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Abstract

The Nanhu railway embankment, located between two lakes, experiences seasonal water level fluctuations. This study aims to assess 

the impacts of these fluctuations on embankment seepage, stability, and deformation conditions. Firstly, field observations and 

laboratory experiments were conducted to determine the hydro-mechanical properties of the embankment material and the drawdown 

scenarios. Subsequently, GeoStudio 2D and PLAXIS 2D software were used for numerical analysis. The analysis demonstrates that the 

combined impact of a train static load (130–150 kPa) with lowering drawdown and increasing water level scenarios affects the stability 

of the embankment, resulting in more deformation than the falling scenario. The model result showed a maximum displacement of 

238.43 mm, which was corroborated by the observed field data. Furthermore, the rising scenario had a minimal safety factor of 0.9128, 

and the falling scenario yielded a minimum safety factor of 0.9312, indicating severe instability. Furthermore, the findings indicate that 

understanding the relationship between safety factors, pore-water pressure, deformation, and train static load for an embankment 

infrastructure can aid in the stability management of multi-face water level fluctuation conditions. To prevent embankment failures, 

simplified preventive approaches are analyzed, and it is discovered that the steel-pipe grouting consolidation method can potentially 

enhance embankment stability by 50%. 
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1 Introduction
The presence of railway infrastructure plays a crucial role 
in facilitating transportation, fostering economic develop-
ment, and ensuring the availability of a reliable and secure 
mode of transit for both passengers and goods [1]. These 
infrastructures are often exposed to natural geo-hazards, 
such as floods  [2], rainfall, earthquake, water ponding, 
landslides  [3], and other similar events. These hazards 
have the potential to compromise the stability and per-
formance of these infrastructures. Water-related hazards, 
such as rainfall, ponding, and fluctuating water levels, have 
the potential to induce soil erosion, mass movement, slope 
instability, and embankment collapse. The occurrence of 

transportation embankment failures not only hinders rail-
way operations but also presents a significant risk to pub-
lic safety and the environment [4]. The future is expected 
to witness an increase in heavy rainfall as a consequence 
of climate change  [5]. Consequently, it is important to 
investigate the effects of water level fluctuations result-
ing from different rainfall events on the stability of the 
transit embankment. Various factors, including seepage, 
erosion, slope characteristics, load distribution, cracks, 
aging, rainfall patterns, environmental variability, and 
soil quality, can collectively influence the effects of water 
level fluctuations. Multiple studies have indicated that 
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railway networks are susceptible to water-related issues, 
which are driven by a combination of topographical and 
climatic elements [6].

On November 1, 2020, an incident took place in China 
where a subsidence of 6  mm caused deformation in the 
rail-bed slope. Subsequently, after four days, the defor-
mation of the roadbed slope worsened, resulting in exten-
sive deformation and landslides on the subgrade slope. 
Consequently, the affected area became blocked. On the 
aforementioned day, the settlement amount reached a total 
of 232 million, and a vertical displacement of over 1.2 m. 
Subsequently, measures were implemented to enhance the 
management of the issue. The act of inserting concrete 
piles into the side of the preexisting embankment was per-
formed, although it was subsequently determined that this 
method of driving the piles into the sliding surface did 
not effectively resolve the issue at hand. This phenomenon 
led to an escalation in mass and subsequently exacerbated 
subsidence, leading to the breakdown of the embankment. 
Consequently, the frequent instances of embankment fail-
ure highlight the importance of effectively monitoring and 
managing deformations in roadbed slopes, landslides, and 
train-induced vibrations. The assessment of these compo-
nents is of utmost importance in order to achieve slope 
stability and mitigate potential future harm.

The present study investigates the impact of water fluc-
tuation on the railway embankment in Yueyang region, 
China. The Nanhu Railway Embankment (NRE) serves 
as a barrier between two lakes that experience fluctuat-
ing water levels as a result of seasonal rainfall patterns 
influenced by climate change. Over the course of sev-
eral years, there have been numerous instances of railway 
embankment failures, leading to significant interruptions 
in train operations and requiring expensive restoration 
efforts. Understanding the behavior of embankment struc-
tures under varying water levels on both sides is crucial. 
Previous research has primarily focused on examining the 
change in water levels in a single face  [7]. The key fac-
tor contributing to embankment failure during the water 
drawdown process is the variation in water levels, whether 
they are decreasing or increasing. Therefore, it is imper-
ative to evaluate the stability of the NRE in light of fluc-
tuations in water levels along the embankment surfaces. 

Several methods have been developed to evaluate 
the impact of water fluctuation on the stability of the 
embankment structure. Nevertheless, certain techniques, 
such as computational fluid dynamics, discrete element 
approaches, and deformation analysis methods, exhibit 
various levels of uncertainty [8]. The present investigation 

employed finite element method (FEM) analysis due to 
its recognized effectiveness, particularly when the mod-
eling parameters are accessible [9]. This approach proves 
particularly advantageous when the properties of the 
embankment soil, including cohesion, friction angle, 
and other hydro-mechanical characteristics, are known. 
Burman et al. [10] assert that the Finite Element Method 
(FEM) is a  dependable approach for assessing the slope 
stability of an embankment under conditions of continu-
ous water level fluctuation. The utilization of this method 
is suitable for intricate environments such as the NRE sce-
nario due to its ability to yield crucial analytical infor-
mation, including the spatial distribution of pore water 
pressure, the redistribution of stress, and the patterns of 
displacement. These parameters are challenging to iden-
tify through alternative approaches [11]. Numerous com-
puter-based numerical simulation techniques have been 
developed for the purpose of enhancing the assessment 
of geotechnical challenges, since they have demonstrated 
efficacy in resolving diverse geotechnical concerns. This 
study used the Finite Element Method (FEM) to analyze 
the stability of an embankment under different saturation 
circumstances. The findings indicate that the interaction 
between drawdown in the reservoir and intense rainfall 
events has a destabilizing effect on the embankment, lead-
ing to landslides. A previous study  [9] using the Finite 
Element Method (FEM) in the PLAXIS model showed that 
when the length or intensity of rain increases, so do sur-
face deformation, excess pore water pressure, and stress. 
Additionally, it was also noted that there is a decrease in 
matric suction under these circumstances [12]. In the study 
conducted by Gu et al. [13], it was observed that hydraulic 
hysteresis occurs along the saturation line of the embank-
ment slope. The fluctuation of water levels under these 
conditions poses a risk to the stability of the structure. 
Furthermore, a comparison of the results obtained from 
the two models employed in the study indicates that the 
deterministic model tends to overlook the spatial variabil-
ity of soil strength parameters. Additionally, this suggests 
that there will be an increase in safety concerns during the 
process of water rising as well as during the rising-con-
stant-falling phases. In fact, the Finite Element Method 
(FEM) offers a more comprehensive understanding of the 
influence of geo-hazards on embankment structures, par-
ticularly when multiple models are employed to verify the 
resulting output  [14,  15]. The Nanhu embankment was 
submerged for two months, from mid-July 2020 to early 
September 2020. Subsequently, as the lake water receded 
steadily, there was a vertical displacement of over 1.2 m. 
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This led to a disruption in train traffic lasting 41 hours, 
causing an economic loss of 70  million yuan. However, 
the Nanhu embankment has not been thoroughly investi-
gated to understand the extent of the impacts of the water 
level fluctuation in the two lakes.

