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Abstract 

Frequent breaches in embankment along the Brahmaputra river is a major issue in Assam. Nearly 1059 embankment breaches 

have been reported in Assam between 2001 to 2019. Major threats are posed by these embankment failures and bank failures to 

the settlements, agriculture, industrial and other assets in the floodplains of Assam. The analysis of the historical embankment 

breach records highlights the districts with frequent embankment breaches and the dominant mechanisms responsible for 

embankment failures in these regions. To predict the risk of an embankment breach, a methodology for embankment breach 

prediction is described, and it can be used for probabilistic assessment of flood embankment failure due to different mechanisms, 

for different loading conditions (water level, discharge, and duration). This system will aid for making decisions regarding the 

maintenance and strengthening of flood protection works, and to take disaster management and flood mitigation measures in 

advance for embankments with high possibility of breach. The probabilistic framework allows modelling in data-scarce areas 

and can easily be updated for revised input datasets. A detail analysis of embankment bank protection structures failures and bank 

failures due to overtopping, failure due to seepage, failure due to soil piping as dominant failure mechanisms have described. To 

reduce the uncertainty in the embankment breach, closer estimates of the parameters has been established from the geometrical 

and geotechnical data of the embankments. 
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1. Introduction 

Brahmaputra is one of the largest alluvial rivers in the world, 

having a total length of 2,880 Km and a total basin area of 

5,80,000 km². It originates in a glacier in the Kailash Range of 

the Himalayas, in China. It flows 1650 Km in China as 

Tsangpo on the Tibetan Plateau, before turning to the south [1]. 

It flows across the east end of Great Himalayas after traversing 

a deep narrow gorge to enter India. It flows through Arunachal 

Pradesh and Assam in India, before entering Bangladesh. The 

river runs through Assam for a length of 640 Km. In its course, 

the river discharge is augmented by more than 100 tributaries, 

the largest of which are 15 from the north bank and 10 from 

the south bank. The river has a large variation in the flow 

during the lean season and the flood season. During the flood 

season, the deep channels swing laterally and erode the banks, 

overtops the banks causing massive floods in the Brahmaputra 

plains. 

As Brahmaputra river is a major lifeline of Assam, many big 

cities and towns in Assam are located on the banks of the river. 

However, the river is known for its recurrent floods, riverbank 

erosion and frequent embankment breaches [2]. Brahmaputra 

river is widely known for its recurrent flooding and is 

therefore, jacketed by embankments almost along its entire 

length to protect the population living in its flood plains. 

However, when the embankment fails, it poses a greater threat 
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to human lives, livestock, and physical assets specially 

because of high value accumulation in the hinterland areas. In 

Brahmaputra river system, many embankment breaches have 

been reported. From the Water Resources Department (WRD), 

Assam records of statement of breaches, nearly 1059 breaches 

have been reported in Assam in the period of 2001 to 2019 [3]. 

195 were reported in 2007 alone. The flood damages in Assam 

have been recorded at nearly 400 crores every year. Losses 

arising from subsequent inundation may be dramatic not only 

because of the high value concentration in the dike protected 

floodplain, but additionally due to fast water level rise and 

high flow velocities caused by rapid breach outflow. 

The main aim of the paper is to analyse of historical 

embankment breaches from 2001 to 2019 and assess the risk 

of embankment breaches and to evaluate the potential risk to 

embankments under the flood forecast scenarios. The specific 

objectives include identification of dominant mechanisms 

responsible for embankment breaches, development of a 

scientific framework for embankment breach risk assessment, 

and problem of embankment breaching in Assam. 

2. Study Area 

The Brahmaputra valley is long and narrow in Assam, India; It 

is approximately 640 Km long. The valley is bounded in the 

north by high Himalayan mountain ranges, in the east by the 

Patkai hill ranges, in the south by the lower (Assam) hill 

ranges and in the west, it is contiguous with the plains of 

Bangladesh. The Brahmaputra river is one of the largest 

alluvial rivers in the world, which is characterized by frequent 

bank erosion due to changes in channel pattern and shifting of 

bank lines [4]. As the flood cycle progresses, sediment 

transport in the Brahmaputra increases, and the thalweg and 

location of bars change position [5]. As the flood recedes, 

deposition takes place over the bed as bars and islands. In this 

way, the Brahmaputra river becomes intensely braided with 

innumerable sandbars, locally called chars. During high 

floods, most of the chars get submerged with only few 

remaining visible [4]. 

River training structures / bank protection structures such as 

locations and physical attributes of bridges, embankments, 

spurs, studs, geo-bags, and porcupines have been digitized on 

GoogleEarth
©
 satellite imagery / ArcGIS online satellite 

imagery [6]. Some of spurs, studs, geo-bags, and porcupine 

structures have also verified in the field. Embanakments 

structures have been cross verified with Survey of India 

toposheet at 1:50,000 scale [7]. River training structures / bank 

protection structures map of the study area is shown in Figure 1. 

 

Figure 1. Location Map of the Study Area. 
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3. Data Collection and Sources 

For this paper several primary data and secondary data has 

been collected from Survey of India, Earth Explorer-USGS, 

and Water Resource Department (WRD), Assam. Various 

basic thematic layers were created from different source 

including published maps, field study, satellite imageries and 

secondary data. Using ArcGIS 10.7 software tools, several 

maps were prepared including drainage network / river and 

drainage system, land use land cover, slope / topography, 

geology, soil texture, natural vegetation / forest type, 

population distribution / population density, etc. Various 

thematic data layers have been created; data used, and their 

sources are shown in Table 1. 

