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Abstract: Climatic changes have intensified heavy rainfall events in India, causing daily downpours
from 156 to 594 mm, and these are expected to worsen in the future. This study analyses a double-line
railway embankment using transient unsaturated–saturated seepage analysis through numerical
modeling to examine the impact of rainfall scenarios, embankment height, initial groundwater table
position, and soil water characteristics curves (SWCCs) of subgrade and subsoil. Our findings
indicate an increased vulnerability of embankments to future rainfall due to rapid increases in the
groundwater level, necessitating the requirement to make railway embankments resilient to climate
change and thereby offering a sustainable mode of transportation. The groundwater onset mechanism
across different heights remained consistent; rainwater infiltrated through side slopes first, rose near
the toe, and then flowed horizontally, leading to convergence. The convergence level is affected
by the SWCCs; however, a single normalized convergence plot can be created by presuming the
horizontal flow of the infiltrated water through embankment and subsoil, irrespective of the material
type, establishing horizontal flow as the principal convergence mechanism. In embankments over
low-permeability subsoil, extremely heavy rainfall creates a unique pattern: side slopes and the top
saturate early, while the saturation of the bottom central part is delayed. In such cases, deriving a
groundwater variation curve might be challenging.

Keywords: Indian railway embankment; groundwater table; climate change; transient unsaturated–saturated
seepage analysis; resilient infrastructure; numerical simulation

1. Introduction

India boasts the second-largest railway network in Asia and the fourth-largest global
railway network, spanning approximately 123,000 km [1]. This vast railway system has
been instrumental in India’s socioeconomic growth, offering efficient and cost-effective
transportation. Used daily by millions for both passenger travel and commodity movement,
any disruption to its services could significantly impact the national economy. Railway
infrastructure, particularly embankments, often suffer damage owing to natural calamities
or maintenance, leading to service suspensions.

Heavy rainfall frequently damages railway embankments. For instance, on 16 July 2011,
a 206 mm downpour for 24 h caused a landslide that damaged the railway embankment in
Pomendi, Maharashtra [2]. Similarly, Kishanganj, Bihar experienced a breach in its railway
embankment due to 240 to 340 mm of rainfall on 12 August 2017 [3], followed by a total of
533 mm over three days [4]. On 22 July 2021, Mahabaleshwar, Maharashtra received a record
480 mm of rain, leading to multiple embankment failures in the Konkan railway, with an
additional 594 mm the following day [5,6]. A cyclonic depression in Dimapur, Assam, from
11 to 18 May 2023, induced 807 mm of rain, causing over 50 embankment breaches [7].

These events are linked to global climatic changes, and their impacts are becoming
increasingly disruptive. Studies have reported an increase in the number of heavy rainfall
events in India [8]. The Ministry of Earth Sciences, Government of India, projects a 21–38%
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increase in extreme precipitation events across India by the end of the century [9], indicating
the need to prioritize strengthening railway embankments and making them resilient to
such rainfall events. Thus, understanding the railway embankment behavior under these
conditions is vital.

Several studies have investigated embankment and slope failures in India. Raj et al. [10]
conducted seepage and stability analyses on a repeatedly failing railway embankment and
found that rainfall intensity and duration significantly reduced the factor of safety (FOS).
Similar studies [2,11–14], as well as those by Showkat et al. [15] and Chatra et al. [16], also
identified rainfall as a critical factor in embankment stability. Dhanai et al. [17] explored the
impact of climate change on natural slopes and noted that the FOS decreases continuously
with increasing rainfall intensity owing to reduced matric suction. Globally, studies, such as
those by Shubhra et al. [18], have shown that future climate changes could significantly lower
the embankment FOS, with similar findings reported worldwide [19–21].

While several Indian studies have focused on the post-failure analysis of slopes and
embankments, few have predicted the stability under current climatic conditions, and even
fewer have considered the impact of climate change, especially on railway embankments.
This study aimed to fill this gap by examining Indian railway embankments in the context
of climate change.

2. Indian Railway Embankments and Foundation—Overview and Selected Specifications
2.1. Overview

Initially, most railway tracks in India were single lines, which were later expanded
to double lines by adding earthworks adjacent to existing embankments [22]. The center-
to-center (C/C) distance between the two tracks varied based on site conditions, typically
ranging from 5 to 10 m. The height of railway embankments in India generally ranges from
2 to 9 m [22,23]. The standard top width of the single embankment was approximately
7 m. The side slope was generally designed to have a minimum of 2H:1V, although the
soil type and embankment height may necessitate a flatter gradient. For embankments
taller than 6 m on soft subsoil, a gentler slope or additional sub-banks may be required to
ensure stability.

