristics
of subgrade fills for heavy-haul railways, a mud pumping
test model is developed to carry out the research under
the load with high cyclic vibration frequency and high
stress amplitude. With this model, a series of mud pumping
tests was performed on the saturated subgrade soils with

different particle gradations and different initial dry densities.

The axial strain, the excess pore water pressure and the
migration of mud (fine particles) under dynamic load

Table 1 Physical and mechanical parameters of test soils

were analyzed to reveal the mud pumping mechanism
of saturated subgrade under the train load.

2 Test materials and scheme

2.1 Test materials
2.1.1 Silty clay

Silty clay was adopted for the tests. Its physical and
mechanical parameters were tested according to Code for
soil test of railway engineering (TB10102—2010), with
results shown in Table 1. It can be seen from the table
that the silty clay is of low liquid limit. The grading curves
of the silty clay are shown in Fig. 1. The figure shows
that the content of the silt grains (0.005—0.075 mm!?*l)
is 58.3% and that of the clay grains (<0.005 mm[**)
is 29.8%. Figs. 2 and 3 are plotted based on the particle
composition and the plasticity index of the studied twenty-
four groups of the mud pumping soils!* 7 11712 1620722, 25-40]
Figures shows that the silty clay used for the tests meets
the requirements on the particle composition and the
plasticity index of soils prone to mud pumping.

To study the influence of the particle gradation on mud

Particle specific Liquid Limit  Plasticity

Max. dry density ~ Optimum water Content of silt Content of clay Cohesion Internal friction

Soil gravity G . /% Index Ip Py /(8 * €M) content @y /% Grain /% grain /% ¢ /kPa angle @/(°)
S 2.64 33.42 16.78 1.81 14.7 58.30 29.80 27.3 24.1
90S10K 2.62 3433 17.02 1.76 17.4 52.47 36.82 28.3 26.6
80S20K 2.60 36.14 17.93 1.68 20.0 46.64 43.84 30.7 253
70S30K 2.59 37.74 18.50 1.64 22.4 40.81 50.86 33.8 22,5

Note: The cohesion and internal friction angle in the table are obtained through the quick shear test. S represents silty clay, K represents commercial Kaolin. 90S10K,
80S20K, and 70S30K represent the remolded soils with silty clay contents of 90%, 80%, and 70%, and commercial Kaolin contents of 10%, 20%, and 30%,

respectively.
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Fig.1 Particle grading curves for test soils

pumping, the commercial Kaolin with particle size of
0.003 4 mm, specific gravity of 2.53, plasticity index of
19.81, maximum dry density of 1.56 g /cm’, and optimum
water content of 24.14% was mixed with the original

https://rocksoilmech.researchcommons.org/journal/vol43/iss9/5
DOI: 10.16285/j.rsm.2021.6971

silty clay at a certain percentage to prepare the remolded
soils with kaolin contents of 10%, 20% and 30% (Table 1).
Commercial kaolin was chosen because this artificial
material is easy to be obtained and has stable properties
after mixed with other materials'*’’. The basic mechanical
parameters of the remolded soils are listed in Table 1,
and the grading curves are shown in Fig. 1. As shown in
the figure, the clay content increases gradually while the
silt content decreases gradually with the increase of kaolin
content; the plasticity index increases gradually, and the
shear strength also increases slightly.
2.1.2 Crushed stone

The crushed stones with particle specific gravity of
Gs = 2.69 and the maximum dry density of 2.08 g /cm?
were chosen as ballasts. Due to the limitation of the size

of the test instruments, the analogy correction method*! !
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was used to reduce the scale of the crushed stones. The
grading curves of the crushed stones before and after the
scale reduction and the upper and lower limits of the ballast
grading curve specified in Railway ballast (TB/T 2140—
2008)1* are plotted in Fig. 4. The maximum particle size
after scale reduction is 30 mm, less than 1/5 of the inner
diameter (178 mm) of the sample, and the influence of

size effect can be ignored® 41,

100 © Mud pumping soil

* Silty clay adopted

Sand particles (0.075 mm<

d<2 mm) Clay particles (<0.005 mm)
60
> 40
i o
80 Siltyclay
o 20
W N

100 ilty’sandy tla;
S, N\,
0 20 40 60 80 100

Silt particles (0.005 mm<d<0.075 mm)

Fig.2 Shepard’s diagram of particle size distribution for
mud pumping soil
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Fig.3 Diagram of plasticity index for mud pumping soil
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Fig.4 Particle grading curves of crushed stones
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2.2 Test model and method
2.2.1 Test model

The self-developed mud pumping test model consists
of four parts: axial loading device (Fig. 5(a)), visual sample
cylinder (Fig. 5(b)), sample saturation device (Fig. 5(c)),
and data collector (Fig. 5(d)). This model can apply loads
with high cyclic vibration frequency and high stress
amplitude, observe the mud pumping during the test, collect
and record the axial displacement, axial force, pore water
pressure, and earth pressure of the sample in real time.