Table 1. Data Used and their Sources. 

S. No. Data Layer / Maps Data Sources 

1. 

Survey of India (SoI) 

Toposheet at 

1:50,000 Scale 

Toposheet No. (Open Series Map (OSM) No. in bracket): 

1) 78 F Series: 78F16 (G45L16). 

2) 78 G Series: 78G13 (G45L13), 78G14 (G45R14). 

3) 78 J Series: 78J03 (G46G03), 78J04 (G46G04), 78J07 (G46G07), 78J08 (G46G08), 78J11 (G46G11), 78J12 

(G46G12), 78J15 (G46G15), 78J16 (G46G16). 

4) 78 K Series: 78K01 (G46M01), 78K05 (G46M05). 

5) 78 N Series: 78N03 (G46H03), 78N04 (G46H04), 78N07 (G46H07), 78N08 (G46H08), 78N11 (G46H11), 78N12 

(G46H12), 78N14 (G46H14), 78N15 (G46H15), 78N16 (G46H16). 

6) 83 B Series: 83B02 (G46I02), 83B03 (G46I03), 83B04 (G46I04), 83B06 (G46I06), 83B07 (G46I07), 83B10 

(G46I10), 83B11 (G46I11), 83B14 (G46I14), 83B15 (G46I15), 83E16 (G46D16). 

7) 83 F Series: 83F01 (G46J01), 83F02 (G46J02), 83F03 (G46J03), 83F05 (G46J05), 83F06 (G46J06), 83F09 (G46J09), 

83F10 (G46J10), 83F13 (G46J13), 83F14 (G46J14). 

8) 83 I Series: 83I04 (G46E04), 83I07 (G46E07), 83I08 (G46E08), 83I10 (G46E10), 83I11 (G46E11), 83I12 (G46E12), 

83I13 (G46E13), 83I14 (G46E14), 83I15 (G46E15), 83I16 (G46E16). 

9) 83 J Series: 83J01 (G46K01), 83J02 (G46K02), 83J05 (G46K05), 83J09 (G46K09). 

10) 83 M Series: 83M01 (G46F01), 83M02 (G46F02), 83M03 (G46F03), 83M05 (G46F05), 83M06 (G46F06), 83M07 

(G46F07), 83M09 (G46F09), 83M10 (G46F10), 83M13 (G46F13), 83M14 (G46F14). 

Total number toposheets = 65 (area within 10 Km both side buffer from current Brahmaputra river bankline) 

Source: http://soinakshe.uk.gov.in/Home.aspx [8] 

2. 

Landsat Series 

Satellite Imageries 

from 1996 to 2020 

Satellite remote sensing data was collected from USGS. Landsat satellite imageries from 1996 to 2020 were downloaded 

from Earth Explorer, USGS. 

1) Landsat-5 TM satellite imageries: 1996, 1997, 1998, 1999, 2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011. 

2) Landsat-7 ETM+ satellite Imageries: 2000, 2001, 2002, 2003, 2012, 2013. 

3) Landsat-8 OLI satellite imageries: 2014, 2015, 2016, 2017, 2018, 2019, 2020. 

Total number of satellite scenes = 275 (covered whole Assam state) 

Path / row: 134/41, 135/41, 135/42, 135/43, 136/41, 136/42, 136/43, 137/41, 137/42, 138/41, 138/42 (total number of 

satellite scenes covered whole Assam state is 11). 

Spatial resolution: 30 m 

Acquisition period: Pre-Monsoon (March to June) 

Source: https://earthexplorer.usgs.gov [9] 

3. 

Historical 

Embankment 

Breaches 

(2001-2019) 

Historical embankment breach data from the year 2001 to 2019, containing the information of year (date and time), 

division, district, river, name of scheme, location, length, cause, and remarks. 

Source: Water Resource Department (WRD), Assam 

https://waterresources.assam.gov.in/portlets/flood-management 

 

4. Embankment Classification 

4.1. Based on Height 

According to height, embankments may be classified as low, 

medium, and major embankments. Embankment Manual of 

CW&PC Year 1960 [10] indicates the classification according 

to the height of embankments with respect to natural surface 

level. Embankments of height less than 3 m are low, height 

between 3 m and 9 m are medium and heights more than 9 m 

are major embankments. The difference in height of 

embankment would govern the side slopes of embankment, 

provision of berms at suitable interval of height, provision of 

toe protection on the land side. 

4.2. Based on Flood Frequency 

Agricultural, urban, and strategic embankments are the three 

types considered in this category. National Commission on 

Floods [11] in its report indicates that the 25-year flood 

frequency may be selected for the agricultural and rural areas 

and 100-year flood frequency for urban / industrial / critical 

reaches [12]. These suggestions are based on the experience in 

the different aspects involved like: (i) the extent of protection 

provided (ii) in case of breaches, the estimated cost of possible 

losses and damages (iii) costs involved for the construction 

and yearly maintenance / operation under normal 

circumstances [13]. 
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4.3. Based on Soil Characteristics 

Dimensional parameters in cross section are decided in this 

category. The sieve analysis and c and Φ values of the soil of 

the core material and the original ground help to determine the 

side slopes, type of foundations required. 

