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Abstract The common slope stability analysis is inca-

pable of accurately forecasting shallow slides where

suction pressures play a critical role. This realization is

used for elaborate stability analyses which include soil

suction to better predict rainfall-induced slides at railway

embankment at Malda where three known cases of slope

failures and train derailments occurred after heavy rain-

fall. The relationship between the soil–water content and

the matric suction is established for the embankment soil.

It is then used in the coupled analyses of seepage and

slope stability to estimate performances of the embank-

ment at different intensity and duration of rainfall. The

numerical simulations are performed with the FE code

Geo-Studio. The numerical results show significant

reduction in the factor of safety of the railway embank-

ment with the increase in the intensity and duration of

rainfall. The effectiveness of the proposed mitigation

measures including placement of 2 m-wide free draining

rockfill across the slopes and drilling 5-m-long sheet pile

wall at the toe of the embankment is studied numerically.

The study confirms that the proposed mitigation measures

effectively increase the factor of safety of the embank-

ment and stabilizing it even in case of a heavy rainfall of

25 mm/h over 12 h.

Keywords Matric suction � Railway embankment �
Rainfall-induced landslide � SWCC � Unsaturated soil

mechanics

1 Introduction

Failure of natural and man-made slopes is very common in

many parts of the world. Depending upon the location, it

often leads to major disaster. Slope failure is often caused

by steepness of the slope, inadequate strength of the slope

materials, deforestation, etc. But rainfall is recognized to

be the most common triggering factor for this kind of

disaster, especially in tropical regions with hot and humid

climatic conditions [5, 26]. Rainwater infiltrates into the

unsaturated zone of soil slope and decreases matric suction,

and consequently the shear strength of the soil, causing

slope failures [4, 6–8, 16, 22, 27, 28, 33, 34, 36, 38, 39].

The characterization of the unsaturated soil is primarily

based upon developing a relationship between soil’s (total)

suction, W, and the gravimetric water content which is

termed as the soil–water characteristic curve, SWCC [12].

The total soil suction, W, is the sum of matric suction, Wm,

and the osmotic suction, Wo [21]. The matric suction, Wm,

is attributed to the interactive adsorbed and capillary forces

between water and the soil matric, where as Wo results

from the solutes present in the pore solution [14]. Although

a number of relationships between rainfall and slope fail-

ures can be found in the literature, there have been some

debates about the relative role of antecedent rainfall [3,

35]. Antecedent rainfall is the rain that falls in the days

immediately preceding a slope failure event. Most or all of

the potential slip surfaces may lie initially above the

ground water table where the soil is unsaturated with

negative pore-water pressure. As the rainwater infiltrates

the embankment, the effective stresses within the

embankment start to reduce with the decrease in suction

pressures in the soil pores and buildup of positive pore

pressures until the embankment fails. Surface sloughing

commonly occurs on slopes following prolonged period of
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precipitation. These failures have received little attention

from an analytical standpoint. One of the main difficulties

appears to have been associated with the assessment of

existing suction pressure and buildup of pore-water pres-

sure with rainwater infiltration into the embankment or

slope. It appears that an understanding of unsaturated soil

behavior is imperative in formulating a correct analytical

solution to the problem.

The repeated failure of the railway embankment at a

place called Malda in the state of West Bengal in India is

the main focus of the present study. At least three major

train accidents have occurred in the recent past at this place

causing loss of property and human life. In all the cases, the

accidents occurred after continuous heavy rainfall. The

investigating agencies have blamed them on the sudden

subsidence of the embankment due to pore-water pressure

buildup within the embankment and its foundation [30, 32].

Figure 1a shows a portion of the existing railway

embankment at the accident site. The site inspection in

August 2012 by the authors revealed several gullies and

wet areas on the slope of the embankment formed by the

seepage of the rainwater. Figure 1b shows one such rain-

water gully on the slope near the accident site. Considering

the destructiveness of these sudden slope failures, it is

decided to perform numerical modeling of the slope failure

mechanisms occurring within the embankment to assess

the effect of rainfall on the embankment and to estimate the

hazard due to sudden subsidence. This kind of slope failure

after prolonged and/or heavy rainfall is not very uncom-

mon throughout the world, and several cases have been

reported in the literature [1, 6, 9, 29]. But only a very few

solutions have been proposed at present on the topic.

