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UNIVERSITY OF SOUTHAMPTON 

 

ABSTRACT 

 

FACULTY OF SOCIAL AND HUMAN SCIENCES 

GEOGRAPHY AND ENVIRONMENT 

 

Doctor of Philosophy 

 

BANK EROSION PROCESSES ALONG THE LOWER MEKONG RIVER 

 

by Hai Quang Trieu 

 

 

This project conducts an analysis of bank erosion processes on a large, monsoon-

affected river, the Lower Mekong River in Laos.  The methodological approach taken 

was to build integrated models of bank erosion processes at three study sites on the 

Lower Mekong River in Laos (Friendship Bridge, Ang Nyay and Pakse) to simulate 

processes of (i) groundwater seepage and pore water pressure evolution, (ii) the effect 

of this on mass-wasting (using the Geo-slope model) and, (iii) fluvial erosion (using a 

model adapted from Kean and Smith, 2006ab). In all cases the models were 

parameterised using measured bank geotechnical properties. Across the study sites, a 

total of 42 simulations were undertaken to represent a wide range of observed flow 

events. Specifically, 14 selected flow hydrographs (comprising three types: single peak, 

multiple peak and rapid fall) were evaluated at each of the study sites, such that the 

influence on bank erosion of the hydrological properties of different monsoon floods 

could be evaluated. 

 

The main findings indicate that although the Mekong is a big river, its dominant bank 

erosion process is one of slow, gradual, fluvial erosion. This research forms a partial 

contribution to understanding bank erosion processes operating in the Mekong. It was 

found that bank stability on the Mekong responses to variations in flood magnitude in 

ways that are similar to other rivers located within humid temperate areas. However, 

the Mekong has had the greater stability than these rivers due to its greater bank 

heights and more consolidated bank materials. 
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 1  

Chapter 1 Introduction 

 

 

River bank erosion, sediment transport and land loss hazards are aspects of a problem 

with global implications (Darby et al., 2000). Specifically, bank erosion phenomena can 

cause several problems relating to (Alonso and Combs, 1990; Lawler et al., 1997; 

Rinaldi and Casagli, 1999): 

- Loss of agricultural land, 

- Damage to structures which are located next to the river channel, 

- Accumulation of bank-derived sediments in downstream reaches, which can promote 

flooding there, 

- Channel instability 

- Ecological impacts coming from changes in sediments. 

 

To effectively manage these problems, it is necessary to understand bank erosion 

processes. There are two main sets of these processes, namely fluvial erosion and 

mass failure (Rinaldi and Darby, 2008). With respect to mass failure, recent studies 

have focused on two main topics: (1) accounting for the effects of positive and 

negative pore water pressures and confining river pressures (Casagli et al., 1999; 

Simon et al., 2000; Rinaldi et al., 2004); and (2) quantifying the effects of riparian 

vegetation on bank stability (Simon and Collison, 2002; Pollen and Simon, 2005; 

Pollen, 2006; Van de Wiel and Darby, 2007). In contrast to mass wasting, our current 

understanding of the process of fluvial erosion has, until now, been limited by an 

inability to parameterise available models of the process sufficiently accurately. 

 

Around a quarter of the world’s total population live in the basins of the 10 largest 

rivers of the monsoonal Asia Pacific region: Indus, Ganges-Brahmaputra-Meghna (GBM), 

Irrawaddy, Salween, Chao Phraya, Mekong, Red River, Pearl River, Yangtze and 

Yellow River (Varis et al., 2012). Because of industrialisation and urbanisation, the 

population is growing fast in these areas, especially in South Asia. With the high 

density of people, the World Bank (2008) identifies the major problems occurring 

within these river basins as poverty, malnutrition and uncontrolled urbanisation. Most 

of these rivers and their basins have changed dramatically over the years and no doubt 

they will be modified in the future too. Of these rivers the Mekong is perhaps the only 

large Asian river remaining approximately in pristine condition (except in the delta 

area), but even the Mekong is under pressure from plans for hydropower development 

(Kummu et al., 2010). 