4.4. Based on Core Material 

Uniform type or impermeable core are the two types in this 

category. Normally, embankments are constructed using the 

locally available riverbank material. The work thus becomes 

cheaper, speedy, and easy. If the local soil available for the 

construction of embankments is not up to the desired quality, 

then the material for the construction of embankment is 

brought from nearby sources. 

4.5. Based on Foundation Treatment 

Normally, the layer of loose material, and the layer containing 

organic material is removed from the bed / foundation of the 

embankment, and construction of core material is taken up. 

However, if the local bed soil is of poor structural quality, then 

measures are required to improve the quality of the foundation 

soil. Depending up on the problem, various alternate methods 

are followed for the desired improvements. Some of the 

common methods are: 

1) Improve the mixture of the core soil by suitable additions 

using other soils 

2) Provision of different soil for the core material brought 

from outside 

3) Remove the higher moisture contents by extraction 

methods, compaction of soils 

4) In case of soils having very poor bearing capacity, like peat 

soils, increase in the bearing capacity is done by different 

means like driving piles for compaction of soil, compaction 

by ground water extraction, provision of filters 

5. Effects of Embankments 

Though this is a simple tool for flood protection, construction 

of long lengths of embankments on the river are required to be 

carefully evaluated, and necessary countermeasures, if any 

required, are to be taken. Some of the effects of construction 

of embankments have been listed below. 

5.1. Cut-off of Valley Sedimentation 

Due to over-bank floods, the suspended material gets 

deposited on the surface of agricultural fields. The biological 

waste also gets deposited on the surface, making the fields 

more fertile. The stagnant water (at least for short duration) 

helps increase the ground water. Due to significant percolation 

of water into the ground, quality of ground water may also get 

improved. 

After construction of embankments, these advantages are lost. 

Additional fertilizers are required for the fields. Efforts for 

recharging of ground water may also be required. However, 

this process has a limitation. The above discussed action 

would be possible only under very mild / low velocities. If the 

velocities are high, then, instead of fine sediment, sand of 

different sizes may get deposited on the land, rendering the 

fertile soil useless for any cultivation, for a long time. 

5.2. Cut-off of Valley Storage 

The large quantity of water stored on the over-bank land is 

cut-off due to the construction of embankments. The cut-off 

therefore may affect the river in two ways. 

1) First and immediate effect is the increase in the river 

discharge. The flood moderation taking place is no more 

possible. Therefore, increase in the intensity of floods is 

observed in the downstream reaches. 

2) Due to the narrower flow width available for the floods, 

particularly during very high flood stages, higher afflux 

is created upstream of the embanked reaches. The 

upstream people thus experience higher flooding more 

often than before. The downstream people may also find 

higher flood levels due to increased flood discharges. 

5.3. Changes in Sediment Transport 

Changes in hydraulic behaviour also results in the changes in 

sediment transport. These changes are the prime cause of the 

morphological changes in the rivers. These changes have been 

described below. 

1) Due to the construction of embankments, the sediment 

transport capacity of the embanked river reach would 

also be affected. As the river hydrograph would change, 

depending up on the river and its sediment 

characteristics, the transport capacity can undergo 

changes [14]. 

2) Due to the likely afflux created upstream of the 

embankments, overall aggradation can be experienced in 

that region. 

3) Within the embanked reach, the sediment transport 

capacity can show overall increase. Under such 

condition, the embanked reach might show favourable 

changes like lowering of bed levels, shifting of channels 

towards central part. Therefore, the embankment scheme 

can be treated as successful. However, if the transport 

capacity would show overall reduction, then 

sedimentation would take place within the embanked 

reach, and would affect the overall regime in the negative 
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direction for the reaches both upstream and downstream 

of the embanked reach. 

5.4. Environmental Impact 

Due to the changes in the discharge and water level 

hydrographs, sediment transport, morphological changes 

might take place. Therefore, the environmental changes also 

take place in the river. These changes / effects are required to 

be evaluated beforehand [15]. 

The river normally has its regime set for the conditions before 

the construction of embankments. The over bank flooding, 

sedimentation and moderation of flood peaks is a part of the 

normal conditions before construction of embankments [16]. 

The river is also adjusted to the pre-embankment conditions in 

a natural way. In most of the cases, the problems related to 

higher sediment load are observed, like overall aggradation of 

riverbed, instability of river channels [17]. 

6. Analysis of Historical 
Embankment Breaches in 

Assam 

Many cases of embankment breaches are reported in the 

Brahmaputra River system. For understanding the 

embankment breaches along the Brahmaputra river and its 

tributaries, the author has collected the statement of breach 

data, comprising of the details of historical breaches occurred 

in Assam from Water Resources Department (WRD), 

Government of Assam, India. WRD provided the historical 

embankment breach data from the year 2001 to 2019, 

containing the information of year (date and time), division, 

district, river, name of scheme, location, length, cause, and 

remarks. The summary of embankments constructed by WRD 

Assam is given in Table 2. 

Table 2. Division and District wise Summary of Embankments in Assam. 