A cross-slope of 1 in 30 from the center line (C/L) of the embankment is implemented
at the top for effective water drainage. In cases where the railway is expanded, the cross-
slope is generally set in one direction. However, if circumstances prevent this approach, a
1 × 30 cross-slope is maintained for each track, ensuring proper drainage and preventing
water stagnation between the lines. Normally, a central drain between two tracks is avoided,
and rainwater is allowed to flow in a natural manner. Further, there is no need for side
drains in the case of the embankment, except in cuttings [24]. Embankments with no
drainage arrangements were reported in the field, as shown in Figure 1.

Indian railway embankments are constructed in two primary layers: blanket and
subgrade. The blanket layer, comprising coarse, granular, and well-graded materials,
varies in thickness from 30 to 100 cm, depending on the subgrade soil type. The subgrade
layer forming the load-bearing foundation is constructed from locally sourced soil that is
compacted to the desired specifications. According to the Indian Standards classifications,
subgrade soil is categorized into three types: SQ1 for soils with over 50% fines, SQ2 for
soils with 12–50% fines, and SQ3 for soils with less than 12% fines [25].

Considering foundation or subsoil, soil investigation reports [26–32] from various
parts of India reveal a diverse range of soil types, including clayish sand, black soil, fill
soil, clayey silt, sandy silt clay, silty sand, and sand. These reports also indicate that the
groundwater table can be at ground level in some regions, whereas in others it may be
situated more than 20 m below the normal ground level (NGL).
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Figure 1. Double-line embankments with no drainage arrangements.

2.2. Selected Specifications

This study focuses on a double-line embankment, originally a single-line track, which
was expanded to a double line with a track center distance of 8.0 m. We selected embank-
ments 3 m, 6 m, and 9 m high, each with a consistent blanket thickness of 0.6 m and a
top width of 7.0 m. These embankments have a side slope of 2H:1V and feature distinct
cross-slopes of 1 in 30 for each track, thereby creating a central trough between the two [25].
The cross-section of the chosen embankment is illustrated in Figure 2, and its dimensions
are listed in Table 1.
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Typically, subgrades are constructed using locally available soils, resulting in the use
of the same material for both the embankment and foundation [10]. However, there are
instances when local soil is unsuitable for subgrade construction [33]. In such cases, soil
from different locations is used, leading to variations in the materials used for embankments
and foundations [34–36]. In this study, well-graded sand and sandy silt, representing soil
categories SQ3 and SQ2, respectively, were selected as the subgrade to represent the most
common scenarios. The blanket material was defined as well-graded coarse sand. The ratio
of embankment height H to foundation width W to foundation depth D is also an important
factor in the variation of the groundwater level within an embankment, as analyzed by
Kusaka et al. [37] for the W/H ratio, varying from 4 to 100, and the D/H ratio, varying
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from 0.1 to 14. Moreover, the total land available within railway boundaries normally
varies between 40 m and 400 m [22]. Accordingly, the depth D and width W of permeable
strata/foundation soil have been selected as 50 m and 400 m, respectively.

Table 1. Embankment and foundation dimensions selected for numerical modeling.

Height, H 3.0 m, 6.0 m, 9.0 m

Blanket thickness 0.60 m

Subgrade thickness Embankment height − blanket thickness

Top width of single track 7.0 m

Center-to-center distance between two tracks 8.0 m

Side slope 2H:1V

Slope at embankment top Cross-slope of 1 in 30 in each line

Sub-bank (for height >6.0 m) None

Groundwater table 0.0 m, 1.5 m, and 3.0 m below ground level

Width of permeable strata/foundation, W 400.0 m

Depth of permeable strata, D 50.0 m

Considering the vast network of Indian railways spread across diverse geographical
regions, specifying a single type of subsoil is challenging. Therefore, we selected three
different types of subsoils for this study: (i) sandy soil, (ii) clayish sand, and (iii) silty
clay. The depth of the groundwater table varies not only through different regions but
also through different seasons in India. A network of around 25,000 observation wells
monitored during different seasons indicates that the groundwater table is at the highest
position and, therefore, is most critical during monsoon season, i.e., June to September,
when around 37% of wells show water levels of less than a 2 m depth below ground
level [38]. For this study, we considered three different initial water table positions, 0.0 m,
1.5 m, and 3.0 m below the NGL, to reflect the most critical conditions.