2 The study site

2.1 Rainfall at Malda

The climate of Malda is very hot and sultry during the

summer season which extends from March to May. The

rainy season starts in the middle of June with the coming of

southwest monsoons and continues till the middle of Sep-

tember. The month of October and first half of November

constitute the post-monsoon season. The Malda region gets

about 2,000–4,000 mm rainfall per year [15] and most of

the precipitation occurs during the rainy season (June–

August). The historical (between 1961 and 2013) maxi-

mum intensity of rainfall of 23.75 mm/h was recorded at

Malda on September 28, 1995 [17].

2.2 Cross-sectional profile of the embankment

The surveyed profile and the cross-section of the typical

railway embankment at Malda, which is chosen for this

study, are shown in Fig. 2. The maximum height of the

embankment is 4.4 m. The average side slopes of the

embankment are 2(H):1(V). The average width of the crest

is 6.7 m. The railway embankments at Malda are designed

for 25t single axle load from the railway locomotives

which are acting on both lines (up and down lines) located

on top of it. This results in a 94.5 kPa distributed load on

the crest of the embankment. The above distributed load

includes a 30 % increase of the actual load to account for a

sudden impact. This is in line with the requirements of the

Indian Railways [31]. At several locations along the

embankment, shallow ponds exist about 1.5–2 m from the

toe on both sides of the embankment. One of the common

recommendations made by the investigating team after

every accident was to fill up these ponds. The soils for the

Fig. 1 a Railway embankment at the accident site, b gully formation

on the embankment slope due to seepage of rainwater

Fig. 2 Cross-sectional profile of the embankment at the accident site
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embankment construction were obtained from the adjacent

areas. These excavated areas on both sides of the

embankment were fed by rainwater and turned into ponds.

These ponds are presently utilized by the local people for

the cultivation of fishes. Thus, due to the objection of the

local people and due to issues related to environment

protection, filling up these ponds are not possible.

2.3 Soil stratification

A total of three boreholes are drilled through the existing

embankment at the accident sites. All the boreholes are

15 m deep. Standard penetration tests (SPTs), undisturbed

tube sampling and visual characterization of the soil are

performed during the drillings. Loose samples are also

collected from 1 m depth of the existing embankments for

testing and characterization purposes. The borehole logs

indicate that the top 9 m of the foundation soil is silty clay

of medium consistency. The average SPT blow count

(N value) for this layer is between 4 and 5. The undrained

shear strength is typically between 25 and 50 kPa. Below

9 m, the soil is silty clay with stiff consistency. Traces of

fine sand are visible at places. The SPT blow count

increases to 10–15 for this layer. Typical undrained shear

strength for this layer is found to be between 50 and

100 kPa.

3 Properties of the soil

Standard laboratory tests are performed to determine the

properties and classification of the soil. The laboratory-

specific gravity tests indicate that the soil has a specific

gravity of 2.66. The shear strengths of the soil are obtained

from conventional drained direct shear tests. The tests

show that the soil has cohesion (c0) of 0.2 kPa and an

effective internal angle of friction (/0) of 29.5�.

3.1 Grain size distribution of the soil

The grain size distribution of the embankment and top 6 m

of the Malda soil is shown in Fig. 3. The embankment and

the top 6 m of the soil contain 18 % sand, 81 % silt and

1 % clay. The liquid limit and plasticity index of the soil

are 27.5 and 3.6, respectively. The UCSC classification of

the embankment and the top 6 m Malda soil is CL (clay

with low plasticity).

3.2 Soil–water characteristics curve (SWCC)

The soil–water characteristic curve for the Malda soil is

determined by following the standard test method [2, 25]

using tensiometers. The soil was first dried and then known

amount of water is added to it. And every time, the cor-

responding suction force measured by a tensiometer is

noted down. The procedure is repeated for different water

content of the soil. Figure 4 shows the SWCC curve for the

embankment and the top 6 m of the Malda soil.