 

http://www.sciencedirect.com/science/article/pii/S0143622811000774#ref_bib42
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Most of the Asian mega-rivers have to face natural hazards, with nine out of ten of the 

world’s horrible disasters taking place in these countries (Hough, 2004). Some 

disasters just occurred recently with massive damage to human lives and properties 

such as disastrous floods of the Indus in 2010 and 2011, the cyclone Nargis that hit 

the Irrawaddy delta in 2008, and the Sichuan earthquake within the Yangtze basin in 

2008. 

 

 

Figure ‎1.1. The ten river basins with the div ision of the three geographical areas (Varis et al., 2012). 

 

Of the Asian mega-rivers, each is vulnerable to different issues. For example the 

Red River, Pearl River, Yangtze and Yellow River have problems with environmental 

factors. According to the Environmental Systems Indicator (Esty ey al., 2005), the South 

Asian basins have most problems with the quality of their environmental systems, 

followed by the Chinese ones. The Irrawaddy and Salween Rivers are facing to hazard 

and economic development, these two basins are undergoing rapid urbanization and 

the number of people that should be able to enter the modern economic system is 

growing very fast. The Indus and Yellow River are combating with water scarcity as 

their both annual precipitation is below 500 mm. Very little runoff is produced by the 

Yellow River and the Indus is not much more affluent with water (GWSP Digital Water 

Atlas, 2008). 
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 Basin Area (x 10
3

 km
2

) 
Shared by Number 

of countries 

Population 

(millions) 

China Yellow River 1022.3 1 185.3 

 Yangtze 1717.6 1 378.4 

 Pearl 419.0 3 92.5 

SE Asia Red 156.7 3 27.8 

 Mekong 811.5 6 69.1 

 Chao Phraya 167.5 3 25.0 

 Salween 262.7 3 7.8 

SA Irrawaddy 412.6 3 37.2 

 GBM 1630.9 6 623.8 

 Indus 1141.3 5 236.5 

Total  7742 12 1683 

World total  130,677  6441 

 

Table ‎1.1. The ten river basins: land surface area, number of countries sharing the river basin and 

population in year 2005 (Varis et al., 2012) 

 

In all ten large Asian rivers, bank erosion is a problem. On the Yangtze river in China, 

serious bank erosion occurred in the middle reaches during the last two decades (Jia et 

al., 2010). The rate of bank retreat in this section has been measured at a maximum of 

88.4 m/year. On the Red River in Vietnam, controlling rapid erosion is one of the most 

prominent issues (Akkerman et al., 2006). The Bangladeshi government highlighted 

bank erosion on the Ganges, Brahmaputra and Meghna rivers the national adaptation 

programme of action (NAPA, 2005) with its strategic goals and objectives being to 

reduce the adverse effects of climate change. Maximum bank erosion on the Ganges 

river in the period 1984-93 was 665 m/year, while along the right and left bank of the 

Ganges, erosion rates are 56m and 20m per year, respectively. On the Upper Megna 

river, average bank erosion rates along the right and left banks of the river were found 

to be 9 m and 7 m per year, respectively. On the Mekong river, very high erosion rates 

in occur in the delta (Le et al., 2006) causing sediment deposition in the water line, the 

obstruction of navigation, enhancing peak flood level, as well as causing a wide range 

of serious damage for habitant’s life. On the Indus river in Pakistan, extensive works 

have been constructed to control flooding and erosion (NHC, 2006). These works 

include about 5,000 km of flood dikes or levees, spurs with riprapped ends to protect 

the levees. 

 

The Asian mega-rivers, in terms of river bank erosion research, are therefore most 

interesting as they are very big and they are very dynamic. However, research on bank 
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erosion on these rivers is limited. Most of the erosion rate data has been extracted 

from satellite images or is only observed where large rates of erosion occur. There are 

very few data that describe bank sediment, pore water pressure or the bank strength 

on these rivers. Bank erosion is important, but most recent works have been 

undertaken on different systems (temperate, small scale system). As noted above, the 

recent research done by Casagli et al., 1999; Simon et al., 2000; Rinaldi et al., 2004; 

Darby et al., 2007; Rinaldi and Darby, 2008; Luppi et al., 2009 have been conducted 

on temperate, relatively small rivers.  