3. Rainfall Trends and Selected Scenarios

The Indian Meteorological Department (IMD) categorizes rainfall based on total
accumulation over a 24 h period, as summarized in Table 2 [39]. Most Indian rainfall
occurs during the monsoon season (June–September), contributing approximately 75% of
the annual rainfall [8]. India has experienced considerable variability in monsoon rainfall,
prompting numerous studies on its historical trends and future predictions. An analysis of
century-long rainfall data from India’s 36 meteorological subdivisions revealed no long-
term trends in annual, seasonal, or monthly rainfall nationwide [8,40]. However, there has
been a notable decrease in very light and light-to-moderate rainfall events and a significant
increase in very heavy and extremely heavy rainfall events across the country [8].

Khaladkar et al. [41] studied 165 meteorological stations across India, focusing on
the highest 24 h rainfall recorded at each station. They discovered that of the 69 events
with rainfall ≥ 500 mm between 1875 and 1990, 24 occurred in the last 30 years, indicating
an increase in extreme rainfall events recently. Dash et al. [42] analyzed changes in short
and long spells of monsoon rainfall and found an increase in short-duration (less than
four days) heavy rain events across India.

Future projections suggest that this trend will continue and intensify. Krishnan et al. [9]
predicted a wetter future for most of India, with a 10–14% increase in annual rainfall
and a 5–10% increase in monsoon rainfall by the twenty-first century’s end. Extreme
precipitation events are expected to increase throughout this century. This is supported
by Mukherjee et al. [43], who anticipated more frequent extreme precipitation events,
particularly in southern and central India, with rare extreme events intensifying in future
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climates. Ali et al. [44] also projected significant increases in the 1–3-day rainfall maxima in
most Indian urban areas.

Table 2. IMD classification of rainfall events based on daily accumulated rainfall.

Rainfall Category Daily Accumulated Rainfall (mm)

No rain 0

Very light rain 0.1–2.4

Light rain 2.5–7.5

Moderate rain 7.6–35.5

Rather heavy rain 35.6–64.4

Heavy rain 64.5–124.4

Very heavy rain 124.5–244.4

Extremely heavy rain ≥244.5

The extreme precipitation events, which are on a rising trend, are not uniform throughout
India, and significant regional variation has been reported by several studies. Goswami et al. [45]
analyzed daily gridded rainfall data from 1951 to 2000 and found that the frequency of heavy
(>100 mm per day) and very heavy (>150 mm per day) rain show a significant increasing
trend over central India. Similarly, Rajeevan et al. [46] and Falga et al. [47] reported that ex-
treme rainfall events are mainly observed along the west coast and northeast and central India.
Chaubey et al. [48] analyzed the trend in extreme rainfall events over Indian river basins using
rainfall data from 1901 to 2019 and concluded that western and central Indian river basins
have experienced increasing very heavy and extremely heavy rainfall events, with significant
increases reported in the western ghats region. The distribution of rainfall events over India,
indicating the concentration of extreme rainfall events mainly along west coast and central and
northeast India, is shown in Figure 3.
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In summary, while annual and seasonal rainfall in India show no significant variation,
there is a clear increasing trend in extreme rainfall events, both historically and in projected
future scenarios. Historical heavy rainfall events, ranging from 156 mm to 594 mm in
24 h (6.5 mm/h to 24.75 mm/h), have already caused substantial damage to railway
embankments [2,3,5,7]. The potential for catastrophic damage to embankments is high with
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the projected increase in these extreme precipitation events. Consequently, this research
focused on very heavy and extremely heavy rainfall categories, typically lasting 1–4 d. The
selected rainfall scenarios, along with their 24 h thresholds as defined by the IMD, are
depicted in Figure 4.