3.3 Variation of hydraulic conductivity with suction

The saturated hydraulic conductivity ks obtained from

falling head permeability tests is 8.4 9 10-4 cm/s. This

value is further used to establish a relationship between

hydraulic conductivity and suction empirically using Van

Genuchten method [37]. Figure 4 shows the variation of

hydraulic conductivity with the suction pressure for the

Malda soil.

4 Numerical analysis

The stability of the typical embankment cross-section at

Malda is numerically evaluated by a commercial finite

Fig. 3 Grain size distribution of the embankment soils

Fig. 4 Variation of volumetric water content and hydraulic conduc-

tivity with suction pressures for the Malda soil
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element software called GEO-STUDIO 2007 [13]. The

program has seven modules. Out of the seven, the first

three modules called SEEP/W [18], SLOPE/W [19] and

SIGMA/W [20] are utilized to study the behavior of the

Malda embankment. A plane strain condition is assumed

for all the analyses. The soil embankment is discretized in

the numerical analyses by standard two-dimensional

quadrilateral and triangular elements. A uniformly dis-

tributed load of 94.5 kN/m on the crest of the embankment

due to locomotives on both up and down lines has been

also considered in the stability analyses of the

embankment.

Before the stability analyses of the embankment, the

initial conditions of the pore-water pressures are obtained

by transient seepage analysis using the SEEP/W program.

The result of the transient analysis is then imported into the

stability analysis model. The negative pore-water pressure

distribution within the embankment is computed under a

given intensity and duration of rainfall. Before the transient

seepage analysis is carried out, a steady state analysis is

done to achieve a hydrostatic condition within the

embankment and the foundation. In the transient analyses,

the infiltration rate is determined by dividing the amount of

rainfall in an event by the total duration of the rainfall

event and applied to the slope boundary as a surface flux.

The transient analysis is carried out for different infiltration

rate and results are recorded at 2.4-h interval.

The transient analysis program, SEEP/W, is formulated

on the basis that the flow of water through both saturated

and unsaturated soil follows Darcy’s law which states that:

q ¼ ki ð1Þ

where q the specific discharge, k the hydraulic conductivity

and i the gradient of total hydraulic head.

The Darcy’s law is also applied to the flow of water

through unsaturated media. The only difference is that

under the unsaturated flow condition, the hydraulic con-

ductivity is no longer a constant, but varies with changes in

the water content and indirectly varies with changes in the

pore-water pressure.

The general governing differential equation for two-

dimensional seepage is expressed as:

o

ox
kx

oH

ox

� �
þ o

oy
ky

oH

oy

� �
þ Q ¼ oV

ot
ð2Þ

where H total head, kx, ky hydraulic conductivity in the

x and y directions, Q applied boundary flux, V volumetric

water content and t time.

This equation states that the difference between the flow

(flux) entering and leaving an elemental volume at a point

in time is equal to the change in the storage of the soil

media. More fundamentally, it states that the sum of the

rates of change of flows in the x and y directions plus the

external applied flux is equal to the rate of change of the

volumetric water content with respect to time.

The program is formulated for conditions of constant

total stress (r); that is, there is no loading or unloading of

the soil mass. It also assumes that the pore-air pressure, ua,

remains constant at atmospheric pressure during transient

processes. This means that r� uað Þremains constant and

has no effect on the change in volumetric water content.

The changes in volumetric water content are consequently

dependent only on the changes in the (ua - uw) stress state

variable, and with ua remaining constant, the change in

volumetric water content is a function of only the pore-

water pressure (uw) changes. As a result, the governing

differential equation (Eq. 2) used in the SEEP/W finite

element formulation reduces to the following:

o
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ð3Þ

where mw and cw are the slope of the storage curve and unit

weight of water.

The SLOPE/W program considers unsaturated shear

strength conditions when the suction pressures exist or the

pore-water pressures are negative. The Geostudio program

offers two ways to model the increase in shear strength due

to the soil suction.

In the first option, /b, an angle defining the increase in

strength due to the negative pore-water pressure is used to

compute the mobilized shear force at the base of a slice.