Embankment by Division Embankment by District 

S. No. Division Length (Km) S. No. District Length (Km) 

1 Dibrugarh 362.36 1 Dibrugarh 290.51 

2 Sibsagar 369.00 2 Sibsagar 369.00 

3 Jorhat 238.54 3 Jorhat 347.25 

4 Majuli 189.21 4 Bongaigaon 25.54 

5 UAID, Jorhat 55.35 5 Golaghat 133.85 

6 Dhemaji 199.05 6 Dhemaji 199.05 

7 Dhakuakhana 104.16 7 Tinsukia 73.85 

8 N. Lakhimpur 328.03 8 Lakhimpur 432.18 

9 Tezpur 220.33 9 Sonitpur 220.33 

10 Nagaon 232.05 10 Nagaon 232.05 

11 Morigaon 173.33 11 Morigaon 173.33 

12 Guwahati East 78.14 12 Kamrup (M) 38.77 

13 Guwahati West 216.89 13 Kamrup (R) 274.87 

14 PGP 18.60 14 Darrang 183.14 

15 Mangaldoi 183.14 15 Udalguri 16.00 

16 Nalbari 229.51 16 Nalbari 229.51 

17 Baksa 68.70 17 Baksa 52.70 

18 Barpeta 188.97 18 Barpeta 188.97 

19 Chirang 26.11 19 Chirang 26.11 

20 Kokrajhar 26.61 20 Kokrajhar 26.61 

21 Dhubri 67.13 21 Dhubri 41.59 

22 Goalpara 58.10 22 Goalpara 58.10 

23 Diphu 34.16 23 Karbi Anglong 34.16 

24 Karimganj 180.14 24 Karimganj 195.80 

25 Silchar 424.71 25 Cachar 474.35 

26 Cachar 44.23 26 N.C Hills 0.00 

27 Hailakandi 149.32 27 Hailakandi 128.25 

28 Haflong 0.00 28 Dima Hasao 0.00 

 Total Length (Km) 4465.85  Total Length (Km) 4465.85 

Source: Water Resources Department (WRD), Government of Assam 

The collected statement of historical breaches was analysed to 

understand the temporal and spatial distribution of the 

breaches in Assam, and the results are presented in this paper. 

6.1. Year wise Embankment Breaches 

A total of 1059 number of breaches have occurred in Assam 

during the period 2001 to 2019. The breaches for each year 

were also classified based on different breaching mechanisms 

(Figure 2). The analysis of the data shows that the least number 

of breaches in Assam occurred in the year 2001. Whereas the 

year 2007 experienced the highest number of breaches (195 

breaches), followed by the year 2004 which recorded total 165 

breaches. However, a general literature review indicated that 

the maximum number of embankment breaches in Assam 
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occurred in 2004. The difference in the observations for the year 

2004 can be attributed to the limited breach records available. 

The collected data contains records of only two districts 

(Morigaon and Nagaon) for the year 2004. 

 

Figure 2. Year wise and Cause wise Number of Embankment Breaches Occurred in Assam. 

6.2. Districts Wise Embankment Breaches 

It is found that in the period of 2001-2019, the breaches have 

occurred in 31 districts of Assam. Bardapur is not a separate 

district but lies in Karimganj district. Hence, breaches 

occurred in Badarpur are included as breaches occurred in 

Karimganj district. Similarly, breaches occurred in Mangaldoi, 

Nonai, North Lakhimpur and Silchar are considered as 

breaches occurred in Darrang, Nagaon, Lakhimpur and 

Cachar districts respectively. Hence, a total of 26 districts are 

considered for further analysis. Lakhimpur district leads with 

135 breaches, followed by Nagaon 106 breaches and Sonitpur 

100 breaches (Figure 3). The number of breaches occurred in 

various districts grouped by failure mechanisms (Figure 4). It 

can be observed that overtopping and bank erosion are the 

dominant failure mechanisms in most of the districts. 

Overtopping is the major failure mechanisms of the Nagaon, 

Lakhimpur, Morigaon and Sonitpur districts. Embankment 

breach due to bank erosion is majorly observed in Karimganj, 

Sonitpur, Barpeta and Lakhimpur districts. 

 

Figure 3. Year wise and District wise Number of Embankment Breaches in Assam. 
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Figure 4. District wise Number of Breaches Classified according to Breaching Mechanism. 

6.3. Rivers Wise Embankment Breaches 

The breaches have occurred in embankments along 81 rivers in Brahmaputra river and its tributaries. The rivers with more than 

15 number of breaches during 2001-2019 is shown in Figure 5. Kopili river which passes through Nagaon and Morigaon districts 

recorded the highest number of breaches (108) followed by Kollong (78). Both these rivers join Brahmaputra from south. The 

Brahmaputra River it-self a rank of third with 71 number of breaches. 

 

Figure 5. Number of Breaches Classified by Rivers. 

6.4. Reach Length wise Embankment 
Breaches 

The length of breaches is also present in the collected data 

records, except for few breaches (nearly 59 in number). To 

analyse the data, the lengths are grouped with respect to 

breach length as shown in Figure 6. The analysis shows that 

approximately 44% of the breaches have breach length (BL) 

less than 30 m, 62% of the breaches have breach length (BL) 

less than 50 m, while only 82% of the breaches have breach 

length (BL) more than 100 m. 
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Figure 6. Range of Length of Breaches Occurred in Assam (2001-2019). 

7. River Embankment Failures 

Embankments are prone to failure due to various triggering 

mechanisms. These failure mechanisms are broadly classified 

into four categories (Figure 7). In general, overtopping is a 

major triggering mechanism responsible for embankment 

breach, followed by seepage and piping. In this study, 

overtopping, seepage and piping are considered as dominant 

mechanisms. 

