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Abstract: A rising water table increases soil water content, reduces soil strength, and amplifies vibrations under identical train 
loads, thereby posing greater risks to train operations. To investigate this phenomenon, we used a 2.5D finite element (FE) 
model of a coupled vehicle–embankment–ground system based on Biot’s theory. The ground properties were derived from a 
typical soil profile of the Yangtze River basin, using geological data from Shanghai, China. The findings indicate that a rise in 
the water table leads to increased dynamic displacements of both the track and the ground. This amplification effect extends 
beyond the depth of the water table, impacting the entire embankment–foundation cross-section, and intensifies with higher 
train speeds. However, the water table rise has a limited impact on the critical speed of trains and dominant frequency contents. 
The dynamic response of the embankment is more significantly affected by water table rises within the subgrade than by those 
within the ground. When the water table rises into the subgrade, significant excess pore pressure is generated inside the 
embankment, causing a substantial drop in effective stress. As a result, the stress path of the soil elements in the subgrade 
approaches the Mohr-Coulomb failure line, increasing the likelihood of soil failure.
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1 Introduction 

Compared to traditional railways, high-speed 
trains (HSTs) induce significant track–ground vibra‐
tions, increasing train operational risks. This issue is 
particularly serious when trains approach critical speeds, 
causing a resonant-like effect (Madshus and Kaynia, 
2000; Costa et al., 2015; Hu et al., 2019). Simultane‐
ously, the frequency of extreme rainstorms has risen 
globally, increasing groundwater storage in upper soil 
layers (Huang et al., 2021). For example, Southeast 
China experienced an increase of 3.799×109 m3 in 
groundwater storage within the Yangtze River basin 
between 2019 and 2020, raising the shallow water table 
by 0.5 to 2.0 m (Huang et al., 2021). The dynamic be‐
haviour of the track–ground system is closely related to 

the soil properties of the embankment and foundation. 
A rising water table increases soil water content, re‐
duces soil strength (Duong et al., 2013), and amplifies 
vibrations under the same train load (Jiang et al., 2016a; 
Hu et al., 2023). Additionally, excess pore pressure in 
the soil alters stress distribution, thereby posing greater 
threats to train operations. To mitigate these risks and 
support the demand for faster trains, studying the dy‐
namic response of high-speed railways in relation to 
changes in the water table is essential.

Several studies have directly measured the dy‐
namic responses and deformation of railway embank‐
ments under different water tables through large-scale 
model tests. Jiang et al. (2016a) established a full-scale 
physical model of a ballastless track and studied the 
dynamic responses of the embankment as the water 
table rose from the bottom to the surface. They found 
that the vibration response of the embankment increased 
significantly due to the rise in groundwater level. Other 
full-scale physical model investigations by Huang et al. 
(2019) and Chen et al. (2014) drew similar conclusions.

Research Article
https://doi.org/10.1631/jzus.A2400345

* Jing HU, jingh@fzu.edu.cn

 Jing HU, https://orcid.org/0000-0003-0495-2749

Received July 16, 2024; Revision accepted Nov. 26, 2024; 
Crosschecked July 30, 2025

© Zhejiang University Press 2025

https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A2400345&domain=pdf&date_stamp=2025-07-30


|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(8):787-800

Constructing large-scale model testing equipment 
is often both challenging and costly. As a result, re‐
searchers frequently use analytical and semi-analytical 
methods to study wave characteristics in saturated foun‐
dations under moving loads. Some of the studies on the 
dynamic response of porous media are summarized in 
Fig. 1. Notably, most current research relies on linear 
elastic models. Although natural soil behavior is gen‐
erally nonlinear, the stress within embankments re‐
mains mainly within the elastic strain range due to the 
strength of artificial fill materials. Furthermore, stress 
diffusion in the embankment results in a ground foun‐
dation stress typically below 10 kPa (Hu and Bian, 
2022b). Thus, even in natural soil, stress levels largely 
stay within the elastic range, making linear elasticity 
theory a reasonable approach for analyzing the dynamic 
response of saturated foundations.