 

The Mekong River is a globally significant river, with a hydrological regime driven by 

the Asian monsoon. There are many sediment-related issues associated with the 

Mekong River, particularly bank erosion. Farm and residential lands near the riverbank 

have been damaged by bank erosion. A population of more than 50 million are living 

within the Lower Mekong Basin, which includes Laos, Thailand, Cambodia, and 

Vietnam. The population density along the riverbank is much greater than in other 

parts of these countries, excluding the coastal zones. The riverbank zone in the basin 

provides important economic goods and services for production and consumption, as 

well as areas for population settlement, and social and cultural arenas. Along the river, 

there are several sites where the river banks are eroding. However, there is a little 

knowledge about bank erosion processes in this type of physiographic setting 

(tropical, monsoonal). 

 

For these reasons, this thesis focuses on undertaking a detailed investigation of bank 

erosion processes on the Mekong, as an example of a monsoonal mega river. The 

thesis aims to: 

 

(1) Develop existing approaches to undertaking integrated analysis of bank erosion, 

focusing in particular on the quality of individual sub-models, especially in relation to 

fluvial erosion. 

 

In fluvial erosion calculation in recent research, near bank shear stress is converted 

mostly from mean boundary shear stress using Leutheusser’s method (1963). 

However, there are over predictions in estimating mean boundary shear stress using 

this approach, leading to potentially large errors in fluvial erosion then factor of safety, 

computations. Therefore, this research will focus on employing a novel method which 

brings greater accuracy in fluvial erosion modeling. 
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(2) Identify the key factors which are responsible for bank erosion in large, monsoonal 

rivers; thereby extending recent process based bank erosion research to a new 

physiographic setting. 

 

There are several factors affecting river bank stability such as bank geometry, 

hydraulic and hydrological parameters, and geological characteristics. However, in a 

monsoonal river like the Mekong, some factors have different magnitudes than others 

in different climate regions (i.e. hydrograph; in the large river, the flow hydrograph has 

a much longer duration, which in the case of the Mekong is a matter of several 

months). Some factors like vegetation have a strong effect on low banked rivers, but 

have less effect on high banks along rivers like the Mekong. Other factors might have 

not any effect (i.e. freeze-thaw weakening is not taken into account in the Mekong, but 

is a crucial factor in many temperate zone rivers). Therefore, this research will identify 

the dominant factors controlling bank stability in large tropical monsoonal river, as 

well as considering these factors in relation to bank erosion on other rivers. 
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Chapter 2 Literature Review 

 

This chapter provides a detailed review of the literature concerning bank erosion 

processes, in order to identify existing technical limitations in bank erosion modelling, 

which can then be addressed in the research. The review is structured in three 

sections. The first two parts discuss bank erosion processes. In the final section, the 

key controlling factors influencing bank erosion are discussed to determine how these 

factors are likely to affect the river banks of large, monsoonal rivers such as the 

Mekong. 

 

2.1 Bank erosion processes and mechanisms 

 

Bank erosion is a phenomenon which occurs when material from the side of a river 

channel is eroded, not only by fluvial processes, but also potentially by frost heave, 

drying, groundwater sapping, surface wash, and slope failure. The processes and 

mechanisms of bank erosion have been reviewed by numerous authors (e.g. Wolman, 

1959; Twidale, 1964; Knighton, 1973). Further research has been undertaken in more 

recent years, focusing in particular on the mechanisms of mass failure (e.g Hooke, 

1979; Thorne and Tovey, 1981; Thorne, 1982; Lawler, 1986, 1992, Darby and Thorne, 

1996a; ASCE, 1998), the role of pore water pressure (Rinaldi and Casagli, 1999; Darby 

et al., 2000, Dapporto, 2001; Dapporto et al., 2003; Rinaldi et al., 2004), and in 

developing models that link the effects of fluvial erosion and mass failure (Darby et al., 

2007; Rinaldi and Darby, 2008; Luppi et al., 2009). 