The main objective of this study is to evaluate the 
impact of water level fluctuations on the two sides of the 
embankment, considering different soil zones and track 
loads in an unsaturated state. Consequently, the two Finite 
Element Method (FEM) software applications, namely 
PLAXIS  2D  [16] and GEOSLOPE (in the package of 
GeoStudio 2D [17]), are employed. Both software programs 
utilized the strength reduction approach to calculate the 
safety factor of the embankment slope. The GEOSLOPE 
(GeoStudio 2D) technique is commonly referred to as the 
stress redistribution technique. The aforementioned algo-
rithms have demonstrated enhanced resilience and per-
suasive capabilities in the investigation of embankment 
instability concerns [1, 12]. According to the literature, the 
stress redistribution technique emerges as a more favor-
able alternative for the evaluation of stability studies [18].

The present paper is organized in the following manner: 
•	 Section 2 provides a concise overview of the frame-

work and methodologies, along with details regard-
ing the data source, hydrological characteristics, site 
topography, and mechanical and physical properties 
of the embankment utilized in the investigation. 

•	 Section  3 of the paper delves into an examination 
of the loading conditions, mechanical and physical 
characteristics of the embankment, the numerical 
approaches employed, and the parameters utilized in 
the research. 

•	 Section  4 provides a comprehensive analysis and 
evaluation of the obtained results. 

•	 Section  5 serves the purpose of summarizing the 
investigative findings and deriving the conclusions 
of the study. The outcomes of this research will pro-
vide valuable insights for stakeholders engaged in the 
planning, design, and maintenance of railway infra-
structure, as well as the broader field of geotechnical 
engineering. Specifically, it will furnish pertinent data 
regarding the enduring stability of railway embank-
ments when subjected to fluctuating water levels. 

2 Materials and methods
2.1 Geological and hydrological conditions of the 
Nanhu Railway Embankment
The Nanhu Railway Embankment (along Beijing-
Guangzhou Railway) is situated in Yueyang City, Hunan 

province, 113°05′00.46″  E, 29°20′48.66″  N, is charac-
terized by complex geological and hydrological settings. 
Hydrologically, the area is characterized by a humid 
subtropical climate, with varied rainfall intensity and 
high humidity. The region is also affected by monsoon 
rains, which can lead to flash floods and landslides  [19]. 
The K1430 + 110 section of the Beijing-Guangzhou Railway 
embankment in Fig. 1 [20] is positioned to the east of South 
Lake and borders Dongting Lake to the west. Situated in 
close proximity to the lake shore, the study area features 
an extensively interconnected river network, contribut-
ing to the widespread occurrence of soft soil. Constructed 
in 1999, the Nanhu railway embankment comprises 16 m 
of artificial fill, including silty clay and a layer of muddy 
clay. One side of the embankment is exposed to Dongting 
Lake, making it vulnerable to the impacts of lake water 
level fluctuations, which lead to the collapse of a 170  m 
long section of the embankment during a water level reces-
sion. The lake also plays a crucial role in flood control in 
the region, and its water level fluctuations can significantly 
impact the stability of the surrounding embankments and 
slopes. The area is prone to flooding due to its low-lying 
topography and proximity to large water bodies, including 
Dongting Lake and the Yangtze River.

In terms of Geology, Dongting Lake, located in the 
Dongting Basin bounded by mountains, occupies the low-
est elevation within the basin. Over the geological ages, 
from the Cretaceous to the Paleogene, the plain experi-
enced sediment accumulation with a thickness ranging 
from 3000 to 6000 m [21]. Quaternary period played a piv-
otal role in influencing the modern lake basins, marked by 
three different stages of tectonic growth in the Dongting 
Basin. Initially, during the early to middle Pleistocene, the 
basin underwent tectonic subsidence. Subsequently, in the 
late-middle Pleistocene, there was an overall uplift of the 
Dongting Basin, leading to extensive denudation. The third 
stage witnessed a renewed sinking of the Dongting Basin 
from the Holocene onward, a trend that persists to the pres-
ent day  [22]. The Holocene strata contain clay while the 
Pleistocene strata consist of sand, creating the phreatic 
aquifer and the confined aquifer, respectively [22].

To understand the basis on which the drawdown sce-
narios were selected, the annual water level variations 
and background of Dongting become important, see 
Fig. 2. The lake's area is typically about 2,820 km2. Still, 
yearly between July–September period, flood water flows 
from the excess Yangtze River into the lake, leading to 
an increase in area to about 20,000 km2 in flooding sea-
son, when vast amounts of sediment-water flow from the 
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tributaries into the lake. Therefore, the factors contrib-
uting to slope instability resulting from changes in lakes 
water levels are essential for grasping the mechanisms of 
water seepage in lakes and effectively mitigating and pre-
venting railway embankment failure.