(b) Visual sample cylinder

(c) Sample saturation device

(d) Data collector

Fig.5 Mud pumping test model

2.2.2 Test scheme

The sine wave!* %! shown in Fig. 6 is used to simulate
the train load. Before the dynamic load was applied, an
axial static stress of 40 kPa (i.e. o, =40 kPa) was applied
to the sample to simulate the influence of the weight of
overlying tracks on ballast!**!. According to the field
measured data of Datong—Qinhuangdao railway in literature
[46], the dynamic stress on the sleeper of normal section
is about 83—113 kPa. The dynamic stress amplitude (o, )
selected was 100 kPa. As per the calculation in literature
[47], the frequency corresponding to the train speed of
0—100 km /h is 0—14 Hz. Therefore, the loading frequency
(f) selected was 5 Hz.
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Fig.6 Load oscillogram

Table 2 Test scheme

The initial dry density of the subgrade soil was controlled
as 1.40, 1.50 and 1.59 g /em?, for the study on its influence
on mud pumping. The water content of the subgrade soil
was controlled near the optimum water content.

The soil was saturated while the crushed stones were
unsaturated during the test. The water in the sample was
only allowed to flow along the upper crushed stone layer
during loading.

It marks the end of the test when the cyclic loading
reaches 50 000 times or the axial strain of the sample
reaches 5%.

The testing scheme details are listed in Table 2.

Initial dry density

Dynamic stress Loading frequency

No. Soil type Pao /(g-em™) Initial void ratio ey amplitude o3 /P o
S-1.40-100-5 Silty clay 1.40 0.89 100 5
$-1.50-100-5 Silty clay 1.50 0.76 100 5
S-1.59-100-5 Silty clay 1.59 0.66 100 5

90S10K-1.40-100-5 90% silty clay + 10% Kaolin 1.40 0.87 100 5

90S10K-1.50-100-5 90% silty clay + 10% Kaolin 1.50 0.75 100 5

90S10K-1.59-100-5 90% silty clay + 10% Kaolin 1.59 0.65 100 5

80S20K-1.40-100-5 80% silty clay + 20% Kaolin 1.40 0.86 100 5

80S20K-1.50-100-5 80% silty clay + 20% Kaolin 1.50 0.73 100 5

80S20K-1.59-100-5 80% silty clay +20% Kaolin 1.59 0.64 100 5

70S30K-1.40-100-5 70% silty clay + 30% Kaolin 1.40 0.85 100 5

70S30K-1.50-100-5 70% silty clay + 30% Kaolin 1.50 0.73 100 5

70S30K-1.59-100-5 70% silty clay + 30% Kaolin 1.59 0.63 100 5

Note: No. S-1.40-100-5 means that the initial dry density of silty clay is 1.40 g /cm?, the dynamic stress amplitude is 100 kPa, the loading frequency is 5 Hz, and

SO on.

2.2.3 Sample preparation

The sample was 178 mm (diameter) x 380 mm (height).
The lower part of the sample was filled with silty clay
(subgrade soil), with a height of 250 mm; the upper part
was filled with crushed stones (ballast), with a height of
130 mm. Two pieces of filter paper were laid on the cylinder
bottom and vaseline was evenly spread on the cylinder
side wall before the sample preparation. Vaseline can
reduce the friction between the soil and the side wall, and
can also prevent, to a certain extent, the concentrated
seepage of water along the side wall in the process of
soil saturation, which affects the saturation effect. The
silty clay was filled by the layered compaction method
and divided into 5 layers, each with a thickness of 50 mm.
Before the next layer was filled, roughen the surface of
the compacted previous layer to ensure good contact
between the layers. During sample preparation, three pore
water pressure sensors (Type BWMK) and three earth
pressure sensors (BW earth pressure box) were embedded
in the soil. The sensors were 240, 160, and 80 mm away

https://rocksoilmech.researchcommons.org/journal/vol43/iss9/5
DOI: 10.16285/j.rsm.2021.6971

from the sample bottom, represented by Point 4 (240 mm),
Point B (160 mm), and Point C (80 mm). The upper crushed
stones were filled in three layers, each with a thickness
of 50, 50 and 30 mm.