For high-speed railways, the track structure’s con‐
sistent geometry and material properties along the lon‐
gitudinal direction have led some researchers to apply 
the 2.5D finite element method (FEM) to analyze 
dynamic responses (Gao et al., 2012, 2014; Hu and 
Bian, 2022a). Bian et al. (2019) and Hu et al. (2021) 
established 2.5D finite element (FE) models of a high-
speed railway embankment on a saturated foundation 
to investigate the effects of the saturated soil permea‐
bility coefficient and train speed on the dynamic re‐
sponse. Despite significant advancements in computa‐
tional efficiency, existing FEMs are still based mainly 
on constitutive models of single-phase media, and 
dynamic solutions for saturated media remain limited.

A rise in water table induces a transition in some 
foundation and embankment soil from an approximate 

single-phase state with minimal water content to a satu‐
rated state. Consequently, considerations regarding 
water table rise entail addressing key issues such as 
multi-layer soil dynamics and the transformation of cer‐
tain soil layers from a single-phase to a saturated 
medium. To date, analytical methods have encountered 
challenges in solving dynamic problems involving 
multi-layered saturated media. Additionally, existing 
2.5D FE models treat the foundation mainly as entirely 
saturated soil, overlooking variations in the water table 
within both the foundation and embankment.

To address these deficiencies, we propose the 
establishment of a 2.5D FE model that combines single-
phase and saturated media. The rise of the water table 
is simulated by transitioning from a single-phase to a 
saturated medium. Considering that the Yangtze River 
basin hosts some of the world’s largest and busiest 
HST lines, a representative soil layer from Shanghai, 
China was used to exemplify the foundation characteris‐
tics in this region. Subsequently, the dynamic response 
of the railway embankment and foundation under HST 
loads was simulated for a variable water table, rang‐
ing from within the foundation to the surface of the 
embankment. We examined the effects of water table 
rise on dynamic displacement, excess pore pressure, 
and effective stress.

2 Typical upper Shanghai clays 

Shanghai is not only one of the largest and most 
prosperous cities in the world, but it is also at the heart 
of the Yangtze River basin in China. Due to numerous 

Fig. 1  Brief summary of studies on the dynamic response of porous media
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underground projects over the last few decades, the en‐
gineering properties of Shanghai upper clays have been 
extensively studied (Dassargues et al., 1991; Schroeder 
et al., 1992; Ng et al., 2011). From a geological perspec‐
tive, the upper Shanghai clay is part of the modern 
Yangtze River basin, and thus its geological character‐
istics can be taken as broadly representative of the area. 
The Quaternary soil layer in Shanghai can be divided 
into upper and lower parts according to the different 
sedimentary components of the soil layer. The lower 
part is early Pleistocene continental sedimentary soil, 
with a buried depth of generally more than 145 m, and 
is an interlayer of clay and gray-white sand (Wu, 2016). 
The upper part, which is relevant to modern engineer‐
ing construction, is deposited where the marine envi‐
ronment had gradually advanced following frequent 
infringements since the Middle Pleistocene period. Its 
buried depth is less than 145 m, and it is an interlayer 
of clay, light gray, and yellow-gray sand (Yan and 
Shi, 2006; Wu, 2016). More specifically, in the range 
down to 70 m below the surface, it consists mainly of 
loose sediments of marine facies formed by the alter‐
nation of sea and land since the Middle Pleistocene 
(Wu, 2016). In other words, this part of the stratum is 
interdeposited with soft clay and sand, layer by layer. 
According to the sedimentation of the modern Yangtze 
River basin since the Mid-Holocene (Dassargues et al., 
1991), upper Shanghai clays can be divided approxi‐
mately into six layers (Fig. 2) (Bai, 2014; Shen et al., 
2014). These can be identified as: (1) crust layer, (2) first 
sand layer, (3) first compression layer, (4) second sand 
layer, (5) second compression layer, and (6) first hard 
soil layer. Based on the above geological conclusions 
and the division of the engineering geological and hy‐
drogeological districts of upper Quaternary Shanghai 

soil layers reported by Dassargues et al. (1991) and 
Wu (2016), a simplified layering of typical foundation 
soil for upper Shanghai clays was selected (Fig. 3).