2.2 Model development
Fig.  3 illustrates the procedures and steps of the model 
development in this study. The data on the soil hydro-me-
chanical characteristics were obtained via laboratory anal-
ysis, as depicted in Table 1, and the data from the storm 
cycle monitoring system was obtained from the field was 
collected for the period of 2020 to 2021. These represent 
the phases of the drawdown pattern used to develop the 
two scenarios (rising and falling water levels), as shown 
in Fig. 2. The lake water level fluctuation is acknowledged 
through this phase to understand the exceedance probabil-
ity of the event annually. 

2.2.1 Numerical model setup
The Nanhu Railway Embankment model was developed by 
considering section K1430 + 110, which was drawn using 
the computer-aided design tool (AutoCAD software  [23]). 
Subsequently, it was imported into the numerical software 
(PLAXIS 2D [16] and GeoStudio 2D [17]) for analysis (see 
Fig. 3). This involved the creation of a finite element model 

Fig. 1 (a) Cross-section of the embankment, (b) Study area location, and (c) Photo of the left side lake view [20]

Fig. 2 The annual water level variations at Dongting Lake from 2020-2021
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of the embankment section with an unstructured grid size 
consisting of triangular and quadrilateral elements. The ini-
tial steady-state seepage hydraulic boundary condition was 
set at 53.3 m for both lakes. This height was selected because 
it is the average depth of the water observed over a period of 
two years. The model section was divided into four segments 
because a deep soil investigation of the soil layer over a depth 

of 75 m shows that varied soil layers exist in the embank-
ment structure. The foundation level is loamy clay, the sub-
grade is made of clay, the subbase consists of silty clay, and 
the embankment superstructure is constructed from a com-
posite material (labeled BST1 and BST4, respectively) with 
an elevation of 13.5 m from the subbase. The coupled water-
soil interaction criterion was applied to all soil layers. Two 

Table 1 Nanhu embankment site hydro-mechanics parameters

S/N Material 
type

Volumetric weight
(KN/m3)

Cohesion
(kPa)

Internal friction 
angle (°)

Saturated water 
content (%)

Permeability coefficient
(m/s)

Poisson 
ratio

Elastic modulus
(MPa)

1 BST4 19 14 34 30 5.30 × 10−6 0.30 23.5

2 BST3 20.3 19 34 27.7 4.86 × 10−6 0.29 26.2

3 BST2 21 21 36 27 3.54 × 10−6 0.25 38.2

4 BST1 21 22 36 29 2.50 × 10−6 0.25 38.0

Fig. 3 Study flowchart
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hydraulic boundary conditions were created and used for the 
analysis based on monitoring hydrological data at the site for 
the drawdown scenarios, which was considered appropriate 
for the change in water level as previous studies confirmed 
that boundary conditions are site-specific [24]. In this study, 
the boundary conditions selected based on the study area are 
water level on both sides of the embankment slope, the rail 
track loads, the geological conditions of the site, and other 
environmental conditions (Water level fluctuation, embank-
ment material, and grouting). 

2.2.2 Evaluation of the seepage, deformation, and 
stability of Nanhu Railway Embankment
The seepage, deformation, and stability were modeled and 
examined using the GeoStudio 2D [17] program with the 
SEEPW, SIGMAW, and SLOPEW modules, respectively 
(Fig.  3). In this research, the stability of a submerged 
roadbed is tested under two different drawdown scenar-
ios using coupled transient-seepage and elasto-plastic 
soil deformation FEM numerical analysis. The stress and 
seepage-induced pore pressure conditions and their dis-
sipation criteria are also taken into account. To further 
check the deformation predicted using GeoStudio 2D [17], 
the FEM code PLAXIS 2D [16] was employed to validate 
the model result and its prediction accuracy and further 
compare it with the observed deformation obtained at 
the site during failure processes. To evaluate the stress–
pore pressure deformation analysis, an FEM mesh with an 
unstructured global grid size of 1m was used, consisting 
of 19,345 triangular and quadrilateral elements. The anal-
ysis conditions were categorized into two steps. The first 
step is the initial water level condition of the lakes, which 

is at 53.5 m. The second step involves the two scenarios 
described in Section 2.2.1 for both lakes over a period of 
20 days during the transient state. Presently, there is no 
data regarding the surface water interaction/groundwater 
or lag times for the study area [25]. Therefore, an instanta-
neous pore water pressure change and the lake level vari-
ations were employed to define the model boundary con-
ditions for both falling (0.2 m/day) and rising (0.1 m/day) 
scenarios used in the FEM analysis. The bottom and side 
surfaces were fixed during the displacement analysis.

Seepage analysis
The model includes four different soil layers, as mentioned 
above in Section 2.1. The hydraulic conductivity changes 
and soil-water characteristics curves (SWCC) for the 
unsaturated materials are shown in Fig. 4. As summarized 
in Table 1, the general hydro-mechanical parameters of the 
four soil structures are evaluated in the laboratory. The ini-
tial steady-state seepage line of the embankment from the 
two sides of the lake was determined from the datum ele-
vation of the water level derived from the data of the mon-
itoring stations at the lake. It is important to note that all 
two scenarios are simulated in the model with reference to 
the defined benchmark. The seepage field was simulated 
using the settings that the volumetric water content (VWC) 
and permeability coefficient of the two upper layers of the 
embankment were a function of the pore-water pressure 
(PWP) of the slope, as stated by Shoaib et al. [26]. The sce-
narios are evaluated by computing the peak rate of fluctu-
ation of the lake water level with a minimum rate of 0.1 m/
day and 0.2 m/day for rising and falling scenarios, respec-
tively. For clarity, the two scenarios are defined as follows: 

Fig. 4 Hydraulic conductivity and SWCC curves for Nanhu embankment
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1.	 Scenario 1: rising water level, from 53.5 m to 71.2 m 
and 53.5 m to 58 m; 

2.	Scenario 2: falling water level, from 71.2 m to 53.5 m 
and 58 m to 53.5 m. 

A review of the historical field data has shown that 
the critical change in water level in the lake during 
the summer/autumn season happens within 20  days. 
Consequently, 20 days were set for the seepage analysis 
under varied drawdown conditions to compute the sta-
bility of the embankment slope. Some previous studies 
depicted that the most influential change in water level 
and antecedent precipitation on slope stability begins at 
5  days and above  [27]. The steady-state boundary con-
ditions were defined using the field data, as illustrated in 
Fig.  1, in which the minimum water level is referred to 
as the groundwater in Table 1, and the flux sections were 
adopted in the seepage model setup to calculate the flow 
of water in the embankment slope. Both steady-state and 
transient conditions were analyzed, with steady-state used 
to check the reasonableness of transient results. The max-
imum water level of 17.17 m obtained from the observed 
data was used for the transient analysis. 