The sample was saturated after preparation. It was
evacuated by a vacuum pump. Then the water inlet valve
at the bottom of the cylinder was opened to make the water
flow into the soil slowly and then was closed when the
water surface inside is 10 mm higher than the soil surface.
Loading started after the sample stood for 24 hours. It was
learnt from the previous test that the saturation of subgrade
soil could reach about 85% by using this method, and its
height would not change a lot before and after saturation.

3 Analysis and discussion

3.1 Typical curves

Figure 7 shows the curves of the axial strain (ratio
of axial deformation to initial height), the excess pore
water pressure, and the soil dynamic stress with cyclic
number of sample S-1.40-100-5. And Fig. 8 shows changes
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(a) Axial strain—vibration curve
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(c) Soil dynamic stress—vibration curve

Fig.7 Typical curves for sample S-1.40-100-5

of the interface between the soil and the crushed stones
during the test. Fig. 7(a) shows that the axial strain increases
nonlinearly with increasing the cyclic number, and the
increase rate gradually decreases. According to the interface
changes shown in Fig. 8, the axial deformation of the
sample mainly originates from two aspects: (1) The crushed
stone layer sank into the silty clay layer under dynamic
load and formed an interlayer with a certain thickness.
The interlayer mainly occurs at the initial stage of dynamic
loading. Therefore, when the cyclic number is less than
1 000, the axial strain increases almost linearly and rapidly.

Published by Rock and Soil Mechanics, 2022

(2) The axial deformation increases gradually with the
dissipation of the excess pore water pressure (Fig. 7(b))
and the upward migration of fine particles (mud).

k ? MRS R
IS L,

Liquid levelests

L

ff Trenwn [ R s

(a) when the sample is saturated (b) when the dynamic load is applied

(¢) when the test is ended

Fig.8 Changes of interface of subgrade soil and crushed
stones for sample S-1.40-100-5

Figure 7(b) shows that the excess pore water pressure
increases rapidly and then decreases slowly with increasing
the cyclic number. Under the external force, a large axial
strain is generated, and the soil is squeezed, resulting in
a large excess pore water pressure. Water was allowed
to flow along the pores of the upper crushed stones during
the test. Therefore, the excess pore water pressure dis-
sipated slowly, the free liquid level rose gradually, and
the mud also migrated upward.

It can be seen from Fig. 7(c) that the soil dynamic
stress tends to decrease gradually in general with increasing
the cyclic number. The soil dynamic stress corresponding
to the same cyclic number decreases gradually with
increasing the soil depth, indicating that the influence
of external forces on the soil decreases gradually with
the depth.

The evolution of the excess pore water pressure under
cyclic load has an important influence on the subgrade
mud pumping. Fig. 9 shows the time history curve of the
excess pore water pressure at point B of sample S-1.40-
100-5. Due to the large amount of data, the figure only
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shows the excess pore water pressure within 0—1 000 s.

Learnt from Fig. 9, the excess pore water pressure accu-
mulates and increases rapidly when the cyclic load is
applied. The excess pore water pressure increases app-
roximately linearly in the first 10 s. The growth rate
decreases gradually within 10—20 s. The excess pore water
pressure reaches the peak with loading for about 170 s.
The dissipation of the excess pore water pressure starts
to play a main role, and it decreases little by little, when
loading is for more than 170 s. The figure also shows that
the excess pore water pressure changes in the form of sine
wave with the application of the external load, but the
amplitude is very small.