(i) 6 mm/h for 96 h;
(ii) 10 mm/h for 72 h;
(iii) 15 mm/h for 48 h;
(iv) 25 mm/h for 24 h.
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4. Methodology for Transient Unsaturated–Saturated Seepage Analysis

In this study, we conducted a transient unsaturated–saturated seepage analysis using
the finite element method to examine changes in the groundwater table position within an
embankment during rainfall. For groundwater flow in the transient condition, a numerical
model using flow governed by Darcy’s law, along with the continuity equation developed
by Song [49], has been used. The soil water characteristics curve (SWCC) is a relationship
between volumetric water content and suction in the soil. In this study, we employed soil
water characteristic parameters based on the van Genuchten equation [50] as follows:

θ = θr +
(θs − θr)[

1 + (αs)n]m (1)

where

θ = volumetric water content (m3 H2O/m3 soil);
θr = residual volumetric water content (m3 H2O/m3 soil);
θs = saturated volumetric water content (m3 H2O/m3 soil);
α = fitting parameter associated with the air entry value of the soil (m−1);
s = suction (m of H2O);
n = fitting parameter associated with the rate of water extraction from the soil (dimensionless);
m = 1 − 1

n (dimensionless).
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Suction is largely influenced by the saturated permeability, the Ksat of the soil, which
has been determined for railway embankment and foundation soil in a few studies in
India [10,34,36]. The SWCC parameters for embankment and foundation soil in this study
were chosen based on prior research on Indian railway embankments and embankments
used in highways and railways in other countries [10,35,37,51–54]. The selected parameters
are listed in Table 3, and the corresponding SWCC plots are shown in Figure 5. The
boundary conditions for numerical modeling are depicted in Figure 6. During the transient
seepage analysis, only the embankment top and side slopes were assigned boundary
conditions of “infiltration” because the focus of this study is to analyze the effect of rainfall
within the embankment only. The interfaces between the blanket and subgrade layers
and between the old and new embankments are subjected to seepage. The interface
between the subgrade layer and foundation soil at the NGL was also assigned a seepage
boundary condition, whereas both the sides and bottom of the foundation soil were set as
undrained boundaries. The initial state of the transient seepage analysis was determined
by performing steady-state seepage analysis, which established the initial position of the
groundwater table in the absence of rainfall. We then observed changes in the groundwater
level through transient seepage analysis, defining the groundwater level as the height at
which the pore water pressure is zero. We anticipated a maximum rise in water at the
center of the double-line embankment owing to the presence of a central trough between
the tracks and, accordingly, variation of groundwater level was measured along the cross-
section at the embankment center, as shown in Figure 7. This study did not account for the
effects of evaporation, runoff, and drainage arrangements. The variation in groundwater
depends on several factors. We analyzed the impact of these influencing elements in the
following order:

Rainfall scenario;
Embankment height;
Properties of the foundation and embankment materials;
Initial position of the groundwater table.
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Table 3. SWCC parameters of embankment and foundation soil used for numerical modeling.

Soil
Embankment

Foundation
Blanket Subgrade

SWCC
Parameters

Sand
(Blanket)

Sand
(Subgrade)

Sandy Silt
(Subgrade) Sand Clayish Sand Silty Clay

θr 0.14 0.17 0.21 0.18 0.19 0.21

θs 0.3 0.33 0.42 0.40 0.44 0.56

α (1/m) 3.4 2.1 1.2 3.82 1.4 0.3

n 4.4 4 1.6 4.14 2.1 1.5

Ksat (m/s) 5.0 × 10−5 5.0 × 10−5 5.55 × 10−6 5.0 × 10−5 1.2 × 10−5 3.3 × 10−7

5. Results

Figure 8a illustrates the impact of rainfall on groundwater table variation within a
railway embankment. It should be noted that a negative value of the groundwater level
means that the water table is below the NGL, while a positive value indicates that the water
table position is above the NGL. For this analysis, we selected a 6 m high embankment with
a subgrade and foundation made of sand and a groundwater table 1.5 m below ground
level. When exposed to rainfall, the groundwater initially rises slowly and then reaches a
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stable convergence level after a certain period. The higher the rainfall intensity, the faster
the water level increases, and the higher the convergent level. This suggests that under the
extreme rainfall conditions expected in the future, the groundwater is likely to rise more
rapidly to a much higher level.
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Figure 8b shows the groundwater level changes within sandy embankments of three
different heights, all constructed over sandy foundation soil and subjected to 10 mm/h of
rainfall. The groundwater-increase pattern was consistent across all heights; it began to
increase after a delay and eventually reached a convergent level. The taller the embankment,
the higher the convergence level, and the longer it takes to converge.