The SLOPE/W program implemented the following equa-

tion for the shear stress, s, proposed by Krahn and Fredlund

[21], Fredlund et al. [10] and Fredlund and Rahardjo [11]).

s ¼ c0 þ rn � uað Þ tan /0 þ ua � uwð Þ tan /b ð4Þ

where c0 effective cohesion of the soil, rn normal stress, ua

pore-air pressure, uw pore-water pressure, /0 effective

friction angle of the soil and /b an angle defining the

increase in strength due to the negative pore-water pres-

sure. For practical purposes, /b can be taken as /0/2.

In the above equation, /b is treated as a constant value,

but in reality, this parameter varies with the degree of

saturation as given by Lu et al. [23, 24]. In the capillary

zone where the soil is saturated, but the pore-water pressure

is under tension, /b is equal to the effective friction angle

u0. As the soil becomes unsaturated, ub decreases. The

decrease in /b is a reflection of the fact that the negative

pore-water pressure acts over a smaller area. More spe-

cifically, /b is related to the soil–water characteristic

(SWCC) curve.

In the second alternative, the following equation for the

shear stress as proposed by Vanapalli et al. [36] based on

soil–water characteristics curve is utilized.
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s ¼ c0 þ rn � uað Þ tan /0 þ ua � uwð Þ hw � hr

hs � hr

� �
tan /0

� �

ð5Þ

In the above equation, hw is the volumetric water content,

hs is the saturated volumetric water content and hr is the

volumetric water content at residual condition. When the

water content is at saturation (hw = hs), 100 % of the

suction contributes to the strength. When the water content

is at the residual value (hw = hr), the suction makes no

contribution to the strength. Thus, the water content func-

tion is used in essence to apportion the suction contribution

to the strength.

The above alternative (Eq. 5) is used in the present

analyses for the computation of the stresses. The above

equation is similar to that proposed by Lu et al. [23, 24].

The factor of safety is then calculated by

FS ¼
P

srP
sm

ð6Þ

where Rsr is the summation of the resisting shear stresses

computed from Mohr–Coulomb equation and correspond-

ing material parameters. Rsm is the summation of the

mobilized shear stresses.

The slope stability analysis is performed using four

well-known limit equilibrium methods, that is, Morgen-

stern and Price method, Janbu’s method, ordinary method

of slice and Bishop’s simplified method [13]. Above limit

equilibrium methods are different in how they are handling

the four inter-slice forces to make the equilibrium equa-

tions determinate. The Morgenstern and Price method

allows one to define the relationship between the inter-slice

forces and satisfies both the force and the moment equi-

librium equations. The Janbu’s simplified method assumes

the inter-slice forces to be horizontal and satisfies the force

equilibrium equations only. The ordinary method of slice

or Fellenius method assumes no inter-slice forces and

satisfies the moment equation only. The Bishop’s simpli-

fied method assumes the inter-slice forces to be horizontal

and satisfies only moment equilibrium condition. In the

present analyses, the minimum factor of safety obtained by

applying the above four methods is only reported for each

case. The material parameters assumed for the slope sta-

bility analyses is given in Table 1.

5 Results

The results obtained from the numerical analyses of seep-

age and stability of the actual embankment at Malda is

utilized to help understand the water table fluctuation

within the embankment during rainy season, loss of suction

within the railway embankment due to rainfall infiltration

and variation of the factor of safety with rainfall.

5.1 Water table fluctuation and reduction of suction

pressure with rainfall duration

The response of water table and the reduction of the suction

pressures within the actual Malda railway embankment to

different rainfall intensities are studied numerically. The

rainfall intensities considered in this study are 2, 4, 8, 16,

25, and 32 mm/h. For each case, the rainfall infiltration rate

is computed from the rainfall intensity and the duration of

the rainfall, and applied as a boundary flux across the slope.

Figure 5 shows the distribution of the suction pressures

and the pore-water pressures within the Malda embank-

ment for the case of 8 mm/h intensity of rainfall at the end

of 2.4, 7.2 and 17 h. The figures demonstrate how the

suction pressures diminish and pore-water pressures

increase within the railway embankment with the duration

of the rainfall.