3 Introduction of the semi-analysis solution 
method and numerical model 

3.1 Brief introduction of the semi-analysis solution 
method

The widely adopted governing equations of Biot 
(1956a, 1956b) are used to describe the motion of 
embankments and ground under moving train loads. 
Given that the track geometry and properties of high-
speed railways remain consistent longitudinally, the 
dynamic response of both track and ground under 
moving train loads can be analyzed in the wavenum‐
ber domain. This approach enables the use of a 2.5D 
FEM to compute responses across the entire 3D space 
by evaluating responses in a 2D section for various 
wavenumbers. Detailed derivation procedures have 
been extensively documented (Gao et al., 2012; Bian 
et al., 2019).

Regarding changes in the water table, the region 
above it is treated as a single-phase medium. Fig. 4 
describes the two-phase saturated medium and single-
phase medium in the 2.5D FE model, where Ui and Wi 
(i=x, y, z) represent the soil skeleton displacement and 
pore water displacement relative to soil skeleton, respec‐
tively, kx represents the wavenumber along the x direc‐
tion, α and M are the Biot constants, n is the porosity, 
ρf is the density of the pore fluid, m is the effective 
density, and kD is the soil permeability coefficient. For 
single-phase media, setting the liquid phase parameters 

Fig. 2  Schematic view of a typical soil layer distribution of upper Shanghai clays
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close to zero is sufficient (Hu et al., 2023). Subse‐
quently, a 2.5D FEM saturated element can effectively 
model the behavior of single-phase media.

3.2 2.5D finite element model

Fig. 5 depicts the 2.5D FE model of the embank‐
ment and ground, where the total model depth is 42.7 m 
and the width is 100 m. Using symmetry, the model 
includes only 50 m. The embankment stands at a height 
of 2.7 m, including a 0.4 m roadbed layer and a 2.3 m 
subgrade layer. The soil layers in the foundation rep‐
licate upper Shanghai clays, detailed in Fig. 2. The 
embankment and soil layers are represented by 2.5D 
saturated linear elastic elements with 6 degrees of 
freedom per node. In the model, the embankment and 
foundation surfaces are free, while the left, right, and 

bottom boundaries are fixed. To prevent wave reflec‐
tion within the FE domain, a multi-layer damped bound‐
ary is implemented, as successfully demonstrated by 
Bian et al. (2019). The model includes three layers of 
damping on the left, right, and bottom sides, respec‐
tively. A nominal damping loss factor of 0.05 was as‐
signed to the ground to avoid numerical issues. Moving 
outward from the inner part of the model, the damping 
values for each layer are 0.1, 0.2, and 0.4, respectively.

Four observation points, labeled A through D, 
are marked in Fig. 5. Point A is located at the surface 
of the embankment (z=0 m), point B at the surface of 
the subgrade (z=0.4 m), point C at the ground surface 
(z=2.7 m), and point D at 1.7 m beneath the ground 
surface (z=4.4 m). As indicated in Fig. 5, 10 different 
water tables were considered in this study. The water 
table was taken to rise gradually from the bottom of 
the sand layer, by 1 m between each case from the ini‐
tial state to Case 6. Within the subgrade, three water 
levels were considered, with a rise of 0.8 m between 
them, up to the subgrade surface.