We also examined the effects of different subsoil types. A 6 m high embankment with a
sandy subgrade, exposed to 10 mm/h rainfall, was analyzed over three types of foundation
soils: sand, clayey sand, and silty clay. Figure 8c shows the groundwater variation for the
different foundation soils. The lower the coefficient of saturated permeability (Ksat), the
faster the groundwater rises, and the higher the convergence level. Therefore, embankments
built over subsoil with a higher percentage of fines (lower permeability) are more prone to
failure, as the water rises quickly to a much higher level.

Figure 8d compares the groundwater level variations in two different embankment
materials, one with a sandy subgrade and the other with a sandy silt subgrade—under
10 mm/h rainfall. The lower Ksat in the sandy silt resulted in a faster groundwater rise and
a higher convergent level owing to the higher saturated volumetric water content of the
material. This indicates that embankments comprising finer soils are more vulnerable to
future climatic conditions.

Finally, Figure 8e shows the influence of the initial groundwater table position in a 6 m
high embankment with a sandy subgrade over sandy subsoil, which was also subjected
to 10 mm/h rainfall. For the water table at the ground level and 1.5 m below the ground
level, the groundwater starts rising after a delay and then reaches a convergent level.
However, for a water table 3.0 m below the ground level, the groundwater did not reach
the convergent level, even after 72 h of rainfall. If the rainfall continues beyond 72 h (as
indicated by ∆ in Figure 8e), the groundwater eventually converges. From this, we inferred
that the lower the initial water table position, the slower the groundwater rise, the lower
the convergence level, and the longer it took to converge. Consequently, embankments
in areas with high groundwater tables are more susceptible to damage during extreme
rainfall events.

6. Discussion
6.1. Definition of Key Parameters

To comprehensively explain the behavior of embankments during extreme rainfall
events, four critical parameters were defined: onset time, convergent time, rising time, and
convergent level.

(i) Onset time (to). This is the time when the groundwater level begins to increase
significantly above its initial level. To determine the onset time, we drew a line along
the steepest slope of the groundwater variation curve (step 1 in Figure 9a) and a
horizontal line through the initial groundwater level (step 2). The point at which these
two lines intersect indicates the onset time (step 3).

(ii) Convergent time (tc). As shown in Figure 9, the variation in groundwater level
becomes very little or negligible towards the end of rainfall. The time after which
changes in the groundwater level become negligible can be defined as convergent time
for a given set of parameters such as rainfall intensity, initial GWT depth, material,
etc. To determine this, a line (step 1) connecting the initial and final positions of the
groundwater level (shown in Figure 9b) was drawn and then offset upward (step 2)
in +Y direction to become tangent to the rising limb of the curve. A horizontal line
through the final groundwater level is also drawn (step 3). The convergence time is
determined by the intersection of the tangent and horizontal lines (step 4).

(iii) Rising time (tr). This is the critical period when the groundwater rises within the
embankment, making it most vulnerable to failure. It is calculated as the difference
between the convergence and onset times.



Sustainability 2024, 16, 6143 11 of 22

(iv) Convergent level (hc). This is the level beyond which the variation in groundwater po-
sition becomes minimal or negligible. It was obtained by averaging the groundwater
levels beyond the convergent time, as shown in Figure 9b.
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These parameters are essential for understanding and predicting the responses of
railway embankments to intense rainfall, thereby aiding in their design and maintenance
for enhanced safety and resilience.