 

Figure 7. Mechanisms Responsible for Embankment Failures. 

The underlying causes of the failure has been mentioned for majority of the breaches. For better understanding of the factors 

responsible for embankment breaching in Assam, these causes have been classified in eight (8) dominant causes, which are 

commonly observed (Table 3). 
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Table 3. Categorization of Breaching Mechanisms. 

S. No. 
Cause Considered for 

Analysis 
Causes mentioned in WRD Datasets 

1 Overtopping (527) 

Abrupt rise in water level, continuous overtopping, erosion and overtopping, heavy thrust and overtopping, 

insufficient section, leakage and overtopping, leakage, overtopping and erosion, leakage, seepage, piping and 

overtopping, less free board, sudden settlement of embankment portion, overtopping, overtopping and active bank 

erosion combined with sliding and sloughing, overtopping and erosion, overtopping and inadequate section, 

overtopping and leakage, overtopping and sliding, overtopping slump down, overtopping, erosion and sloughing, 

overtopping, sliding and sloughing, sliding and overtopping, and sudden rise of water. 

2 Seepage (72) 

Erosion and vertical settlement, erosion from countryside, heavy sliding, leakage, leakage and seepage, leakage, 

seepage and sloughing, leakage / sloughing, seepage, seepage and leakage, seepage and por, seepage, leakage and 

erosion, seepage, leakage and boiling, seepage, leakage and slump down, sliding and slumping, sloughing, sloughing 

and erosion, sloughing settlement, slumming and sliding, slumping, slumping down, slumping down of embankment 

portion, sudden collapse due to over burden of high flood for long duration, sudden erosion and slump down, sudden 

sloughing, sudden slump at countryside slope, sudden slump down, sudden slumping, and sudden slumping down. 

3 Piping (23) 

Boiling, boiling and seepage, depression of dike system, leakage and boiling, piping, and overtopping, severe boiling, 

slumping of slope, sloughing and undermining, slumping down due to leakage and piping, sudden depression, sudden 

depression of embankment, sudden settlement, and vertical settlement. 

4 Bank Erosion (224) 

Active bank erosion, active bank erosion combined with sliding and sloughing, active bank migration and sloughing, 

active erosion, active severe erosion, bank erosion, bank line migration, direct thrust of fresh water, direct thrust of 

water, erosion, erosion and sliding, erosion and sloughing, erosion and sloughing eventually overtopping, erosion and 

thrust of flood water, erosion, sloughing and overtopping, erosion, sliding and overtopping, heavy bank erosion, 

heavy erosion, heavy erosion and sliding, heavy thrust of flood water, massive erosion, rapid drawdown, severe 

erosion and direct hit of river current, severe erosion, sudden thrust of water, and water thrust. 

5 Public-Cut (92) Closed public cut, cut, cut by miscreants, cut by public, miscreant cut, public cut, and suspected cut. 

6 Countryside Effect (6) 
Backflow from countryside, direct hit by countryside flood water from breach at 15th km, overtopping from 

countryside due to breaching of Brahmaputra dike at Matmara, and thrust from countryside. 

7 Miscellaneous (26) 

Back flow from Brahmaputra river, damage of culvert, failure of abandoned sluice, failure of culvert, failure of 

foundation, failure of sluice culvert, faulty alignment of RCC bridge at Charaipani, foundation failure, pressure of 

Brahmajan channel, siltation, and meandering nature of river, slumping down of sluice gate, and wash away of Hume 

pipe culvert. 

8 Unclassified Cause (89) Breach, leakage, seepage, piping and slump down, sudden failure 

 1059 Total Number of Breaches 

 
The distribution of number of breaches with respect to the 

causes of breaches is given in Table 3 and shown in Figure 8. 

Referring to the Figure 8, the majority of breaches are caused 

by the overtopping (50%) of the embankments by flood water, 

followed by riverbank erosion (21%). Embankment breach 

due to intentional and/or accidental damage by public also 

contribute significantly (9%) to the overall embankment 

failures. 

 

Figure 1. Causes of Embankment Breaching in Assam. 
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Overtopping was found to be the dominant mode of dike 

failure in the statement of dike breaches for the period 

2001-2019. Overtopping was followed by bank erosion and 

seepage as has been observed from breach data analysis. 

7.1. Probabilistic Dike Failure Assessment 

A new simplified approach that considers the hydraulic drivers 

and failure resistance forces are selected to evaluate the 

vulnerability of embankment breach. This approach considers 

all the dominant modes responsible for dike failure in Assam. 

Hence, the present approach is process driven rather than 

expert judgement driven. Two load variables, water height and 

load durations are considered for all the failure modes. The 

model has benefit of accounting gradually varying load thus 

waiving an assumption of sudden and constant dike 

impoundment. These processes are described by set of 

parameters characterizing the reliability for each limit state 

equations. 

To calculate the risk of embankment failure, the triggering 

mechanisms need to be described with the Limit State 

Equations (LSE). LSE is defined as the difference of the 

resistance by the system (R) and the stress on the system (S). 

Z = R – S                    (1) 

Failure occurs when stress exceed the resistance, i.e. if z<0, 

there is a chance of failure. To define the suitable limit state 

models a detailed literature survey was performed. The limit 

state equations for overtopping mechanism are taken from 

Apel [18] and for failure due to seepage and piping approach 

of Vorogushyn [19] is used. 