3.3 Model validation

Jiang et al. (2016a) constructed a full-scale model 
of a slab track–embankment system designed for 
Chinese high-speed railways. This physical model was 
used to assess the dynamic performance of the track–
embankment system under various typical water tables. 
In this section, measurements of vibrations at the 
embankment surface were selected from the saturated 
foundation and saturated subgrade cases to validate 
the 2.5D FE model. Table 1 lists the parameters of the 

Fig. 4  Description of the two-phase saturated medium and 
single-phase medium in the 2.5D FE model

Fig. 3  Simplified representation of foundation soil layers 
for upper Shanghai clays

Fig. 5  Schematic view of numerical model (not to scale)
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full-scale physical model before and after changes in 
the water table. Only the saturated foundation and satu‐
rated subgrade cases were simulated. The values in 
Table 1 are mostly referenced from Jiang et al. (2016b), 
where ρs is the density of soil particles.

As depicted in Fig. 6, the vibration velocities of 
the embankment surface calculated by the 2.5D FEM 
were compared with the results from model tests. The 
comparison shows that across train speeds ranging 
from 1 to 100 m/s, the results from the 2.5D FE calcu‐
lations align closely with the test results. This valida‐
tion underscores the accuracy of the 2.5D FE model.

3.4 Relevant properties for numerical analysis

According to geological investigations, most of 
the natural soil layers are normally in a high state of 
saturation; even the sand layer can have a saturation 
of about 70%. In the model, the embankment and foun‐
dation were therefore simulated by saturated media. 
Specifically, soil layer 2, the argilliferous medium sand 
layer, is represented in the initial state by a saturated 
element with a small permeability coefficient and a 
large modulus. As the water table rises, its permeability 
coefficient is increased, and its modulus is reduced 
(Mualem, 1976). In this way, a change of the water 

table is introduced in this layer. Soil layer 1, the silty 
clay, is assumed not to change with the rise of the 
water table. For the embankment, its initial state is an 
approximate single-phase state, and thus the parame‐
ters α, M, n, ρf, and kD were set close to 0, which means 
no water is contained in the embankment. The initial 
values of the soil materials for each layer are listed in 
Table 2. Since the water table changes only within the 
subgrade and argilliferous medium sand layer, the 
values for these two layers after water table rise are 
listed in Table 3. The parameters in both Table 2 and 
Table 3 are based on typical values from geological 
survey reports (Dassargues et al., 1991; Schroeder et al., 
1992; Yan and Shi, 2006; Wu, 2016).

Table 4 shows the track parameters used in the 
simulation (Bian et al., 2019). The numerical simulation 
incorporated vehicle loads based on a six-car CRH2 
train, using a quarter car model (Takemiya and Bian, 
2005). The axle load is 144 kN. The specific parame‐
ters of the CRH2 are detailed in Table 5 (Bian et al., 
2019).

4 Numerical analysis 

4.1 Vibration responses

Fig. 7 illustrates the time-history curves of vibra‐
tion displacement at point A on the embankment sur‐
face under different water tables, corresponding to train 
speeds of 30 and 70 m/s.

In Fig. 7a, it is evident that at a speed of 30 m/s, 
the shape of the dynamic displacement time-history 
curve at point A remains consistent across different 
water table conditions. As the water table rises from 
its initial state to Case 9, the maximum displacement 
at point A increases from 1.30 to 1.57 mm. The percent‐
age increases in maximum displacement for each case 
are also shown in the figure. The rise in the water 
table within the subgrade notably affects the dynamic 

Fig. 6  Verification of the 2.5D FEM via model test results

Table 1  Parameters of the full-scale physical model before/after a water table rise

Layer number

Embankment

Soil layers 1−6

Layer name

Roadbed

Subgrade (before)

Subgrade (after)

Qiantang silty

α

0.001

0.001

1

1

M (MPa)

0.001

0.001

6400

3520

Young’s 
modulus, 
E (MPa)

240

140

80

45

Poisson’s 
ratio, v

0.25

0.30

0.30

0.35

ρs 
(kg/m3)

2200

2000

2700

2700

ρf 
(kg/m3)

0.001

0.001

1000

1000

Porosity, n

0.001

0.001

0.30

0.60

Permeability 
coefficient, 

kD (m/s)

10−20

10−20

6×10−4

1×10−6
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response of the embankment more than when the 
water table rise is confined to the underlying ground. 
At a train speed of 70 m/s (Fig. 7b), the percentage 
increases in dynamic displacement for each case are 
similar to, or slightly higher than, those observed at 
30 m/s. It is clear that the increase in water table leads 
to a significant rise of up to 23.57% in dynamic dis‐
placement, regardless of whether the train operates at 
low or high speeds.