6.2. Effect of Influencing Factors on the Key Parameters

Figure 10 illustrates the relationship between rainfall and the key parameters. The
onset, convergence, and rising times were inversely proportional to rainfall intensity. That
is, the higher the rainfall intensity, the quicker the groundwater starts to rise and reaches a
convergent level. This implies that under future extreme rainfall events, the groundwater
will rise earlier and stabilize faster than in the present climate. However, the convergence
level is directly proportional to rainfall intensity, indicating that the groundwater will rise
to higher levels under future climatic conditions.
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Figure 11 shows the impact of embankment height on these key parameters. The
onset time increased with the embankment height, indicating that taller embankments
experienced delayed groundwater rise. The convergence time is similar for the 3 m and 6 m
embankments but longer for the 9 m embankments, suggesting an increase in convergence
time with height. However, the rising time decreased with increasing height, indicating
a quicker water rise on taller embankments. The convergent level is directly correlated
with the embankment height; however, the normalized convergent level (hc/H) remains
consistent across different heights. Figure 12 shows the convergent water profile within a
3 m and 9 m embankment, and both have the same material properties. It can be concluded
that the convergent water profile was similar, irrespective of the embankment height.
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Figure 13 shows the effect of the subsoil on these parameters. Initially, the onset
time decreased with decreasing soil permeability but later increased as the permeability
dropped further. This is because of the groundwater increase mechanism within the
embankment. Rainwater first infiltrates from the side slopes into the subsoil near the toe of
the embankment and then flows horizontally towards the center, as shown in Figure 14.
Clayish sand leads to an earlier onset owing to its lower permeability, whereas the very low
permeability of silty clay delays horizontal flow, resulting in a significantly longer onset
time. Both convergent and rising times decreased with decreasing permeability, with much
lower values observed in finer soils such as silty clay, clay, or clayey silt. This suggests a
sudden increase in the water level and a quicker achievement of the convergent level in the
finer subsoils. The convergent level also increases with decreasing permeability owing to
the higher saturated volumetric water content in soils, such as clayey sand and silty clay,
which can hold more water.
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In the case of different subgrade materials (as shown in Figure 8d), the onset was
delayed in the sandy silt subgrade, but the rate of increase and the final convergent level
were higher than those in the sandy subgrade. This suggests that embankments with finer
subgrade soil are more vulnerable to climate change.

Figure 15 shows the effect of the initial position of the groundwater table on these pa-
rameters. The onset, convergence, and rising times were directly proportional to the depth
of the groundwater table below the NGL, with an exponential increase in the convergent
and rising times as the depth increased. This means that in areas where the water table is
closer to the ground level, the groundwater starts rising earlier and reaches the convergent
level faster under extreme rainfall events. Conversely, the convergence level was inversely
proportional to the initial water table depth.

The effects of each influencing factor on groundwater variation are summarized in Table 4.
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Table 4. Summary of the effect of influencing factors on the key parameters.

Influencing Factor Onset Time, to Convergent Time, tc Rising Time, tr Convergent Level, hc

Increase in rainfall
intensity, q

Decreases
(inversely proportional)

Decreases
(inversely proportional)

Decreases
(inversely proportional)

Increases
(directly proportional)

Increase in embankment
height, H

Increases
(directly proportional)

Increases (especially for
larger heights)

Decreases
(inversely proportional)

Increases
(directly proportional)

Decrease in the Ksat of
foundation soil

Initially decreases slightly
then increases rapidly Decreases rapidly Decreases rapidly Increases rapidly

Decrease in the Ksat of
embankment soil Increases Increases Decreases Increases

Increase in groundwater
table depth

Increases
(directly proportional) Increases rapidly Increases rapidly Decreases

6.3. Normalization of Influencing Factors

A unique groundwater variation curve was developed by normalizing the water level
and time against the key parameters or influencing factors. This curve remains consistent,
regardless of the value of the influencing factor, and can be practically applied in the field.
Figure 16 displays a normalized plot for various rainfall scenarios, where the groundwater
level h normalized by the convergent level hc is plotted against the elapsed time (t > to)
normalized by the rainfall intensity q. The normalized water level in Figure 16 indicates
the water level at time t relative to the convergent level, while normalized time represents
accumulated rainfall, as indicated by Equations (2) and (3), respectively. This normalized
plot, specific to a given height, remained the same across different rainfall intensities. It
can be used to determine the water level inside a 6 m high embankment under any rainfall
intensity, assuming that the subgrade and subsoil are sand and the initial water table
is 1.5 m below the NGL. By measuring the rainfall intensity on site, the onset time and
convergence level can be deduced in Figure 10, and the water level inside the embankment
at any time t can be graphically determined in Figure 16.