7.2. Embankment Failure Due to 

Overtopping 

It is the most common failure mechanism observed in 

Brahmaputra river dike failures. Overtopping is also a 

dominant process responsible for embankment failure in the 

Brahmaputra river system. The LSE for overtopping relates 

the overtopping discharge (qa) to the critical discharge (qcrit). 

qcrit represents threshold for the erosion of the landward slope. 

 

Figure 9. Schematic Representation of Flow Overtopping Dike. 

The overtopping discharge is given by the equation of flow 

over a broad-crested weir (equation 2). It is the stress (S) in the 

LSE equation (1) above. 

�� � �	��
�

	                  (2) 

where,	�	is summary parameter representing the embankment 

geometric properties. 

�	 � 	1.444	1 � �����������         (3) 

The parameters �� , �� , ��, ��, 	�� required for estimation of 

summary parameter � are described below. 

Where: �� �	Contraction flow 

��	 �	Crest width BK 

C� � Rounding RK 

��= Slope of inner talus (1: m) 

��= Slope of outer talus (1: n) 

The resistance factor qcrit is given by [20] from the analysis of 

dikes data with turf. It is the resistance (R) in equation (1) 

����� �
��
	. !".	 	

#$%	���&'
".( 	

	                (4) 

Where, )� is critical flow velocity defined as: 

)� � *+
,.-

#./.- 01+2" �3
              (5) 

Where: 

1) 4� [deg] the angle of the inner talus 

2) 5 the roughness of the inner talus 

3) *+ [ ] a parameter describing the quality of the levee turf 

4) 6� the overflow duration [h] 
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7.3. Embankment Failure Due to Seepage 

Through Core 

Seepage flow from riverside to landward slope, through dike 

core, may initiate erosion and transport of embankment 

material. Progressing material relocation from slope can 

eventually lead to inner slope failure. CUR/TAW [21] and [22] 

denoted geo-hydraulic failure of inner (landward) slope as 

micro-instability. Hence, failure of a dike due to inner slope 

failure because of seepage, is sometimes called as 

micro-instability failure. Phreatic line, which is an upper 

boundary of saturated zone, must reach the inner slope and the 

seepage front must develop for the micro-instability to occur. 

The height at which the slope failure starts depends on the exit 

point of phreatic line. If the above conditions are satisfied and 

the effective weight and/or force exerted by the flow exceeds 

the resisting shear stress, the micro-instability failure occurs. 

A dike constructed using highly permeable cohesionless 

material is more prone to this kind of failure. A dike 

constructed of cohesive material (like clay) is less likely to fail 

due to micro-instability slope failure. 

 

Figure 10. Schematic Representation of Seepage through Dike Core Mechanism. 

Point A in above figure is a point at which the failure initiates. 

If point A is high enough to damage the dike crest, substantial 

material relocation may lead to dike failure. Hence, for a dike 

to fail due to micro-instability two dependent failure modes 

must satisfy viz. (i) seepage through dike core, and (ii) erosion 

and relocation of dike material from inner slope of dike. 

The final dike failure probability can be expressed as a 

probability for dependent events according to the 

multiplication rule of probability theory. 

7��8��09�: � 7;::<�+: . 7��|;::<�+:          (6) 

Where: 7��8��09�:  is final dike failure probability due to 

micro-instability, 7;::<�+:  probability of seepage through 

dike core and 7��|;::<�+: is the probability of slope failure 

after the seepage flow has developed. 

7.4. Embankment Failure Due to Seepage 

Through Foundation 

Existence of high permeable sand between low permeable 

clay in the dike foundation may allow the seepage of water 

from river side to land side. With the increasing pressure, the 

seepage front may progress towards the toe of the land-side 

dike. If the growing pressure of the upward seeping water 

(near the land-side dike toe) exceeds the effective weight of 

the soil, rupture of clay layer takes place. This rupture further 

increases the seepage flow through dike foundation, which 

may eventually initiate the material transport towards 

land-side dike toe, when the critical stress of sand material is 

exceeded. This results in the formation of sand boils behind 

the dike core- a typical indicator of progressive erosion. 

Continuous erosion of sand material results in formation of a 

channel or tunnel through the dike foundation which gradually 

progress towards riverside dike toe until an equilibrium is 

reached. The pressure at this stage is called critical pressure. 

Further increase in pressure restarts the halted erosion process 

and continues till it reaches the riverside dike toe which 

ultimately may lead to the failure of dike. Figure 11 is a 

schematic representation of piping failure mechanism. Hence, 

for a dike to fail due to piping, four failure modes need to take 

place one after another, which are: 

1) The seepage front through sand layer must pass all the way 

to land-side dike toe 

2) Rupture of upper clay layer must take place directly behind 

the land-side dike toe, so the seepage length equals dike 

foot length 

3) Critical pressure must have achieved 

4) Pipe must have developed till critical length i.e., till the 

riverside dike toe 
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Figure 11. Schematic Representation of Piping Failure Mechanism. 