Loading conditions
The total embankment loadings comprise the embank-
ment deadload, drawdown loadings, and Train system 
loads. The train system loadings are further divided into 
three, namely, the ballast load, track system load, and 
train axle stress, this exact influence on the sliding sur-
face. According to the previous study [25], in situ stresses 
for a loaded track system range between 45 to 60 kPa.

The ballast load is calculated using the standard value 
of the bulk density of compacted ballast.

Therefore, 

Ballast load �
� �k g tb

1000
	 (1)

where kb is bulk density, t is the thickness of ballast, and 
g is gravity.

The ballast load was determined to be 4.5 kPa. Train 
axle load for class C4 and D4 (international Union of 
Railway) is 80  KN/m (worse case). Therefore, the total 
distributed stresses from the train system used for the 
analysis is 130–150 kPa.

Deformation process and analysis
The deformation analysis was conducted follow-
ing the generation of geostatic stress conditions from 

the seepage analysis using SIGMA/W (in part of the 
GeoStuido 2D [17]) and PLAXIS 2D [16]. This approach 
allowed for the inclusion of pore-pressure-induced defor-
mation resulting from changes in loading conditions under 
time-dependent hydraulic conditions in both unsaturated 
and saturated soil. The numerical process utilized a modi-
fied non-linear elasto-plastic soil model to accurately cap-
ture the soil behavior. The behavior of unsaturated soils 
and the influence of suction above the water in Table 1 can 
be effectively analyzed using the fully coupled flow-soil 
deformation approach. In this study, the initial conditions 
for the modeling process were set, considering both the 
effects of train track load and slope gravity loading.

Stability analysis
Finite Element Method (FEM) analysis in GEOSLOPE was 
utilized to evaluate the variations in the external impact of 
water  [28] and train track loads to assess the behavior or 
condition of the embankment slope using the hydro-me-
chanical FEM concept. The hydro-mechanical analysis 
conducted, as shown in Table 1, aims to account for tran-
sient flow and differential deformation, subsequently, the 
stability analysis for the specific time period based on the 
observed water level (Fig. 2). The stability analysis in this 
study is designed to estimate the Factor of Safety (FOS) 
using the advanced principle of stress redistribution tech-
nique [11], which differs from the traditional FEM approach 
of the strength reduction method for determining failure. 
The study was necessitated due to the subsidence inci-
dent of Nanhu embankment, which occurred in China on 
November 1, 2020, and resulted in roadbed slope deforma-
tion. Despite efforts to address the issue, including driving 
concrete piles, these attempts were unsuccessful, leading to 
embankment failure. Effective evaluation of the causes of 
failure that will pave the way for mitigation measures is cru-
cial to prevent the failure, and its management, improve its 
stability and further prevent future damage. Therefore, the 
stability analysis is derived from the current observed con-
ditions of the Nanhu embankment as mentioned earlier (see 
Section 2.2.1) and they are evaluated based on the unique-
ness of the embankment two face water level fluctuation.

2.3 Evaluating the relationship between PWP, 
deformation, static load, and safety factor
In this study, to determine the relationship between 
deformation, static load, PWP, and safety factor, a data-
driven approach (DDA) such as GeneX programming is 
employed to check the connection and develop a model for 
these parameters.
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GEP (Gene Expression Programming) is a modified 
genetic algorithm tool for prediction models that tries to 
mimic the evolution of living biological organisms  [29]. 
It  comprises five basic functions: fitness function, func-
tion set, control parameters, terminal set, and termination 
criterion [30]. GEP process uses the principle of Darwin's 
evolution theory to optimize sets of symbols and variables 
to predict the relationship between the predictor and the 
predicted element. In the program, character strings at 
fixed length are adopted to represent the problem solutions, 
which are later presented as parse trees of various shapes 
and sizes known as GEP expression tree (ET). GEP is capa-
ble of producing model expression of the interactive process 
of the physical phenomenon's rules which other data-driven 
techniques like ANN, ANFIS, etc., do not exhibit [31], and 
it operates at the level of chromosome deployment that 
serve as expression trees (ET). Ferreira [32] has provided 
comprehensive information about all the genetic operators 
used in GEP, and Table 2 illustrates the specific approach 
and parameters used for conducting this study.

In order to use GeneXpro Tools  4.0, a dataset needs 
to be divided randomly into two subsets: the training 
and testing datasets. The training dataset is used to train 
the GEP using the genetic algorithm to minimize mean 
square error, while the testing dataset is used to evaluate 
the GEP's predictive performance. In this study, 75% of 
the data is used for training, and 25% is used for testing. 
The GEP's performance is measured using the correlation 
coefficient R and root mean square error RMSE [33].

2.4 Evaluating the impact of steel grouting on the 
embankment stability
Section 2.4 presents the impact of the steel grouting on the 
stability of the embankment and the numerical analysis 
conducted. The resistance of the steel pipe consolidation 
grouting method used in the Nanhu railway embankment 
under the impact of water level fluctuation is evaluated. 