Normalized water level =
h
hc

(2)

where

h = water level, relative to the NGL (m);
hc = convergent level for a given rainfall intensity (m).
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Normalized time = t × q for t > to (3)

where

t = time (h);
q = rainfall intensity (mm/h).
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Figure 17 shows the normalized groundwater variation plot for different embankment
heights. Here, the groundwater level h normalized by the embankment height H was
plotted against the elapsed time t (for t > to) and normalized by the convergent time tc. In
Figure 17, the normalized water level indicates the water level relative to embankment
height, while normalized time represents elapsed time relative to convergent time, as
indicated by Equations (4) and (5), respectively. This normalized plot remained consistent,
irrespective of the embankment height. It can be used to estimate the approximate water
level inside embankments of any height subjected to a 10 mm/h rainfall intensity, given
that the subgrade and subsoil are sand and the initial water table is 1.5 m below the NGL.
For a specific embankment height, the onset and convergence times can be determined
using the linear relationship shown in Figure 11a, and the water level at any time t can be
graphically obtained using Figure 17.

Normalized water level =
h
H

(4)

where

h = water level, relative to the NGL (m);
H = embankment height (m).

Normalized time =
t
tc

for t > to (5)

where

t = time (h);
tc = convergent time (h).
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Figure 18 shows the normalized convergent water level plots for different foundation
soils. In this scenario, a 6 m high embankment subjected to varying rainfall intensities (from
1 mm/h to 100 mm/h) recorded the attained convergent level. This level, normalized by the
embankment height, was plotted against the rainfall intensity normalized by the average
permeability, assuming a one-dimensional horizontal flow through the embankment and
foundation soil layers. The resulting unique normalized plot, which was consistent across
all three foundation soils, validated the assumed mechanism of horizontal water flow. As
shown in Figure 18, once the normalized rainfall intensity reached a certain threshold, the
normalized convergent level became united, indicating complete embankment saturation,
beyond which it did not change. This critical rainfall intensity, which causes guaranteed
saturation, was uniform across all foundation soil types. This normalized plot aids in
determining the convergent level inside a 6 m high embankment when the initial water
table is 1.5 m below the NGL. The saturated permeability of the embankment and subsoil
can be measured in the field, and then the average permeability, Kh. avg, can be calculated
using Equation (6). Subsequently, the convergent water level for a given rainfall intensity
was graphically derived in Figure 18.

kh.avg =
k1 × z1 + k2 × z2

z
(6)

where

Kh.avg = average permeability in the horizontal direction (mm/h);
Z1 = thickness of soil layer 1, i.e., embankment soil (m);
K1 = saturated permeability of embankment soil (mm/h);
Z2 = thickness of soil layer 2, i.e., foundation soil (m);
K2 = saturated permeability of foundation soil (mm/h);
Z = total thickness of all layers = Z1 + Z2 (m).

A distinct pattern of groundwater onset was observed in embankments over silty
clay foundations subjected to extremely high rainfall intensities. Figures 19 and 20 show
the groundwater positions during the onset and convergence periods for sandy and silty
clay foundation soils, respectively. In the sandy subsoil case, the groundwater first rises
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near the toe and side slopes, followed by horizontal flow, increasing the water level at the
center. However, in the silty clay subsoil, the permeability is so low that rainfall infiltrates
slowly, saturating the top and side slopes of the embankment before the water level near
the toe increases. Infiltrated water keeps rising near the toe region such that during the
convergence period, almost the entire embankment, including the top and side slopes,
was saturated; however, the central portion of the subgrade and subsoil around the NGL
remained unsaturated, as shown in Figure 20b. The central portion around the NGL is the
last to get saturated, and it leads to three distinct zero-pore water pressure points along the
embankment height at the center. In such cases, defining the actual groundwater level is
challenging, making it difficult to plot the groundwater variation curve accurately.
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Figure 21 shows the normalized groundwater variation plots for different initial water
table positions. The groundwater level h normalized by the convergent level hc was plotted
against the elapsed time t (for t > to) and normalized by the convergent time tc, resulting in
a consistent curve, regardless of the initial water table position. The normalized water level
and normalized time, in Figure 21, are indicated by Equations (2) and (5), respectively. This
plot can be utilized to determine the water level inside a 6 m high embankment subjected to
10 mm/h rainfall, with sand as the subgrade and subsoil material. The initial groundwater
depth can be measured in the field, and the onset and convergence times can be graphically
determined in Figure 15a, whereas the convergence level can be estimated in Figure 15b.
Finally, the water level at time t is obtained using Figure 21.
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7. Conclusions