50

40

30

32.01
32.00

Excess pore water pressure /kPa

£
=
5
Z
8
20 £31.99
240.05 £ 3198
£40.04 231,97
240.03 £ 3196
10 | ga003 > 103 T04 2 3195
2 ) 877712 713 714 715
o Time /s % .
o Time /s
0 1 1 1 1 ]
0 200 400 600 800 1 000

Time /s

Fig.9 Time history curve of excess pore water pressure at
point B for sample S-1.40-100-5

3.2 Influence of particle gradation on mud pumping

In this section, the influence of particle gradation of
subgrade soil on mud pumping is analyzed from four
aspects, i.e., the axial strain, the excess pore water pressure,
the average height of fine particles (mud) migration during
the test, and the change of particle grading curves of crushed
stones after the test.
3.2.1 Axial strain

Figure 10 shows the axial strain—cyclic number curves
of the samples with different gradations. In the tests of
sample S, 90S10K and 80S20K, the axial strain increases
rapidly at first and then slowly with increasing the cyclic
number. Until the end of the test, the axial deformation
is still not stable. However, the axial strain of sample
70S30K shows different trends, that is, the axial strain
increases rapidly at first and then remains stable with
increasing the cyclic number. The axial strain corresponding
to the same cyclic number also decreases gradually with
the increase of kaolin (clay) content. This finding differs
from that in reference [16]. The reason may be explained
as follows. (1) The soil used in reference [16] (silty clay

https://rocksoilmech.researchcommons.org/journal/vol43/iss9/5
DOI: 10.16285/j.rsm.2021.6971

composed of silt and kaolin) is different from that in this
study. (2) The kaolin content used to analyze its influence
on the sample deformation in reference [16] is different
from that in this study: high kaolin content (>60%) in
reference [16] while low kaolin content (<30%) in this
study. Indraratna et al.*”! studied the deformation of the
mixtures of kaolin (10% and 30%) and sandy clay under
the cyclic load, and get the conclusions similar to those
in this study. In addition, learnt from Table 2, the increase
of kaolin content reduces the initial void ratio gradually,
which makes the sample more compact inside. Therefore,
the deformation induced by the external load also reduces

gradually.

35
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Fig.10 Influence of particle gradation on
axial strain

3.2.2 Excess pore water pressure

Figure 11 shows the influence of particle gradation on
the excess pore water pressure. Due to the space limitation,
only the curve of the excess pore water pressure at Point
B is plotted here. It can be observed from the figure that
the excess pore water pressure curves of the soils with
four different particle gradations all change consistently,

W
(=}
1

—0o— S-1.40-100-5

—o— 90S10K-1.40-100-5
—a— 80S20K-1.40-100-5
—o— 70S30K-1.40-100-5

[ W S
(=} S (=}

Ju—
S

Excess pore water pressure /kPa

0 10000 20000 30000 40000 50000

Cyclic number

Fig. 11 Influence of particle gradation on excess pore water
pressure at point B
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that iS, with increasing the CyCliC number, they first increase —— Grading curve of crushed stones in Layer I after test
—0— Grading curve of crushed stones in Layer II after test
rapldly and then decrease gradually. The mcrease Of kaohn —A— Grading curve of crushed stones in Layer III after test
100 - —— Grading curve of crushed stones before fest
content can lead to the gradual decrease of the excess
pore water pressure and its peak value under dynamic . 80 1
load. For instance, when the kaolin content increased 2 ok
v
1%}
from 0 to 10%, 20% and 30%, the peak excess pore g
. c . £ 40
water pressure of the sample with an initial dry density S
&
of 1.40 g /cm® at point B decreased from 40.6 kPa to 20 |
32.9, 30.9, and 16.9 kPa. With the increase of kaolin o o )
.. . —1 0 1 2
content, the initial dry density decreases, and the sample 10 v 10 10
Particle size /mm
becomes more compact. The accumulated excess pore () 5-1.40-100-5
a) S-1.40-100-
water pressure inside also becomes smaller under the same
—o— Grading curve of crushed stones in Layer I after test
Cyclic number. —0— Grading curve of crushed stones in Layer II after test
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3.2.3 Average migration height of fine particles (mud) 100 1 —o— Grading curve of crushed stones before st

Four reference points were selected and the heights
of fine particles (mud) corresponding to different loading
times were recorded during test, and the averages of the
mud heights at the four reference points were used for