Each of the above-mentioned failure modes is dependent on 

the previous one, hence the probability of occurrence of each 

failure mode needs to be predicted separately. These will be 

combined following the multiplication rule of probability 

theory for dependent events to predict the final probability of 

dike failure due to piping and are expressed below: 

7<8��09�: � 7<�<��+ . 7�0|<�<��+            (7) 

7<�<��+ � 7�; . 7>�?'@|�;                 (8) 

7�; � 7;::<�+: . 7�|;::<�+:            (9) 

Where, 7<8��09�:  is probability of dike failure when the 

critical pipe length is reached, 7�0|<�<��+  is probability of 

pipes reaching the critical length after erosion progressed 

beyond the critical state, 7<�<��+ is probability of progressive 

piping and rupture, 7>�?'@|�;  is probability of reaching the 

critical state for piping after rupture has occurred, 7�;	 is 

probability of rupture and seepage, P(seepage) is probability 

of foundation seepage, 7�|;::<�+: 	 is probability of rupture 

given the seepage. 

7.5. Embankment Failure Due to 

Geotechnical Slope Failure 

Continuous erosion of riverbanks may expose the foundation 

of the embankments. This can eventually lead to slope 

instability of the embankments and cause embankments 

failure. 

 

Figure 12. Schematic Representation of Erosion and Slope Failure. 

The reliability function for the erosion and slope failure can be 

defined as: 

A � B���� C	B�                  (10) 

This function relates the critical width of the apron required to 

keep the embankments stable to the actual width of the apron 

available after erosion/ bank retreat. Once the width of apron 

crosses this critical value, the embankment may fail due to 

geotechnical slope failure. A location map of embankment 

failure is shown in Figure 13. 

8. Bank Failure 

Multi-temporal satellite remote sensing data i.e. Landsat-5 

TM (30 m), Landsat-7 ETM (30 m), and Landsat-8 OLI (30 m) 

have been used to digitize bank lines from 1996 to 2020 (25 

years), which have been Earth Explorer, USGS at 

https://earthexplorer.usgs.gov. GIS technique using advanced 

remote sensing data over the last 25 years have been used to 
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identify the changes in river course and calculations has been 

analyzed bank failure, river shifting and bank erosion. 

The multi-criteria analysis (MCA) model integrated with 

remote sensing and GIS data has been used to identify 

vulnerable areas to natural hazards. Several spatial criteria are: 

(i) settlements - rural & urban; (ii) public utilities places - 

educational institutes (university / collage / school), 

Government offices, medical facilities (clinic / hospital), 

religious places, and industries; (iii) transportations - roads, 

railway lines, bridges, airports, ferry services locations; (iv) 

bank protection structures - embankments, and spurs / studs; 

(v) morphologically active river bankline reaches; (vi) 

common erosional areas over the years (1996 to 2020); (vii) 

natural vegetation - reserved forest, protected forest, wildlife 

sanctuary, and national parks; (viii) population density; (ix) 

slope; (x) soil textures; and (xi) geology (lithology) [14, 22]. 

By-using the MCA method, the author has analysed the bank 

failure along Brahmaputra river in the highly 

morpho-dynamic river reaches [23]. A bank failure map along 

Brahmaputra river in Assam is shown in Figure 14. 

 

Figure 13. Location Map of Embankment Failure in Assam. 

 

Figure 14. Bank Failure Map along Brahmaputra River in Assam. 
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The bank-failure mechanism of Brahmaputra river in the study 

area was identified based on the satellite remote seeing data 

analysis, field assessment (Figure 15, and Figure 16), 

conversation with the local community-people and the test 

results of the various sample materials analysis. It has also 

been reported that when the flow velocity of the river is too 

high, there is a serious failure of the bank during the downturn 

of the flood water. This type of failure can be described as a 

slab-type rotational failure involving both mechanisms such 

as planar failure with a tension crack and failing blocks with 

the same geometry. From the geotechnical point-of-view, it is 

understood that the strength of bank soil decreases rapidly as 

the amount of water increases. The permeability is also greatly 

reduced at the same time which ultimately increases the 

weight of the material and triggers a widespread failure of the 

bank. 

 

Figure 15. Riverbank Failure in Paharpur Katuli (Barpeta District), Assam. 

 

Figure 16. Embankment Failure, Bank Failure, Field Assessment, Assam. 

9. Conclusion 

The present paper reviews the embankment breach 

mechanisms for embankments constructed along the 

Brahmaputra River and its tributaries in Assam to ascertain 

the dominant failure modes based on the available breach 

records. The revisited failure statistics suggests that 

overtopping, piping and inner slope instability are primary 

dike failure mechanisms. The paper also presents the overall 

framework and the rationale behind the embankment breach 

risk assessment. The methodology of the embankment breach 

prediction is developed by considering four dominant failure 

mechanisms observed in the state of Assam viz. overtopping, 
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piping, seepage, and bank erosion. The overtopping, piping 

and slope micro-instability has been considered in flood 

hazard assessment studies by developing and applying 

fragility curves. Geotechnical slope failure has not been 

assessed by use of a traditional calculation approach. The 

fragility function for the embankment failure due to riverbank 

erosion in the embankment breach risk assessment study has 

been developed as part of the study and included in this paper. 

The fragility function for the embankment failure due to 

riverbank erosion is based on the expert’s judgements and by 

simple empirical relationships utilising remote sensing and 

GIS techniques. 

Acknowledgements 

Author is grateful to Managing Director, DHI (India) Water & 

Environment Pvt Ltd, New Delhi. India for providing the 

necessary facilities to carry out this work. 