 

In general, bank erosion can be classified according to the different bank erosion 

processes and mechanisms that contribute to net retreat and determine the controlling 

factors which affect bank stability (Figure ‎2.1). Bank erosion involves the entrainment 

of bank material that is subsequently removed downstream by the river. Thorne (1982) 

defined the processes of bank erosion as comprising (1) weakening and weathering 

processes, and (2) fluvial entrainment processes, while (3) bank failures under gravity 

occur through several types of specific failure mechanisms. 
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Figure ‎2.1.  Relationship between bank erosion processes (Van de Wiel, 2003) 

 

There are several kinds of bank mass failure, the basic types having been defined by 

Thorne (1982) as (i) rotational slip, (ii) shallow slip, (iii) plane slip failure. The specific 

forms of failure normally are influenced by bank material composition. For example, 

plane slip and shallow slip failures tend to occur in cohesionless materials while 

rotational failures tend to dominate cohesive banks (Hemphil and Bramley, 1989). 

Another basic type of mass failure is the cantilever failure mechanism, which is 

associated with composite banks which mostly are formed of relatively coarse-grained 

(non-cohesive) materials at the toe and fine-grained materials higher up.  

 

Some other failure types were defined by Dapporto et al. (2001) as alcove-shaped 

failures, which were observed to occur in the middle part of the bank, leading to 

cantilever failure in moderate flow events. This type of bank consists of clay at the 

basal layer, silty sand in the middle layers and silt or sand at the top of the bank 

profile. 

 

Figure ‎2.2 illustrates the main mechanisms of bank collapse, showing the 

morphological status of the river bank before and after failure. High, steep, nature 

banks are likely to generate planar or rotational type failures. 



 
9 

 

Figure ‎2.2.  Types of mass failure of banks (Hemphil and Bramley, 1989) 
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Bank mass failure can be considered as a special case of a slope failure and therefore 

can be assessed using the principles of geotechnical engineering. In this approach, the 

stability of the bank usually is defined by calculating the ratio between the resisting 

forces and driving forces, expressed as a factor of safety (FS). When FS<1, the resisting 

forces are less than the driving forces, causing bank instability and co llapse. In 

contrast, when FS>1, the bank is stable. 

 

The specific methods employed to analyse these forces has developed gradually 

through time. The first method was the Culmann method (1866), which employed only 

a very simple failure block geometry and a limited description of the imposed forces 

(Figure ‎2.3). 
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2.1.1 Plane slip failure 

 

Figure ‎2.3.  Culmann analysis for plane slip failure (Thorne, 1982): F
1

- driv ing force, F
2

- resisting force, H
c

- 

critical bank height, L- length of failure plane, N- component of the weight W (normal to failure surface), c- 

effective cohesion, - material unit weight, - bank angle and - internal fric tion angle. 

 

The Culmann method calculates the critical bank height using the simple fomula: 

  



 


cos1

cossin4c
H c

     (2.1) 

 

For nearly vertical slopes, the bank stability predictions estimated by the Culmann 

method are similar to those derived from the circular arc analysis method (Thorne, 

1982). However, when the bank angle decreases and bank height increases, the 

Culmann method overestimates the bank stability and plane slip failure  happens rarely, 

meaning that the validity of the Culmann method is strictly limited to very steep 

slopes.  

 

Lohnes and Handy (1968), Thorne et al. (1981), Huang (1983) and Simon et al. (1991) 

used a relatively simple, idealised geometry to analyse the stability of steep, cohesive, 

eroding banks which fail along planar surfaces. When applied at the field scale with 

real data, the limitations of these approaches are revealed (Darby and Thorne, 1996a; 

Millar and Quick, 1997): 

- The idealised and simple geometry is inadequate to describe the bank profile of 

natural, eroding riverbanks in reality, especially when there is an occurrence of a 

tension crack (Osman and Thorne, 1988). Figure ‎2.4 shows a modified bank profile 

which is deformed by a combination of near-bank bed degradation and bank-toe 

erosion. 