Generally, two kinds of connections are common for 
the Concrete filled steel-tube pipes grouting. These are 
reinforcement threaded and welding casing connections. 
In this study, Concrete filled steel-tubes (CSTs) were 
selected for their enhanced stiffness, compressive capac-
ity, and ductility compared to concrete columns reinforce-
ment. Stringent measures were taken to ensure that the 
connecting joints were free from all kinds of impurities. 
However, the usual CSTs are susceptible to corrosion of 
the outer surface. To mitigate corrosion, the CSTs were 
coated with anti-corrosive Epoxy Resin, providing pro-
tection against harsh environmental conditions. The CSTs 
used had two different sizes: ∅ 108 mm × 6 mm at 90° and 
∅ 60 mm × 4 mm at 60°/30°. The CSTs connected with 
threaded ends were precisely placed at 1 m and 2 m equi-
distant row-wise into drilled holes, corresponding to their 
respective sizes and depths. The ∅ 108 mm × 6 mm CSTs 
were placed at a depth of 28 m, while the ∅ 60 mm × 4 mm 
CSTs were positioned at 15 m depth. The numerical anal-
ysis was conducted using the same CST specifications and 
arrangement as in the fieldwork, ensuring consistency 
between the two sets of data. Detailed information on the 
CST arrangement and specifications used in the study can 
be found in Fig.  1  (a), Fig.  5 and Table  3, providing an 
overview of the CST implementation for grouting rein-
forcement. In the numerical study, a sensitivity analysis 
of the angle of placement was conducted. Firstly, all CSTs 
grouting were placed vertically at 90°, and the safety fac-
tor was determined. In the second case, the tube with the 
smaller diameter was placed at 30°/60°, while the others 
remained at 90°. This analysis is presented to optimize the 
reinforcement strategy required to enhance slope stability, 
minimize risks of failure, and improve overall embank-
ment performance. The placement of the steel pipe grout-
ing, as illustrated in Fig. 1 (a), was determined based on the 
observed geotechnical behavior of the embankment and 
prior failure occurrences in the study area. Specifically, 
the grouting was introduced within the identified fail-
ure-prone zone, as shown in Fig. 1 (b), where differential 
hydraulic loading between the left and right lakes resulted 
in significant seepage forces and potential instability. It is 
important to note that the steel pipes themselves were not 

Table 2 Summary of parameter settings used for the GEP simulation

Parameter Setting

Number of chromosomes 30

Number of genes 3

Head size 8

Linking function Addition

Function set +, −, ×, ÷, x2, sqrt

Constants per gene 2

Data type Floating-point

Error type RMSE with Parsimony Pressure

Constant bound (lower, upper) −10, 10

Mutation rate 0.044

Inversion rate 0.1

IS transposition rate 0.1

RIS transposition rate 0.1

One-point recombination rate 0.3

Two-point recombination rate 0.3

Gene recombination rate 0.1

Gene transposition rate 0.1
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modeled as discrete structural elements (e.g., beam ele-
ments); instead, their effect was incorporated through the 
improved material behavior of the surrounding grouted 
soil mass. This approach allows for a realistic and compu-
tationally efficient simulation of the reinforcement mecha-
nism while capturing its influence on both seepage behav-
ior and embankment stability.

3 Results
3.1 In situ site stress analysis
The result of the undrained shear strength analysis 
(as  briefly discussed in Section  "Deformation process 
and analysis") was obtained, and the range of values falls 
between 14–22  kPa, as shown in Fig.  6  (c). For clarity, 
the undrained shear strength values were determined in 
the ultimate state and account for the existing pore water 
pressure. This may be used to evaluate the stability of the 
Nanhu Railway embankment [34]. However, low undrained 
shear strength and the potential for negative and positive 
pore-water pressures (as shown in Fig. 6) may contribute 
to stability risk issues and make soil mass susceptible to 

deformation and failure under certain loading conditions, 
particularly at high pore-water pressure  [35]. The result 
of the analysis further shows the deviatoric stresses of the 
embankment are more within the range from 0 to 400 kPa. 
Although some degree of variability in the stresses experi-
enced by the embankment, suggests that it may be prone to 
failure under specific geological and environmental con-
ditions. The changes in water levels on both sides create 
uneven stress distribution, leading to irregular cracking, 
unlike the water level on one side, which results in a more 
uniform rise in PWP [36].

3.2 Pore-water pressure conditions of the study area
The seepage fields of the Nanhu slope were simulated 
under water level scenarios, and the results were ana-
lyzed. The analysis revealed that the seepage at the 
embankment slope follows the typical seepage behavior 
and exhibits specific characteristics that align with ear-
lier studies [37] as shown in Fig. 7. The seepage fields of 
the Nanhu slope were simulated under water level scenar-
ios, and the results were analyzed. Further analysis reveals 
the pore-water pressure lines for both simulation scenar-
ios. Scenario  1 shows an upward concave pattern, indi-
cating that the slope's hysteresis becomes more obvious 
as the lake water level increases, that aligns with earlier 
studies  [38], as shown in Fig.  7. As the lake water level 
declines, pore water pressure decreases, expanding the 
unsaturated area and decreasing saturation, which is in 

Table 3 Steel pipe reinforcement parameters

Label Diameter 
(m)

Angle of 
placement (°)

Length 
(m)

Shear 
force 
(KN)

Thickness 
(m)

SP1a 0.06 30 15 1462 0.004

SP1b 0.06 60 15 1462 0.004

SP2 0.108 90 28 1462 0.006

Fig. 5 (a) Failure surface (b) Grouting process (c) Steel pipe (SP) materials
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agreement with the previous study  [39]. Thus, the phre-
atic line flattens. This study found that the slope's phre-
atic line closely matches lake water level, affecting the 
seepage field. The pore-water pressure increases down the 
foundation due to the impact of the lake's water seepage. 
Negative pore-water pressure indicates that the soil is dry, 
and there is a suction force that draws water into the soil 
from surrounding areas. This can lead to soil shrinkage 
and reduced soil strength, which can have minor effects 
on the stability of the embankment [40]. As can be seen 

in Fig.  7, the pore-water pressure in scenarios  1 and  2 
demonstrates changes in pore-water pressure from zero to 
20 days period due to the abrupt rise in water level. Thus, 
the sudden rise in water level is detrimental to railway 
embankment, which previous studies are yet to capture.

Fig. 7 shows the relationship between pore-water pres-
sure and total head. This aimed to present the correla-
tion of pore-water pressure with changes in water level or 
drawdown based on the design scenarios. It is observed 
that scenario  1 is more sensitive. As the water level 

Fig. 6 In situ stresses conditions (a) Deviatoric stress, (b) XY-shear stress, and (c) Undrained shear strength

(a) (b)

(c)

Fig. 7 Seepage and pore-water pressure vs. head profiles for (a) Scenario 1, (b) Scenario 2

(a)

(b)
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increases, as shown in Fig. 7 (a), the pore-water pressure 
increases. For short water level fluctuations, as observed 
in scenario 2, the pore-water pressure remains steady 
within the embankment, but when a longer fluctuation 
is observed, the pore-water pressures vary significantly; 
on the premise of the Darcy theory, the phreatic surface 
line decline or rise simultaneously as water level changes. 
As  the water level rises, the tendency for more water to 
seep into the slope increases, and this will lead to an 
increase in pore-water pressure and a decrease in soil suc-
tion (see Fig. 7). The phreatic line is basically controlled 
by the rate of change in soil suction, and these gradually 
impact the porosity and permeability  [41], and they may 
induce cracks, which might result in embankment lique-
faction and slope failure.