Fig. 8 shows the percentage increase in displace‐
ment as a function of depth for each case, under train 
speeds of 30 and 70 m/s. Fig. 8 reveals that the dis‐
placement amplitude consistently increases compared 
to the initial state, demonstrating an amplification 
effect throughout the cross-section of both the embank‐
ment and ground due to changes in the water table. 
The increase in displacement response from rising 
water tables also affects regions below the new water 
table, with the greatest amplification occurring near 
the water table, particularly noticeable from Case 1 to 
Case 6. The depth-wise distribution shows more vari‐
ability from Case 7 to Case 9, influenced mainly by 
the interfaces between different layers near the altered 
water table. Comparing Figs. 8a and 8b, it is evident 
that the overall amplification effect intensifies with 
increasing train speed.

Fig. 9 illustrates the evolution of maximum dis‐
placement responses at point A (z=0 m) and point C (z=
2.7 m) as a function of train speed. At point C, the 
maximum response in each case is consistently smaller 
than at the surface.

Fig. 9a shows that for a high-speed railway con‐
structed on typical upper Shanghai clays, the critical 
speed of the entire embankment–ground system in its 
initial state is about 87.5 m/s (315 km/h), which corre‐
sponds to the speed with the largest displacement am‐
plitude. There are minimal variations in speed between 
80 and 90 m/s across different water table cases. With 

Table 5  Parameters used for the CRH2 train

Parameter

Carriage mass (kg)

Bogie mass (kg)

Wheelset mass (kg)

Carriage length (m)

Center-to-center distance of adjacent bogies (m)

Bogie length (m)

Value

45000

3600

1700

24.8

14.9

2.5

Table 4  Parameters of slab track

Parameter

Rail mass per unit length (kg/m)

Rail bending stiffness (MN/m2)

Track slab bending stiffness (MN/m2)

Mass per unit length of track slab (kg/m)

Bending stiffness of concrete base (MN/m2)

Mass per unit length of concrete base (kg/m)

Fastener stiffness (MN/m2)

Fastener damping (Ns/m2)

Value

60.64

6.625

40

950

190

1800

28.5

5×104

Table 3  Parameters after water table rise

Soil layer

Subgrade

Argilliferous medium sand

α

1

1

M (MPa)

6400

6570

Young’s 
modulus, 
E (MPa)

80

39

Poisson’s 
ratio, v

0.28

0.30

ρs 
(kg/m3)

2000

2730

ρf 
(kg/m3)

1000

1000

Porosity, n

0.30

0.42

Permeability 
coefficient, 

kD (m/s)

6.0×10−4

2.4×10−4

Table 2  Parameters for a typical Shanghai upper layer at initial state

Layer number

Embankment

Soil layer 1

Soil layer 2

Soil layer 3

Soil layer 4

Soil layer 5

Soil layer 6

Layer name

Roadbed

Subgrade

Silty clay

Argilliferous medium sand

Muddy silty clay

Silt

Silt clay

Clay

α

0.001

0.001

1

1

1

1

1

1

M 
(MPa)

0.001

0.001

3930

6570

3140

4540

4140

4540

Young’s 
modulus, 
E (MPa)

240

140

23

55

6.4

36

21

38

Poisson’s 
ratio, v

0.25

0.28

0.33

0.30

0.35

0.34

0.33

0.33

ρs 
(kg/m3)

2200

2000

2730

2600

2600

2700

2730

2740

ρf 
(kg/m3)

0.001

0.001

1000

1000

1000

1000

1000

1000

Porosity, n

0.001

0.001

0.53

0.29

0.68

0.45

0.50

0.45

Permeability 
coefficient, 

kD (m/s)