- The failure plane is forced to go through the bank toe (Simon et al., 1991), which is 

not always realistic. 
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- The effects of pore water pressure and hydrostatic confining pressure are ignored, 

leading to inaccuracy in calculate bank stability (Simon et al., 1991). 

- As noted above, the planar failure analysis is valid only for very steep banks (Taylor, 

1948; Millar and Quick, 1997). 

 

To address these limitations, Darby and Thorne (1996a), Osman and Thorne (1988) 

and Darby et al. (2000) developed stability analyses that account for a more natural 

bank geometry that results from the deformation of the bank by a combination of bed 

aggradation or degradation with direct lateral fluvial erosion (Figure ‎2.4). 

 

 

Figure ‎2.4. Definition diagram for the bank stability  analysis. K- tension crack depth, K
h

- relic  tension crack 

depth, i- angle between resultant of hydrostatic confining force and normal to failure plane, - failure plane 

angle, U- hydrostatic uplift force, F
cp

- hydrostatic confining force, - angle at which the resultant of the 

hydrostatic confining force is directed, - uneroded bank angle, GWSE- groundwater surface elevation, WSE- 

surface water elevation, W
t

- failure block weight, FD- driv ing force, FR- resisting force, y
fp

- floodplain 

elevation, y
t

- base of ̀ vertical face', y
s

- elevation of base of uneroded bank slope (base of ̀ upper bank'), y
f

- 

elevation of base of failure plane, y
k

- elevation of base of tension crack, H- total bank height, H'- uneroded 

bank height, L- length of failure plane (Darby et al., 2000). 

 

Therefore, in addressing the above limitations, a more natural bank geometry is 

applied (Darby et al., 2000), reflecting the effect of fluvial erosion combined with bed 

aggradation or degradation (Figure ‎2.4). In recent years further advances have led to 

the widespread use of commercial stability models (e.g. Geo-slope) in which arbitrary 

bank geometry can be specified (Dapporto, 2001; Dapporto et al., 2003; Rinaldi et al., 

2004; Darby et al., 2007). 
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2.1.2 Plane failure 

 

Using the position of the intersection between the failure arc and the ground surface  

as a defining criterion, three types of rotational slip failures can be defined: base 

failure, toe failure and slope failure (Thorne, 1982). The “Swedish slices method” is so 

called due to the pioneering work of Swedish engineers. Taylor (1948) used only a 

simple circular arc because similar results are obtained using circular arc or log-spiral 

failures. By using the most common assumption that the inter-slices forces act 

horizontally, Bishop (1955) estimated the factor of safety for unit length along the 

bank using: 

  

















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








A

B F

s

F

F
s

W

F

ubWbc
F





sin

1

'tantan
1

sec'tan'
    (2.2) 

in which u - pore water pressure, is taken into account because this equation is showed 

in terms of effective stress, c’- effective cohesion, ’- friction angle, F
s

- factor of safety 

with respect to rotational slip, W - weight of the bank material within the failure arc, 
F

- 

local angle of the failure plane and 

1tansec 2  FF        (2.3) 

 

Equation 2.3 has a limit which is identifying the critical slip circle, thus a number of 

likely locations must be examined iteratively (Thorne, 1982), leading to a large 

computational burden. Therefore, Taylor (1948), Bishop and Morgenstern (1960), 

Morgenstern (1963) and then Ponce (1978) built stability charts to help predict the 

worst case. However, there is still a limitation in that applications of the method are 

limited to cases where there are circular failure surfaces and critical undrained 

conditions, which rarely coincide in natural river banks (Thorne and Tovey, 1979). 