3.3 Deformation analysis
The relationship between pore-water pressure and total 
head for scenarios 1 and 2 was used to evaluate the defor-
mation conditions of the embankment as depicted in Fig. 8. 
Having obtained the model result, to validate the accuracy 
of the finite element method (FEM) in GeoStudio 2D [17] 
software, an initial validation analysis was performed. So, 
the in situ deformation data of the embankment, which 
were collected during the period of five days in 2020, were 
compared to the two results that were found using FEM in 
PLAXIS 2D [16] and GeoStudio 2D [17] software when 
the water level changed. Note that the FEM models used 
have the same specifications and material properties based 
on the criteria used by previous study [34]. Fig. 8 shows 
the results from the PLAXIS 2D [16], GeoStudio 2D [17] 

models, and in situ measurements. It demonstrates a simi-
lar pattern, which indicates that the water infiltration into 
the embankment slope from the lake exhibits hydraulic 
hysteresis and manifests hydrostatic pressure changes. 
It is worth noting that the deformation observed through 
in situ monitoring (232 mm in the year 2020) and the sim-
ulation values in SIGMAW (232.69 mm at a drawdown 
rate of 0.2  m/d) are very similar in magnitude for sce-
nario  2, while the deformation obtained in scenario  1 
(238.43 mm at a drawdown rate of 0.1 m/d) and deforma-
tion for PLAXIS 2D [16] is 240 mm (see Fig. 8). The com-
parison reveals that the failure loads for the in situ mea-
surements and the FEM models are similar, and the level 
of accuracy when compared with the observed is between 
2% and 3% in the two models. Although the maximum 
error is only 3%, which is within the acceptable range [42]. 
This difference could be as result of the fact that the rise 
in water level has a fixed rate transient flow as considered 
in the numerical modelling. Also, the variation in hydrau-
lic gradeline [36]. The fixed value used may not be a typ-
ical reflection of the real-time conditions [26], but due to 
the limitation of the model, the analysis is validated by 
the observed site data, Additionally, the existing complex 
natural environmental conditions may have a significant 
impact on real-time field conditions. Our observation sug-
gests that faster drawdown has a greater negative impact 
on embankment stability, which is supported by a related 
study  [3] conducted on the Xigouwan landslide using 
FLAC-3D model.

In summary, from Fig.  8, prior to 8:20  AM on 
November  1st, the creep deformation of the railroad did 
not affect driving comfort. The first indication of train dis-
comfort was reported by the train driver. Following this, 
precise monitoring was conducted every 2  hours using 
levelling tool to understand the deformation until the rail-
road's eventual collapse. As illustrated in Fig. 8, signifi-
cant deformation commenced at 8:20 AM on November 1st 
and progressively worsened until the railroad slope fully 
collapsed Within 30 hours after 8:20 AM on November 1st, 
the deformation reached 35 mm, surpassing the cumula-
tive deformation observed during the entire creep process 
in 2020. The deformation increased sharply to 232  mm 
by 2:00 PM on November 4th, 102 hours after the initial 
large deformation began. Due to excessive subsidence, the 
railroad was closed to traffic at this time. Ultimately, the 
cumulative subsidence exceeded 1200 mm within less than 
20 hours, with the rate of deformation escalating abruptly.

Fig. 8 Model validation results: relationship between deformation 
profiles of field measured, PLAXIS 2D [16] and GeoStudio 2D [17] 

models predictions for 5 days
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3.4 Evaluation of Nanhu embankment stability
The stability analysis was conducted to examine the impact 
of the water levels of the two lakes considering the water 
drawdown on both sides of the lakes beside the failure 
plane of the Nanhu embankment stability that was ana-
lyzed. According to the previous studies, for steady-state 
conditions, the factor of safety (FOS) should be above 1.0 
as a minimum [43], but FOS between 1.1–1.2 under rapid 
drawdown can be considered acceptable for earth fill  [39]. 
Moreover, Nanhu embankment is considered stable for a fac-
tor of safety not less than 1.0, using various guidelines of rail-
way embankment design [44, 45]. The embankment factor of 
safety obtained for drawdown scenario 2 (SC2) falls between 
2.1256 to 0.9312; however, scenario 1 (SC1) shows a slightly 
different range from 2.116 to 0.9128 for an analysis period 
of 20 days, meaning that Nanhu embankment is relatively 
unstable. Fig. 9 illustrates the changes in the safety factor in 
response to the drawdown of the water in the lakes. It can be 
concluded that excess pore-water pressure can lead to a sud-
den decrease in the embankment's factor of safety [46]. It is 
important to note that the overall differences in the safety fac-
tor make it more evident that a sudden change in water level 
is a threat to the stability of an embankment. From Fig. 9 sce-
narios 1 and 2 demonstrate that changes in drawdown control 
the effective stress and shear strength of the soil [47]. Fig. 9 
shows the variation in the factor of safety with time at dif-
ferent water levels. Authors further studies will provide the 
behavior law of the two water levels on either side of the rail-
way embankment as a function of time.

3.5 Relationship between factor of safety, PWP, and 
static load
The FEM simulation results and the track loads were 
applied as input parameters (i.e., deformation, pore-water 

pressure) in developing the GEP models for Nanhu embank-
ment during rising and falling water levels scenarios. 
The GEP analysis was successful in developing predictive 
models for the factor of safety, which is an essential param-
eter for assessing the stability of an embankment. Fig. 10 
shows the correlation values (Adj. R2) obtained from the 
regression analysis for the two scenarios are 0.67016 and 
0.7926, respectively. These values indicate a  strong cor-
relation between the input variables (see Eqs. (2) and (3)) 
and the output variable in both scenarios [30]. The high 
values of R2 suggest a good match between the input vari-
ables and the output variables, indicating that the suit-
ability and precision of predictive models developed [33]. 
The root mean square error values (RMSE) obtained for 
the two scenarios are 0.0268 and 0.0087, respectively, as 
shown in Fig. 11. These values indicate the level of accu-
racy of the predictive models developed using GEP. The 
lower the value of RMSE, the higher the accuracy of the 
predictive model [33]. The RMSE values obtained in this 
study are relatively low, an indication that the predictive 
models developed using GEP are highly accurate as shown 
in Eqs. (2) and (3).