10−20

10−20

2.9×10−8

1.6×10−4

2.0×10−9

6.0×10−6

8.9×10−8

9.4×10−9
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Fig. 8  Percentage increases in dynamic displacement for each case plotted against depth: (a) 30 m/s; (b) 70 m/s

Fig. 7  Time-history curves of vibration displacement at point A (z=0 m) under various cases and different train speeds: 
(a) 30 m/s; (b) 70 m/s
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an increase in water table, the critical speed of the 
system shows a slight variation, decreasing margin‐
ally to 85 m/s. A similar trend is observed in Fig. 9b 
regarding the maximum displacement responses of 
the foundation.

Considering the initial critical speed of around 
90 m/s for the entire embankment–ground system, we 
conducted a frequency analysis of vibrations at a train 
speed of 90 m/s. Fig. 10 presents the frequency con‐
tents of vibration displacement at point A (z=0 m) and 
point C (z=2.7 m).

Fig. 10 depicts the frequency content data, high‐
lighting peaks at about 3.6 and 10.8 Hz, along with 
their higher-order harmonic frequencies, observed at a 
train speed of 90 m/s. These dominant frequencies 
correspond to the passage of train carriages and indi‐
vidual bogies at the ends of coupled carriages, as dis‐
cussed by Priest et al. (2010) and Bian et al. (2014). 

Importantly, these dominant frequencies remain consis‐
tent across different water tables for both the subgrade 
and ground foundation. However, the amplitude in‐
creases with the water table. These findings are con‐
sistent with the measurement results of Jiang et al. 
(2016a). Moreover, a notable increase in amplitude in 
the frequency domain is observed as the water table 
rises within the subgrade. Another observed phenome‐
non is that, as depth increases, the amplitude of the 
vibration response in the frequency domain decreases 
rapidly. Additionally, different water table levels show 
slight variations in the rate of amplitude reduction, 
with a 90% decrease for the initial state and an 87% 
decrease when the water table rises to the subgrade.

Fig. 11 presents the 1/3 octave band frequency 
analysis at a speed of 90 m/s, based on vibration data 
from the subgrade surface. The analysis shows peak 
vibration velocities from 3.2 to 4.0 Hz and 8.0 to 

Fig. 10  Frequency spectrum analysis of the vibration displacement under a train speed of 90 m/s: (a) point A; (b) point C

Fig. 9  Dependence of maximum displacement responses on train speeds for different depths and cases: (a) point A; 
(b) point C
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10.0 Hz, attributed to the length of the train carriage 
and the adjoining bogies. Additionally, while there is a 
slight increase in vibration velocity as the water table 
rises in the ground, a significant increase is observed 
when the water table changes within the subgrade. The 
frequency range of peak vibration remains unchanged 
with increasing depth, but the intensification caused 
by a rising water table becomes increasingly evident. 
In the foundation, once the water table reaches the 
subgrade, the vibration amplitudes at high frequencies 
(greater than 31.5 Hz) in Cases 7 and 9 show quite 
significant increases.

4.2 Excess pore pressure responses

Fig. 12 shows the vertical distribution of maxi‐
mum excess pore pressure for different cases, includ‐
ing the initial state, for train speeds of 30 and 70 m/s. 
The maximum excess pore pressures exhibit a com‐
plex dependence on depth due to the variable permea‐
bilities of the multi-layered foundation. For the initial 
state and Cases 1 to 6, the subgrade is treated as a single-
phase medium, resulting in zero excess pore pressures. 
The silty clay layer has low soil permeability, leading 
to an increase in excess pore pressure. In contrast, the 
argilliferous medium sand layer has a much higher 
permeability, causing a decreasing trend in excess pore 
pressure within this layer. Near the bottom of the arg‐
illiferous medium sand layer, the presence of the muddy 
silty clay layer with lower permeability causes a slight 
increase in excess pore pressures with depth. Below 
the muddy silty clay layer, the excess pore pressure 
decreases to nearly zero due to the significant distance 
from the load.