Eventually, with the aid of computer modelling, these limitations are no longer an issue 

because many failure surfaces can be explored iteratively. 
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Figure ‎2.5.  Bank stability  analysis and pore water pressure distribution (Rinaldi and Casagli, 1999). 

 

For river bank stability analyses, positive pore water pressures are typically applied for 

saturated soil, neglecting the stabilizing effects of negative pore  pressures in the 

unsaturated portion of the bank (Lohnes and Handy, 1968; Selby, 1982; Huang, 1983; 

Simon et al., 1991; Osman and Thorne, 1988; Darby and Thorne, 1996a). Therefore an 

advantage of the work by Rinaldi and Casagli (1999) is that they account for both 

positive and negative pore water pressures when calculating the factor of safety (Figure 

‎2.5). By using a combination of two different failure criteria which are applied to the 

unsaturated and saturated portions of the bank, the factor of safety is calculated using 

the expression: 

 




sinsin

'tancoscostan'

PW

PUWSLc
F

b

s



     (2.4) 

where W - weight of failing material, U - hydrostatic uplift force on the saturated 

portion of the failure surface, S - suction force on the unsaturated portion of the failure 

surface, P - resultant of the hydrostatic confining force due to the external water 

level, - failure plane inclination and  - angle formed by the resultant of the 

hydrostatic confining force with the failure surface. 

 

Later on, Simon et al. (2000) and Rinaldi et al. (2004) included the effects of 

hydrostatic confining river pressures as well as the effects of negative pore water 

pressure. The effects of matric suction on shear strength are reflected in the apparent 

or total cohesion using an equation of Fredlund and Rahardjo (1993): 

  bb

waa cuucc  tan'tan'      (2.5) 

In Equation 2.5 the negative pore water pressures (positive matric suction, ) in the 

unsaturated zone provide an apparent cohesion over and above the effective cohesion, 
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and thus, greater shearing resistance; this is often manifested in steeper bank slopes 

than would be indicated by ’. 

 

 

Figure ‎2.6. Geometry of the Goodwin Creek stream showing failure plane and parameter values which are 

considered in Equation 2.6 (Simon et al., 2000) 

 

In more realistic applications, Simon et al. (2000) used the above model for multiple 

layers (Figure ‎2.6) in which each layer’s weight is affected by its moisture content 

using: 

    

 











sinsin

'tancoscostan'

ii

iiii

b

iiii

s
PW

PUWSLc
F   (2.6) 

 

where L
i

- the length of the failure plane incorporated within the ith layer, S - the force 

produced by matric suction on the unsaturated part of the failure surface (kN/m), U - 

hydrostatic-uplift force on the saturated portion of the failure surface (kN/m) and P is 

the hydrostatic-confining force due to external water level (kN/m). Equation 2.6 

represents the continued refinement of bank-failure analyses by incorporating 

additional forces and soil variability (Osman and Thorne, 1988; Simon et al., 1991; 

Darby and Thorne 1994; Casagli et al., 1997, 1999). 

 

Dapporto et al. (2001, 2003) and Rinaldi et al. (2004) used Geo-Office v.4 software to 

analyse bank stability. Saturated and unsaturated flows are modelled by two -

dimensional, finite element seepage analysis (seep/w) using the equations of motion 

and mass conservation, while bank stability analyses are modelled by slope/w using 

the Morgenstern-Price method (Morgenstern, 1963). There are some advantages in 

applying this software relative to the previous studies reviewed above, namely: 

- The river bank geometry is freely defined without any limitation to its shape, 
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- All kinds of river bank failure such as planar, rotational and composite sliding 

surfaces are included in the software, 

- By defining the water stage, the river confining pressure is calculated in the model, 

- The effects of both positive and negative pore water pressures are taken into account. 

 

However, the most recent literature has two significant limitations: the lack of 

information on fluvial erosion, and all the factors which act upon the bank are not 

taken into account completely. Therefore, Darby et al. (2007) have presented a 

simulation modelling approach in which hydraulic erosion, finite element seepage  

(Figure ‎2.7), and limit equilibrium stability analyses are, for the first time, linked 

together into a fully-integrated analysis. This integration will be the approach adopted 

in this study. 