SF
P D

L
D D

P L
Pf

w f

s
f f

w s

w

�
�

�

�
�

�

�
� � �

�

�
��

�

�
�� �

�
�9 9977

0 5

2 1499

0 5

.

.

.

.

LL

D D L
P

s

f f s

w

�

�
�

�

�
�

�
� � ��

�

�
�

�

�

�
�

2 6957
0 5

0 5

.
.

.

  (2)

SF D D

D D

r f f

f f

� � �� �
� �� �

�

0 0551 2 0525

3 1103 1 8902

2 0507

0 5

2
0 5

. .

. .

.

.

.

PP D L

P D D L
w f s

w f f s

0 5

0 5

1 7194
.

.

.�� � �� �
� �� �

	 (3)

Fig. 9 Variation of the factor of safety with time at different water levels Fig. 10 Relationship between lakes water level and safety factor
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Where SFf  =  safety factor at falling water level, 
SFr = safety factor at rising water level, Df = deformation, 
Pw = pore-water pressure, and Ls = static load.

3.6 Determination of Nanhu embankment stability 
water level thresholds
Fig. 10 presents the relationship between the water level on 
both sides of the railway embankment and the values of the 
factor of safety for static analysis. It indicates that at 9.9 m 
stage height from the right-hand side of the lake and 1.5 m 
on the left-hand side, the railway embankment stability 
value is around 1.0. which implies that above these water 
level thresholds, the railway embankment factor of safety 
will be below unity. The presence of water bodies on both 
sides of the embankment creates a higher hydraulic gradi-
ent, leading to an elevated PWP within the embankment. 
As the PWP fluctuates, it causes deformation and cracking 
in the weakened soil layers within this zone. This is evi-
dent in the agreement between the observed and numeri-
cal data depicted in Figs. 2 and 10. 

3.7 Impact of steel grouting on embankment stability
The numerical analysis of a steel pipe grouted reinforced 
railway embankment was evaluated in terms of its stabil-
ity strength, i.e., safety factor. As earlier emphasized, the 
embankment factor of safety should be greater than 1.0. 
Nanhu embankment, under the influence of water level 
variation, has a factor of safety ranging from 2.126 to 0.931 
for the falling scenario and 2.116 to 0.9128 for the rising 
scenario, which implies that the embankment is not sta-
ble after 8 days for the rising scenario and 14 days for the 
falling scenario (as depicted in Fig. 9). When the embank-
ment was reinforced using the steel pipe consolidation 

grouting method and placed at the potential failure surface 
(as shown in Fig. 12), it was observed that the safety fac-
tor of the reinforced embankment increased by 50% (see 
Fig. 12), i.e., the values increased from 1.415 to 3.231 for 
the falling scenario and 1.386 to 3.195 for the rising sce-
nario, which shows that the embankment is stable through-
out its critical period of 8 days and beyond. The results 
of the analysis have demonstrated similarity with results 
obtained in previous studies using various reinforcement 
materials  [48]. Hence, steel pipe grouted reinforcement 
is reliable and feasible in mitigating embankment-related 
problems in dealing with the drawdown of water levels on 
both sides of an embankment.

4 Discussion of results
4.1 Embankment behavior under two faces water 
fluctuation conditions
During the monitoring process and studies in 2020, it was 
observed that the deformation actually began to show 
a trend on November 1, as the water level was receding, 
and on the 5th of the same month, when the water level 
was about 10 m (see Fig. 2). From the observed data, the 
slope slide, which agreed with the numerical analysis that 
revealed the slope becoming unstable at 1.5 m and 9.9 m 
during water level fluctuations as shown in Fig. 10. It shows 
that the slope may not necessarily slide at the highest water 
level, even when deformation shows its maximum. This is 
due to the equilibrium between the differential water pres-
sure, geostatic pressure, and effective vertical stress [49]. 
Thus, water serves as a retaining structure for the slope 
surface. From Fig. 9, it is observed that the stability rapidly 
decreases in both scenarios and, after 10 days, depicts that 
the accumulated excess pore-water pressure no longer has 

Fig. 11 Regression analysis of calculated versus predicted safety factors from GEP model for all data sets (a) Scenario 1 (b) Scenario 2

(a) (b)
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a significant influence on the stability [50]. In this study, 
the observed deformation and numerical calculation are 
in good agreement, as shown in Fig. 8. The study shows 
that plastic deformation at the embankment toes is mainly 
caused by changes in water level, while at the crest, it is 
due to the combined impact of static train loads and lake 
water level fluctuations. Thus, the results of the investiga-
tions for strain analysis demonstrate that:

1.	 The settlement trend progressively develops from 
the internal structure to the surface mass, as noticed 
during the fieldwork as shown in Fig.  2. It was 
observed from the monitoring process in 2020 that 
the maximum water level of the lake is 71.2 m, which 
is detrimental to the slope stability because it weak-
ens the soil mass even though the differential water 
pressure acts as a temporary retaining structure.

2.	 The drawdown scenario  2 revealed that during the 
period under consideration, a maximum cumulative 
deformation of 232.69 mm is observed from the numer-
ical analysis, and the embankment exhibits slight fluc-
tuations within a narrow range when the lakes water 
level rises, as a significant increase is recorded in 
deformation 238.43  mm (see Fig.  8). However, the 
embankment may not fail at that due to equilibrium 
between the geostatic force and the vertical stress. 

3.	 Further analysis of the result shows that the defor-
mation of the embankment is directly proportional 
to the pore water pressure, which does not contra-
dict previous studies  [46]. Indeed, the presence of 
water on both sides makes the embankment more 
susceptible to high infiltration, leading to a signifi-
cant build-up of pore-water pressure. This, in turn, 
weakens the soil's shear strength and encourages 
internal erosion and particle migration, which ulti-
mately results in differential settlement and deforma-
tion, compromising the embankment's stability.