Figure 6 shows the maximum suction pressure within

the embankment for the different intensity and the different

duration of rainfall. For 2, 4 and 8 mm/h rainfall, signifi-

cant suction pressures remain in the embankment even

after 24 h of rainfall. For the case of 16 mm/h rainfall, the

suction pressures disappear after 18 h of rainfall. For

25 mm/h and 32 mm/h rainfall, it disappears after 13 and

10 h of rainfall, respectively.

5.2 Stability analysis of the embankment

The slope stability analyses of the Malda embankment is

analyzed after each rainfall event by considering the suc-

tion pressures and pore-water pressures within the

embankment obtained from the above seepage analyses.

The factor of safety against sliding reported here for each

case is the lowest factor of safety obtained by applying the

different limit equilibrium methods mentioned in Sect. 4.

Indian Railways [31] requires a minimum factor of

safety of 1.4 for sliding stability under normal long-term

Table 1 Material parameters for Malda embankment soil

Soil property Value

Dry unit weight cdð Þ 14.5 kN/m3

Cohesion (c0) 0.2 kPa

Friction angle (/0) 29.5�
Poisson’s ratio 0.25

Young’s modulus (E) 4 MPa

Saturated water content (w) 29.55 %

Specific gravity (G) 2.66

Saturated hydraulic conductivity(ks) 8.4 9 10-6 m/s
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Fig. 5 Distribution of suction and pore-water pressure for 16 mm/h rainfall after a 2.4 h, b 7.2 h, and c 17 h
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(steady state) condition of an embankment of height 4 m

and above. For transient condition like high water table

(flood) condition, a factor of safety of 1.2 is considered to

be sufficient.

For the normal long-term condition, that is, when the

ground water table is at and below the toe of the Malda

embankment, the computed factor of safety is 1.8. The

critical slip surface for this case obtained after detailed

search procedure is shown in Fig. 8. This factor of safety is

well above the minimum required factor of safety. Figure 7

summarizes the theoretical factor of safety of the Malda

embankment against sliding for different intensity and

different duration of rainfall. As may be seen from the

figure, for 2 mm/h rainfall, the embankment satisfies sta-

bility criteria even when the duration of rainfall is 20 h.

However, the factor of safety drops rapidly if the duration

of rainfall exceeds 20 h. The embankment remains stable

theoretically for 8 h of 4 mm/h rainfall. Beyond 8 h of

rainfall, its factor of safety drops drastically. Similarly, for

8 mm/h rainfall, the embankment remains stable only if the

duration of the rainfall is 3 h. The results also indicate that

if the rainfall is more than 8 mm/h, the embankment will

not be stable. Since very little record on rainfall at Malda in

terms of intensity and duration of the rainfall is available

for the date when embankment collapsed in July 2011,

nothing could be said with confidence how much rainfall

triggered the collapse of the embankment. But the present

results confirm that an overnight rainfall of 4 mm/h or

more could trigger a collapse of the Malda railway

embankment. As discussed before, this much of rainfall is

not unusual for the Malda region during the months of

June, July and August.

6 Remedial measures

The limit equilibrium analyses of the existing embankment

slope indicate that in dry condition, the slope has adequate

factor of safety. But when the existing suction pressures go

down and pore-water pressures within embankment build

up as happening during rainy season, the factor of safety of

the slope becomes inadequate. The present analyses indi-

cate that the embankment and the top foundation materials

are silty in nature and have very low shear strengths. They

are also prone to erosion and piping. Several gullies are

noticed on the sides of the embankment during the field

visits. During and after prolong rainfall events, as the pore-

water pressure starts to rise, the effective stresses within

these materials start to drop and the embankment fails all

of a sudden. The possible remedial measures should

include protection of existing embankment toes, protection

of banks of the existing ponds, preventing pore-water

pressure buildup within embankments and safe passage of

water (or prevention of surface erosion). Several possible

modifications of the slope were reviewed before this study.