Percent passing /%

analysis. Table 3 gives the average mud height of soils

with different particle gradations under different cyclic

numbers, where N refers to the cyclic vibration number.
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hand the mud migration is caused by the subsidence of 2 ok
the crushed stone layer, which pushes the soil into the g
.. S 40 F
upper crushed stone layer; on one hand, by driving effect g
. =%
of the excess pore water pressure!'?l. Table 3 also displays 2 F
that the addition of kaolin significantly reduces the average . . : .
mud height and restrains the subgrade mud pumping. 107 10° 10! 107
Particle size /mm
Table 3 Average mud height and mud mass (c) 80S20K-1.40-100-5
Average height /mm Mass —0— Grading curve of crushed stones in Layer I after test
No. / —o—Grading curve of crushed stones in Layer II after test
N=1000 N=15000 N=30000 N=50000 '8 —a— Grading curve of crushed stones in Layer 11 after test
S-140-100-5 1475 21.00 23.00 2475 4228 100 | —o—Grading curve of crushed stones before st
$-1.50-100-5 14.50 15.75 16.25 17.00 1662 % |
$-1.59-100-5 3.75 6.25 775 775 1151 53
90S10K-1.40-100-5  9.50 13.75 14.50 15.00  300.1 %" 60 |
90S10K-1.50-100-5  10.00 11.75 1275 13.50 1458 g
90S10K-1.59-100-5  2.75 3.50 4.00 425 857 g 401
80S20K-1.40-100-5  9.00 11.50 12.00 1225 2142 &
20 |
80S20K-1.50-100-5  8.25 8.75 9.25 10.00 1007
80S20K-1.59-100-5  2.00 2.00 2.50 250 448 0 & o |
70S30K-140-100-5  9.50  10.00 10.50 11.00 1589 10 107 10! 102
70S30K-150-100-5 550 6.25 6.75 700 1011 Particle size /mm
70S30K-1.59-100-5  1.00 1.00 1.00 100 267 (d) 70S30K-1.40-100-5

Fig.12 Grading curves of crushed stones after test
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3.2.4 Grading curve of crushed stones

After the test, the upper crushed stones were taken
out in three layers, 50 mm thick for the upper two layers
(Layer I and Layer II) and 30 mm thick for the bottom
layer (Layer III). The washing method was adopted to
obtain the mud mass in the upper crushed stone layers.
Firstly, the crushed stones with mud were dried and weighed.
Then they were washed on a sieve with an aperture size
of 1 mm to remove the fine particles less than 1 mm (mainly
the subgrade fine particles adhering to the crushed stones;
secondly, a small number of fine particles are produced
by the ballast wear during loading, which is not distinguished
because of the small quantity.) The particles left on the
sieve were dried and weighed again. The mass difference
is the mass of the mud adhering to the crushed stones
each layer (as shown in Table 3). Finally, the particle
analysis tests were carried out on the fried clean crushed
stones. Fig. 12 shows the particle grading curves of the
crushed stones each layer after the test. According to
Fig. 12, the grading curves of the crushed stones in Layer I
and Layer II basically don’t change after the test, compared
with the grading curve before the test, which indicates
that there was basically no or only a small amount of mud
accumulated in Layer I and Layer II after the test. However,
the particle grading curve of the crushed stones in Layer
III obviously deviates to the upper left, and the content
of particles with size less than 1 mm increases significantly,
indicating that a large amount of mud from the subgrade
is accumulated in Layer III. With the comparison of the
grading curves of the crushed stones in Layer III in different
kaolin content tests, it is found that the deviation of the
particle grading curve of Layer III crushed stones decreases
with the increase of kaolin content, and the mass of the
mud in the crushed stones also decreases, indicating that
the mud pumping is restrained gradually.
3.3 Influence of initial dry density on mud pumping
3.3.1 Axial strain

Figure 13 shows the influence of the initial dry density
on the axial strain. It can be seen from the figure that the
axial strain decreases with the increase of the initial dry
density of the soil. As shown in Table 2, the initial dry
density of the silty clay increases from 1.40 g /cm® to 1.50
and 1.59 g /cm? while the corresponding initial void ratio
decreases from 0.89 to 0.76 and 0.66. Void ratio decreasing
means that soil becomes more compact and stronger.
As a result, the subsidence depth of the upper crushed
stones into the subgrade soil (i.e. the interlayer thickness)

decreases, as well as the sample axial deformation, under

https://rocksoilmech.researchcommons.org/journal/vol43/iss9/5
DOI: 10.16285/j.rsm.2021.6971

external load.
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3.0
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Fig. 13 Influence of initial dry density on curves of axial
strain and cyclic number

3.3.2 Excess pore water pressure

The influence of the initial dry density of subgrade
soil on the excess pore water pressure at Point B is shown
in Fig. 14. It can be seen that the excess pore water pressure
decreases with increasing of the initial dry density. Increasing
of the initial dry density reduces the void ratio of subgrade
soil and the compressive deformation under external load,
as well as the excess pore water pressure generated inside
the sample correspondently.