4.2 Understanding the relation between safety factor, 
PWP, deformation, and static load for embankment 
stability management
Equations (2) and (3) demonstrate the relationship between 
PWP, strain deformation, train track loads, and the factor 
of safety for the two scenarios. The analysis reveals that 
as the matric suction dissipates due to an increase in PWP, 
plastic strain mobilizes at the slope surface, leading to the 
potential formation of cracks [49]. This cumulative strain 
deformation results in a reduction in the factor of safety 
(FOS), and when the FOS becomes less than 1.0, it indi-
cates that embankment failure has occurred after this suc-
cessive change in PWP.

Fig. 12 Relationship between unreinforced and reinforced railway embankment FOS
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Furthermore, the analysis indicates that with an increase 
in PWP, the track static load acts vertically on the slope, 
generating more vertical stress, which causes soil particle 
dissolution and migration due to saturation [51]. This pro-
cess creates cracks and internal piping, thereby promoting 
slope instability. The primary cause of the embankment 
failure incident is the progressive rise and rapid drawdown 
of PWP, which generates unsteady groundwater, weakens 
the soil layer of the slope, and lack of sufficient drainage 
contributes to the sliding of the embankment slope. It can 
be inferred from the results depicted in Fig. 7 that the more 
the PWP, the more susceptible the embankment will be.

4.3 Impact of embankment reinforcement on the safety 
factor
After the failure incident in November 2020, the slope 
was reinforced with concrete columns, but another fail-
ure occurred shortly after. Subsequently, the idea of using 
CSTs grouting was introduced, and the slope was rein-
forced using this method. The grouting process filled the 
steel tubes with Concrete and was aimed at increasing the 
compressive capacity and stiffness of the embankment. 
CSTs grouting on the failure surface of an embankment 
increases the FOS by providing enhanced reinforcement, 
improved load distribution, increased bearing capacity, 
resistance to differential settlement  [52], and resist risk 
slope failure. These multiple advantages are offered by 
CSTs grouting in terms of even distribution of load and 
stress. This balanced load distribution helps to prevent 
localized stress concentrations and reduces the risk of 
failure [53]. It can be inferred that CSTs grouting signifi-
cantly increased the bearing capacity of the soil [52] com-
pared to the earlier use of concrete columns. Furthermore, 
the study investigated the effects of the angle of placement 
of the CSTs and found that using a multi-angular system 
of 30°, 60°, and 90° was more efficient than placing all 
the CSTs vertically at 90°. The varying angles on the out-
put of a numerical model help to understand the influence 
of uncertainties. In the context of placing steel pipes at 
different angles on the embankment, can provide valu-
able insights into the most effective and efficient angle 
arrangement, optimizing slope stability.

The multi-angular arrangement of CSTs interacted with 
the soil structure to create an anti-sliding bond, which 
effectively controlled the failure process and strengthened 
the failure area. The impact of the CSTs reinforcement 
on the slope stability, as measured by the FOS [1], can be 
observed in Fig. 12. The study introduces a new idea for 

reinforcement placement that is both feasible and reliable, 
and it can be applied in areas with complex hydrological 
and geological processes. However, the process of CSTs 
reinforcement can be further examined in terms of deter-
mining the optimal length for the reinforcement, which 
may provide additional insights for future applications.

5 Conclusions
The November 5, 2020 failure (Fig.  5  (a)) necessitated 
testing how a railway embankment reacts to increasing 
water levels on both sides, focusing on seepage, displace-
ment, and stability. The study indicated that the Nanhu 
railway embankment's stability is affected by fluctuating 
lake water levels on both sides and track static load. These 
loads generate swift differential settlement, pore-water 
pressure changes, and factor of safety changes, with the 
maximum displacement recorded during increasing sce-
narios. The  embankment is least safe with rising water 
levels, usually between April and October. The study also 
shows that a sudden decline rate, exceptionally high-wa-
ter level, and track static loads negatively impact railway 
embankment stability. Thus, an early warning system for 
lake water levels is needed to direct railway operations 
during lake water level variations, which can damage the 
embankment. Also, the following are the key findings 
of this study: The stability factor of the Nanhu railway 
embankment drops from 2.116 to 0.9128 when the lake 
water level rises 0.1  m/day from 53.5  m to 71.2  m and 
53.5  m to 58  m. In the second scenario, the water level 
drops at 0.2  m/day and the embankment stability factor 
drops from 2.1256 to 0.9312. The stress state to be consid-
ered when designing this type of railway embankment is 
the scenario of rapid lowering of water levels because the 
stability is weakest at this stage. The numerical analysis 
shows that fast water level changes and prolonged immer-
sion influence the railway embankment's stability. This 
caused significant deformations of 232.69 mm, 238.43 mm 
(SIGMAW), and 240  mm (PLAXIS  2D  [16]), notably at 
high water levels and vehicle loads. Observations from 
monitoring points across the failed surface revealed 
inconsistent displacement curves, indicating partial defor-
mation. Notably, the K1430 + 110 failed surface displayed 
a step-like displacement pattern, attributed to repeated 
fluctuations in lakes levels. Analysis of displacement 
time curves suggested a seasonal cycle closely linked to 
hydrological factors like lake levels and rainfall. The slope 
movements exhibited rapid displacement over short peri-
ods, succeeded by prolonged low strain rates. As shown 
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in Fig. 9, the safety factors indicate unstable embankment 
conditions for 8  days in both scenarios with FOS < 1.0. 
Thus, the thresholds for lake water levels on both sides 
for Nanhu railway embankment stability were 1.5 m and 
9.9 m, which will serve as early warning parameters for 
system design. However, other environmental variables 
may affect railway embankment susceptibility. 

The study also reveals that the Concrete filled steel-pipe 
grouting consolidation method can improve the stability 
of the railway embankment by 50% under the influence 
of water level changes on both sides of the slope as shown 
in Fig. 12. Also, GEP was employed to predict the factor 
of safety using pore-water pressure, train static loads, and 
deformation (see Eqs. (2) and (3)). GEP models are suitable 
to evaluate embankment stability through safety factors.
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