These include flattening of the slopes, putting piles at the

Fig. 6 Reduction in suction pressure within the Malda embankment

due to rainfall

Fig. 7 Reduction in factor of safety of the Malda embankment due to

rainfall

Fig. 8 Critical slip surface within the Malda embankment from

numerical analyses
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embankment toe, putting piles through embankment,

installing soil and rockfill berm at the toe. The remedial

measures suggested and being implemented at the site

include building a rockfill berm, 2 m wide at the toe of the

existing embankment and with 2(H):1(V) outer slope on

top of a 0.5-m wide stone dust/sand filter layer for the

stability of the embankment as well as for the prevention of

erosion and gullies during rainy season. A 1-m-wide and

0.5-m-deep filter/drain material (clean sand/stone dust) is

also recommended on the crest under the ballast and

rockfill at 20 m apart (center to center) to help draining the

rainwater and to prevent it infiltrating into the clayey

embankment material. The finished surfaces at the crest

should have a minimum outward slope of 1 in 20 on both

sides. A 5-m-long steel sheet pile wall has been also sug-

gested along the bank of the existing adjacent ponds to

protect against cave in.

A study of the suggested remedial measures like putting

a rockfill berm (with permeability of order of 10-2 m/s) on

existing slopes and constructing a sheet pile wall at or near

the toes of the embankment are also examined numerically.

Figure 9 shows the potential slip surface obtained from the

numerical analyses for the Malda embankment with the

proposed modifications.

The theoretical factor of safety of the embankment with

1-m-wide rockfill berm on top of the slopes with and

without 5-m-long sheet pile at the toe is shown in Fig. 10

for a theoretical case of 25 mm/h rainfall intensity over a

duration of 0–12 h. This rainfall intensity and duration

considered here are conservative as they exceed the mea-

sured historical data on maximum rainfall in Malda region.

As shown in Fig. 7, the existing embankment will not

survive this high intensity of rainfall. However, the safety

factor for the modified embankment with 1-m-wide rockfill

berm on top of the slopes is found to be adequate (factor of

safety [1.2) for 12 h of 25 mm/h rainfall. The numerical

analyses show that the embankment near the toes is more

susceptible to failure due to a sudden loss in suction

pressure and a rapid rise in pore-water pressure in that

zone. The sheet piling at the toe of the embankment along

with the proposed rockfill berm on the slopes will further

enhance the stability of the embankment.

7 Conclusions

The predictions of the numerical analyses show consider-

able effect of suction pressure on the stability of an

Fig. 9 Critical sip surface within the embankment with rockfill berm and sheet piling in place

Fig. 10 Factor of safety of the Malda embankment with proposed

modifications for 25 mm/h rainfall events
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embankment slope. The slope may become potentially

unstable with the reduction of the soil suction. During the

time of rain infiltration, suction pressure in the soil

decreases, and thus, the effective shear strength of a slope

reduces, which in turn reduces the factor of safety. The rate

of decrease in factor of safety is faster for a soil with higher

infiltration rate. It is also observed that placing proper

drained material over the slope of the embankment can

increase the stability to large extent and also prevent ero-

sion and gully formation, which is a very common problem

reported.

The numerical analyses of the railway embankment at

Malda show that for 2 mm/h rainfall, the embankment

satisfies stability criteria even when the duration of rainfall

is 20 h. However, the factor of safety drops rapidly if the

duration of rainfall exceeds 20 h. The embankment

remains stable theoretically for 8 h of 4 mm/h rainfall.

Beyond 8 h of rainfall, its factor of safety drops drastically.

Similarly, for 8 mm/h rainfall, the embankment remains

stable only if the duration of the rainfall is 3 h. The results

also indicate that if the rainfall is more than 8 mm/h, the

Malda embankment will not be stable. This possibly

explains the derailments that occurred at the site after

heavy rainfall.

The theoretical study of the remedial measures sug-

gested for the railway embankment at Malda shows that

placing a 2-m-wide free draining rockfill berm on top of the

slopes will help stabilizing the embankment even during a

12 h of 25 mm/h rainfall event. The factor of safety of the

embankment further enhances if the toes of the embank-

ment are also protected by 5-m-long sheet pile walls.

The hydrological parameters like evaporation, evapo-

transpiration, depression storage, vegetative cover, surface

runoff can also affect the negative pore pressure distribu-

tion within an embankment and the overall stability of the

embankment. The contributions of these factors are not

considered in the present study but may be incorporated in

the future.
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