Table 6 lists the peak values of excess pore pres‐
sure and their locations for each case at different train 
speeds. For the initial state at a train speed of 30 m/s, 
the peak excess pore pressure is 4.69 kPa, located in 
the silty clay layer at a depth of 3.6 m. As the water 
table rises in the argilliferous medium sand layer, its 
increased permeability results in a decrease in peak 
pore pressure values and a shallower depth at which 
the maximum value occurs. At a higher train speed of 
70 m/s, this trend of decreasing peak values and their 
depths slows down. The deeper deformation depth 
caused by higher speed trains ensures that the peak 
excess pore pressure remains in the silty clay layer at 
a depth of 3.6 m, even in Case 7, when the water table 
rises to the subgrade. At higher train speeds, the peak 
excess pore pressure tends to appear deeper, with 
Case 9 showing a greater peak value. This could raise 
concerns about deformation in the deeper soft founda‐
tion soil. For both speeds, it is notable that in Case 9, 
with the water table rising significantly into the sub‐
grade, substantial excess pore pressures are generated 
in the subgrade.

Fig. 13 illustrates the distribution of the maximum 
excess pore pressure responses in a cross-section of 
both the embankment and ground (y-z plane) at a train 
speed of 70 m/s, about 0.8 times the embankment–
ground system’s critical speed, for the initial state and 
Case 9. To facilitate comparison of the size of the af‐
fected area in different cases, areas where the excess 
pore pressure exceeds 3 kPa are highlighted in red. 
The maximum values are indicated in the figures.

In Fig. 13a, the excess pore pressure is concen‐
trated near the ground surface, peaking at about 4.84 kPa 

Fig. 11  The 1/3 octave band frequency analysis under a train speed of 90 m/s: (a) point A; (b) point C
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in the silty clay layer, with a parabolic distribution 
below this layer. Additionally, there is a region where 
the excess pore pressure exceeds 0.5 kPa at depths be‐
tween 9 and 14 m. In Case 9, which features the high‐
est water table, significant excess pore pressure extends 
across a considerable portion of the subgrade, forming 
an elliptical distribution. In this case, the maximum 
excess pore pressure is significantly higher, reaching 
about 23.21 kPa.

4.3 Effective stress analysis

Fig. 14 plots the stress paths at point B, the top 
of the subgrade, under two different cases and for 
train speeds of 30 and 70 m/s. The graph presents 
p (=(σ1−σ3)/2) against q (=(σ1+σ3)/2), where p is the mean 
principal stress, q is the mean deviating stress, σ1 is the 
maximum principal stress, and σ3 is the minimum prin‐
cipal stress. They are based on a coefficient of lateral 

Table 6  Peak excess pore pressures in different cases and their locations

Case

Initial state

Case 2

Case 4

Case 6

Case 7

Case 9

Train speed of 30 m/s

Peak excess pore pressure (kPa)

4.69

4.61

4.41

3.83

3.98

10.97

Location (m)

3.6

3.6

3.6

2.8

2.8

0.78

Train speed of 70 m/s

Peak excess pore pressure (kPa)

4.79

4.68

4.46

3.70

3.77

13.97

Location (m)

3.6

3.6

3.6

3.6

3.6

0.78

Fig. 12  Maximum excess pore pressures versus depth: (a) 30 m/s; (b) 70 m/s
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earth pressure K0=0.5. According to Duong et al. (2013), 
the internal friction angle φ of the nearly saturated 

embankment material is 29° , and its cohesion c is 
21 kPa. An indicative Mohr-Coulomb failure line is 
also shown for reference. It is important to note that this 
failure line is included purely for illustrative purposes: 
since the analyses in this paper used purely elastic 
soil models, even if the stress path reaches the line, 
it does not imply soil failure.