50

—— S-1.40-100-5
—o— S-1.50-100-5
—2— §-1.59-100-5

40

30

20

Excess pore water pressure /kPa

0 10000 20000 30000 40000

Cyclic number

50 000

Fig. 14 Influence of initial dry density on curves of excess
pore water pressure and cyclic number at point B

3.3.3 Average migration height and mass of fine particles
(mud)

The influence of the initial dry density on the average
height and mass of the migrated mud is shown in Table 3.
As shown in Table 3, the increase in the dry density of
subgrade soil significantly reduces the average height
and mass of the migrated mud and restrains mud pumping.
Increasing of the initial dry density of subgrade soil makes
the internal structure of the soil more compact. Under
external load, the subgrade soils, especially those in contact
with the crushed stones, are difficult to be soften to mud.
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Therefore, the average height and migration mass of the
mud are also significantly reduced.

4 Mud pumping mechanism

Mud pumping of the saturated subgrade under dynamic
load is caused by the drive of excess pore water pressure.
Here, the concept of excess pore water pressure gradient
is introduced™®], which can be calculated as below:

H,-H,
idz—d'L 4 (D

i

where 7, is the excess pore water pressure gradient; H
and H is the water head corresponding to the excess
pore water pressure at Point i and Point j, respectively;
L; is the distance between Point i and Point j. The excess
pore water pressure gradient at Point B and Point A (B—A)
and the excess pore water pressure gradient at Point C
and Point B (C—B) of Sample S-1.40-100-5 are calculated
according to Eq. 1 and plotted in Fig. 15. As can be seen
from Fig. 15, the excess pore water pressure gradient
trends to decrease with the increase of cyclic vibration
frequency. The excess pore water pressure gradient at
B—A4 is still greater than 6.0 at the end of loading, which

is sufficient to drive the migration of fine particles!** 1,

Excess pore water pressure gradient ig

0 10000 20000 30000 40000 50000

Cyclic number

Fig.15 Curves of excess pore water pressure gradient
and cyclic number

Figure 15 also shows that the excess pore water pressure
at B—A is generally larger than the one at C—B, indicating
that the migration of fine particles mainly occurs in the
middle and upper part of subgrade soil.

Furthermore, the subgrade mud pumping is often
accompanied by the generation of the interlayer, and the
larger the thickness of the interlayer, the larger the axial
deformation, the excess pore water pressure, and the mud

average height of the sample also increase accordingly.

In other words, the generation of interlayer can boost the

Published by Rock and Soil Mechanics, 2022

evolution of subgrade mud pumping!'¥,

5 Conclusion

In this study, the mud pumping test was conducted
on saturated soils with different particle gradations and
initial dry densities, and the axial strain, excess pore water
pressure, and fine particle (mud) migration under dynamic
load were analyzed. The following conclusions were
drawn:

(1) The axial strain increases nonlinearly with increasing
of the cyclic number, and the increase rate decreases
gradually. The axial deformation comes from two aspects:
(1) formation of the interlayer; (ii) dissipation of the excess
pore water pressure and the compression deformation
caused by the fine particle (mud) migration. The excess
pore water pressure has a trend of rapid increase firstly
and gradual decrease then with increasing the cyclic number
while the soil dynamic stress decreases gradually.

(2) The increase of kaolin content reduces the axial
strain and the excess pore water pressure, and the average
height of the mud. This finding indicates that appropriate
changes in the particle gradation of the soil can alleviate
the severity of subgrade mud pumping.

(3) The void ratio of the subgrade soil gradually
decreases, and the internal structure of the sample becomes
more compact with the increase of the initial dry density.
Therefore, the axial strain and the excess pore water pressure
decrease under dynamic load. The increase of the initial
dry density of subgrade soil can restrain the occurrence
of subgrade mud pumping to a certain extent.

(4) The excess pore water pressure gradient inside the
sample under dynamic load is the dominant factor in the
migration of fine particles of subgrade soil, and the interlayer
formed during the test can boost the evolution of subgrade
mud pumping.
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