 

 

Figure ‎2.7. (A) Geometry of the finite element seepage analysis, indicating the different types of assigned 

boundary conditions, (B) slide- and cantilever-failure mass wasting analyses applied to the upper cohesive 

part of the river bank (Darby et al., 2007). 
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2.1.3 Tension crack 

 

Tension cracks are created when the horizontal tensile stress in the upper layer of a 

river bank exceeds the tensile strength of the soil (Darby and Thorne, 1994). 

Identifying the presence of a tension crack is important in the analysis of the stability 

of cohesive river banks (Thorne, 1982). There are two kinds of forces which produce 

tensile stresses: (a) forces created from desiccation due to shrinkage and (b) forces 

associated with the weight of the failure block (Darby and Thorne, 1994). A method 

developed by Darby and Thorne (1994) predicts the location of a tension crack in order 

to calculate the geometry of the riverbank failure block and estimate the land loss and 

bank sediment yield along the channel. 

 

Taylor (1948) identified the depth of the tension crack from the Mohr diagram as 

follows: 











2
45tan

2 



c
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     (2.7) 

where: Z
c

- maximum depth of tension (m), c - soil cohesion (kPa), - soil unit weight 

(kNm
-3

) and - friction angle (degrees). Then Thorne (1982) gave the equation to 

calculate the critical height of a vertical bank with a tension crack: 
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     (2.8) 

 

2.1.4 Cant ilever failure 

 

This type of failure often occurs when the river bank is a composite bank, which 

consists of cohesive and non-cohesive material. The most frequent case comprises a 

non-cohesive layer underneath the cohesive layer (Richard and Lorriman, 1987; Thorne 

and Tovey, 1981). Because of the difference in erosion resistance of these two kinds of 

material, the non-cohesive material is usually eroded preferentially by fluvial 

entrainment (Thorne, 1982). Thorne (1982) also classified three kinds of cantilever 

failure: shear failure, beam failure and tensile failure (Figure ‎2.8). To calculate the 

stability of cantilever failures, Thorne and Tovey (1981) combined the static 

equilibrium of forces and bending beam theory. They also presented stability charts 

which apply for each kind of failure to estimate the factor of safety. 

 

Shear failure occurs when the overhanging block slides along a surface. The reason 

simply is that the weight of the block exceeds the shear strength of the soil (Thorne 

and Tovey, 1981). However, beam failures, the most common cantilever failure, occur 

when the moment of the weight of the block overcomes the moment of the soil’s 
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strength in tension. The failure block rotates about the neutral axis towards and 

inwards to the river. For tensile failure, the lower section is detached from the 

overhang block due to its weight. Therefore, because of its detaching mechanism, it is 

rarely observed in the field (Darby et al., 2007). 

 

 

Figure ‎2.8. Definition diagram for shear, beam and tensile failure of cantilever overhangs formed by basal 

undercutting (Richard and Lorriman, 1987) 

 

The factor of safety is calculated for each of the mechanisms using: 

for shear failure: 

 
rA

Fss
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 
       (2.9) 

for beam failure, 
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for tensile failure, 
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
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      (2.11) 

where, 

b
A t




        (2.12) 


t

 - is the tensile strength of the soil, - the unit weight of the soil, b - the overhang 

width, , , B, B’ - dimensionless numbers that depend only on the geometry of the 

cantilever overhang, r - ratio of the tensile strength to the compressive strength of the 

soil. 
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2.1.5 Vegetat ion 

 

There are many effects of vegetation on river bank processes and, as such, the 

influence of individual factors is quite difficult to isolate (Rinaldi and Darby, 2008). 

Vegetation has a dual effect on bank stability. In some cases, it increases the stability 

by limiting the effectiveness of bank erosion, protecting the soil surface directly and 

reinforcing the soil as well as producing extra cohesion through roots and rhizomes. 