Fig. 14 reveals that as the water table ascends to 
the surface of the subgrade, the stress path curve at 
point B shows a significant deflection towards the 
indicative Mohr-Coulomb failure line. This deviation 
becomes more pronounced with increasing train speed, 
bringing the stress path closer to the failure line. This 
suggests that both a rising water table and higher train 
speeds increase the likelihood of soil failure in the 
subgrade.

Fig. 15 shows the contour distribution of effective 
stress responses under a train speed of 70 m/s, for the 
initial state and Case 9. The effective stress reaction 
within the embankment is concentrated mainly in the 
impact zone of the train wheels and gradually diffuses 
as depth increases.

In the initial state, the effective stress response in 
the y-z plane exhibits a smooth parabolic distribution, 
tapering down to 5 kPa at the base of the subgrade. 
For Case 9, with the highest water table, the effective 
stress response follows an approximately cylindrical 
distribution, diminishing to 5 kPa near the subgrade 
surface. A comparison of these two states reveals that 

Fig. 15  Contours of maximum effective stress for different 
cases in the y-z plane at 70 m/s: (a) initial state; (b) Case 9

Fig. 14  Effective stress path at point B under different train 
speeds: (a) 30 m/s; (b) 70 m/s

Fig. 13  Excess pore pressure distribution contours of 
different cases in the y-z plane at 70 m/s: (a) initial state; 
(b) Case 9. References to color refer to the online version of 
this figure

797



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(8):787-800

the rise in the water table within the subgrade leads to 
a rapid drop in effective stress with increasing depth, 
significantly increasing the susceptibility to subgrade 
instability.

5 Summary and conclusions 

The increase in rainfall attributed to global warm‐
ing has led to a rise in water table within subgrades 
and foundations, subsequently altering their dynamic 
behavior under train loads. Traditional analytical and 
numerical methods face significant challenges when 
addressing dynamic problems involving multi-layered 
saturated media and soil phase transformation. To 
address these challenges, in this study, we propose a 
2.5D FE model that integrates both single-phase and 
saturated media. The model simulates the rise in water 
table by transitioning from a single-phase medium to 
a saturated medium. This study uses a representative 
soil layer from Shanghai to exemplify the foundation 
characteristics prevalent in the Yangtze River basin. 
The main findings of this study are as follows:

1. The rise in the water table amplifies the track’s 
dynamic displacement. This increase in displacement 
amplitude is not confined to the depth of the water table 
change but affects the entire embankment–foundation 
cross-section. This amplification effect intensifies with 
higher train speeds.

2. For a high-speed railway built on typical upper 
Shanghai clays, the critical speed is around 85 m/s. 
While the rise in the water table significantly increases 
the displacement amplitude, it has minimal impact on 
the critical speed.

3. The vibration frequency of the embankment 
and foundation is influenced mainly by the length of 
the train carriage and the adjoining bogies. These domi‐
nant frequencies remain consistent across different 
water tables for both the subgrade and the ground 
foundation. However, the amplitude of these frequen‐
cies increases with the water table. Notably, there is a 
significant increase in amplitude when the water table 
rises within the subgrade.

4. Generally, the rise in the water table within the 
foundation decreases the peak values of excess pore 
pressure and the depth at which the maximum values 
occur. However, at higher train speeds, these decreas‐
ing trends slow down. The higher the train speed, the 

deeper the position at which the peak excess pore pres‐
sure appears. When the water table rises within the sub‐
grade, the peak values of excess pore pressure increase.

5. The rise in the water table within the subgrade 
has a more pronounced effect on the dynamic response 
of the embankment than on the ground foundation. 
When the water table rises into the subgrade, signifi‐
cant excess pore pressure is generated within the em‐
bankment. This condition brings the stress path closer 
to the indicative Mohr-Coulomb failure line, increas‐
ing the likelihood of soil failure in the subgrade.

6. The rise in the water table within the subgrade 
causes the effective stress to drop rapidly with increas‐
ing depth, reducing the soil’s capacity and increasing 
the susceptibility to subgrade instability.
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