References 

[1] Lahiri SK and Sinha R. 2012. Tectonic controls on the 
morpho-dynamics of the Brahmaputra river system in the upper 
Assam valley, India. Geomorphology. Vol. xx, pp. 1-12.  

[2] Boruah S and Biswas SP. 2003. Stemming the flood, killing 
biodiversity. Ecologist Asia. Vol. 11 (1), pp. 13-23. 

[3] WRD. 2019. Water Resource Department (WRD), Assam: 
https://waterresources.assam.gov.in/portlets/flood-management. 

[4] Pareta K. 2020. Riverbank erosion and shifting determined from 
satellite images. DHI Internal Report prepared under Assam 
Integrated Flood and Riverbank Erosion Risk Management 
Investment Program (AIFRERMIP) Scheme for Flood and 
Riverbank Erosion Management Agency of Assam (FREMAA), 
63801442-04. 

[5] Goswami DC. 1985. Brahmaputra river, Assam, India: 
physiography, basin denudation, and channel aggradation. 
Water Resources Research. Vol. 21, pp. 959-978. 

[6] Pareta K and Pareta U. 2021. Effects of bank protection 
structures on river morphology. International Journal of 
Environmental Planning and Management. Vol. 7 (1), pp. 21-35.  

[7] Pareta K. 2020. Effect of Laxmanpur barrage on the river 
system, a case study through multi-temporal satellite remote 
sensing data. Indian Journal of Engineering. Vol. 17 (48), pp. 
443-449. 

[8] SOI. 2005. Survey of India Toposheet (1:50,000 Scale): 
http://soinakshe.uk.gov.in/Home.aspx. 

[9] USGS. 2020. Landsat Satellite Imagery: 
https://earthexplorer.usgs.gov. 

[10] CW&PC. 1960. Embankment manual: investigation, design, 
construction, maintenance. Central Water & Power Commission, 
Ministry of Irrigation & Power. Ed. 2, pp. 1-78. 

[11] Hathi J, Anand DB, Prasad K, Ghosh R, Patnaik N, Gohain H, 
Sanyal N, Singh P and Babington S. 1980. Rashtriya Barh Ayog 
(National Commission on Floods), Technical Report. Ministry 
of Energy and Irrigation, New Delhi. 

[12] Pareta K and Goswami D. 2021. Prediction of short-term 
morphological change in Rapti river system using ARIMA 
model and multi-temporal Landsat satellite imageries. 
American Journal of Geophysics, Geochemistry and 
Geosystems. Vol. 7 (1), pp. 1-21. 

[13] Pareta K and Pareta U. 2020. Geomorphic classification and 
mapping of Rapti river system using satellite remote sensing 
data. American Journal of Geophysics, Geochemistry and 
Geosystems. Vol. 6 (1), pp. 1-15. 

[14] Pareta K and Pareta U. 2020. Identification of sites suitable for 
rainwater harvesting structures in Budhil river basin, Chamba 
(Himachal Pradesh) using remote sensing and GIS Techniques. 
American Journal of Geophysics, Geochemistry and 
Geosystems. Vol. 6 (2), pp. 58-73. 

[15] Pareta K and Pareta U. 2019. Identification of vulnerable areas 
to natural hazards along Rapti river system in U.P. (India) using 
satellite remote sensing data and GIS. American Journal of 
Geophysics, Geochemistry and Geosystems. Vol. 5(3), pp. 
91-103. 

[16] Pareta K and Pareta U. 2019. Hydro-geomorphological mapping 
of Rapti river basin (India) using ALOS PALSAR (DEM), 
GRACE/GLDAS & Landsat-8 remote sensing data. American 
Journal of Geophysics, Geochemistry and Geosystems. Vol. 5 
(3), pp. 104-118. 

[17] Pareta K and Baviskar S. 2020. Geospatial modeling for 
planning of water conservation structures. American Journal of 
Geophysics, Geochemistry and Geosystems. American Journal 
of Geophysics, Geochemistry and Geosystems. Vol. 6 (4), pp. 
102-119. 

[18] Apel H, Thieken A, Merz B and Blöschl G. 2006. A 
probabilistic modelling system for assessing flood risks, Natural 
Hazards. Vol. 38, pp. 79-100. 

[19] Vorogushyn S, Merz B and Apel H. 2009. Development of dike 
fragility curves for piping and micro-instability breach 
mechanisms. Natural Hazards and Earth System Sciences. Vol. 
9, pp. 1383-1401. 

[20] Vrijling JK and Van Gelder PHAJM. 2000. Probabilistic design. 
Lecture Notes, Delft University of Technology (TU Delft), 
Netherlands. 

[21] CUR/TAW. 1990. Probabilistic design of flood defences. Centre 
for Civil Engineering Research / Technical Advisory Committee 
on Flood Defences, Report 141, Gouda, The Netherlands. 

[22] Vrijling JK. 2001. Probabilistic design of water defence systems 
in the Netherlands. Reliability Engineering and System Safety. 
Vol. 74, pp. 337-344. 

[23] Pareta K. 2021. Why Indian largest river island Majuli is 
shrinking: biophysical and fluvial geomorphological study 
through historical multi-temporal satellite imageries. American 
Journal of Geophysics, Geochemistry and Geosystems. Vol. 7 
(1), pp. 38-52. 

 