In this study, transient unsaturated–saturated seepage analysis was performed on an
Indian railway double-line embankment to examine groundwater level variations in the
context of climate change. The factors considered included rainfall scenarios, embankment
height, initial groundwater table position, and the SWCC properties of subgrade and
subsoil. The key findings are as follows:

(i) Rapid groundwater rises with increased rainfall intensity. We found that groundwater
rise within the embankment was directly proportional to rainfall intensity. With
increasing intensity, the groundwater increased more rapidly to a higher convergence
level. Due to climate change, the frequency of significantly heavy (124.5–244.4 mm
in 24 h) and extremely heavy rainfall (>244.4 mm in 24 h) events is expected to rise,
potentially making Indian railway embankments more vulnerable in the future and
thereby indicating the need to strengthen railway embankments to enhance their
resilience to climate change.

(ii) Uniform groundwater onset mechanism across embankment heights. Regardless of
embankment height, the groundwater onset mechanism remains consistent. Rain-
water first infiltrates through side slopes, increasing groundwater levels near the toe
region, followed by horizontal flow, leading to convergence. However, the rate of
the water level increase was higher for taller embankments. A single normalized
groundwater variation curve was derived, which is applicable for estimating water
levels within railway embankments of any height.
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(iii) Convergence is dominated by horizontal flow. A unified plot of the normalized con-
vergence level for different subgrades and subsoil materials can be created, assuming
horizontal water flow through these layers. Despite the varied materials used in
subgrade and subsoil across India, this mechanism allows for a rough prediction of
the convergence level within railway embankments. Although this finding indicates
that the horizontal flow is the predominant mechanism in terms of convergence, it
would be appropriate to consider other aspects, such as vertical water transport and
interaction with geological layers. The combination of these factors can influence the
final state of groundwater level convergence in constructions, such as embankments.

(iv) Unique convergence phenomena in low-permeability subsoils. A distinctive phe-
nomenon was observed during the convergence period in the embankments over
subsoils with low permeability, particularly under extremely heavy rainfall. The
embankment top and side slopes were saturated; however, the bottom central portion
and subsoil around the NGL remained unsaturated. In such cases, accurately deter-
mining the actual groundwater variation curve is challenging, and the derived curve
may not accurately reflect the true water level within the embankment.

8. Limitations and Future Scope

(i) In this study, only two subgrade soils, sand and sandy silt, belonging to categories SQ3
and SQ2, respectively, have been considered; however, in practice, some embankments
are constructed with the very fine soil of SQ1 category, such as clay of low or medium
plasticity [33]. Although such cases are rare, the effect of very fine subgrade soil on
groundwater variation can be analyzed in a future study.

(ii) This study focuses only on variations in the groundwater level through embankment
height. However, in future prospects, it might be crucial to include the effect of the
variation of water level on the stability and rainfall-induced settlement deformation
of railway embankments, as performed by Sun et al. [55] and Gombert et al. [56].

(iii) Flow-only analysis is conducted in this study, thereby establishing a unique conver-
gence phenomenon in the case of low permeability subsoil; however, it does not
explore the effect of such phenomena on the long-term stability of railway embank-
ments, and it must be addressed in future studies.

(iv) This thesis only studies changes in the water level, which is defined by pore water
pressure; however, care must be taken, and in a future study, the changes in the
internal stress state of the subgrade that might be happening because of changing
water levels should be included.

(v) Future research should consider the effects of evaporation, runoff, and drainage arrange-
ments. Another potential area of study is the development of groundwater variation
plots for scenarios with extremely heavy rainfall in which both the subgrade and subsoil
exhibit very low permeability. Quantifying the critical rainfall duration and amount that
compromises embankment safety presents another research opportunity.
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Nomenclature

h Water level relative to the NGL (m)
hc Convergent level (m)
H Embankment height (m)
t Time (h)
to Onset time (h)
tr Rising time (h)
tc Convergent time (h)
q Rainfall intensity (mm/h)
Ksat Coefficient of saturated permeability (m/s)
Kh.avg Average permeability in the horizontal direction (mm/h)
θ Volumetric water content (m3 H2O/m3 soil)
θr Residual volumetric water content (m3 H2O/m3 soil)
θs Saturated volumetric water content (m3 H2O/m3 soil)
α A fitting parameter related to the air entry value of the soil (m−1)
n A fitting parameter, which is a function of the rate of water extraction from the soil (dimensionless)
s Suction (m of H2O)
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