Indeed increasing the soil strength is the most important effect of vegetation on bank 

stability (Gray, 1978; Wu et al., 1979; Gray and Baker, 2004) due to the changes in 

bank geotechnical properties induced by the roots (Abernethy and Rutherfurd, 1998; 

2000). By adding overburden (in some cases), vegetation reduces bank stability by 

decreasing the shear strength of the soil (Nanson and Hickin, 1986). Thorne and 

Osman (1988) classified some major properties of both bank and vegetation, which 

both increase and decrease the bank stability: (1) type of vegetation as some types 

have roots reinforcing the soil, some not, (2) bank geometry, that is the relationship 

between bank height and rooting depth. If the height of bank is less than rooting 

depth, roots certainly cut the incipient plane, leading to reinforcement. In contrast, 

when the failure surface is below the rooting depth, there is a switch from enhancing 

to reducing bank stability, (3) density of vegetation, single plants or small groups of 

vegetation being less effective in reinforcing banks than a continuous band of 

vegetation, and (4) age and health of vegetation, if vegetation has died, the bank has 

relic roots in it, leading to pathways for seepage, that promote piping type failures. 

 

Vegetation position and root shape play an important role in affecting bank stability 

(Van de Wiel, 2003). However, in the case of the Mekong, the role of vegetation may be 

less than other rivers that have formed the focus of much of the reviewed literature. 

This is because very large bank heights (typically more than 10 m) means that the 

presence of roots is limited to a relatively small area of the top of the bank, leading to 

little stabilising effect of vegetation to the bank. Therefore, in this research, the 

appearance of vegetation in the stability model is ignored, although it is recognised 

that this might be considered as a limitation. 

 

2.2 Fluvial entrainment and fluvial erosion model 

 

The bank surface interacts with the hydraulics of flow close to the surface (Grissinger, 

1982), thus soil particles or aggregates have the potential to be removed directly from 

the bank surface or at the bank toe when the driving forces of fluid drag and lift are 

greater than the resisting forces of friction, erosion and gravity (Thorne, 1982; ASCE, 

1998). If the opposite is true, the sediment particles remain in place. The strength of 
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the driving and resisting forces are estimated based on the characteristics of the 

flowing water and bank properties, respectively. 

 

For cohesionless materials, soil particles are detached and entrained separately, grain 

by grain. The stability of an individual partical is based on the balance of all forces 

acting on it. On the other hand, for cohesive soil, the individual particles often are 

combined into small aggregates. It is very complex to understand clearly how the 

interparticle forces work together because they relate to a variety of soil properties , 

but Grissinger (1982) gave a detailed view about the properties which relate to the 

stability of cohesive materials (see section ‎2.2.1.2). 

 

Fluvial bank erosion rates can be estimated using an excess shear stress formula such 

as that of Partheniades (1965), Arulanandan et al. (1980), Darby et al. (2007) or Rinaldi 

and Darby (2008): 

 a

cbdk          (2.13) 

where  (m/s) is the fluvial bank-erosion rate per unit time and unit bank area,
b

 (Pa) is 

the boundary shear stress applied by the flow, k
d

 (m
3

/Ns) and 
c

 (Pa) are erodibility 

parameters (erodibility coefficient, k
d

, and critical shear stress, 
c

) and a 

(dimensionless) is an empirically-derived exponent, generally assumed to equal 1.0. 

The erodibility parameters and boundary shear stress all are highly variable, therefore, 

this explains why observed rates of fluvial erosion range over several orders of 

magnitude (Hooke, 1980). 

 

This model (Equation 2.13) has the advantage of simplicity , but in practice difficulties 

in estimating the values of the erodibility (k
d

, 
c

) and shear stress parameters inhibit its 

predictive accuracy. Therefore, in the next section, the state of the science is reviewed 

in terms of our current ability to estimate the parameters in Equation 2.2.13. 

 

2.2.1 Est imat ing crit ical shear stress 

2.2.1.1 Non-cohesive material 

 

For non-cohesive materials, individual particles are entrained into the river by rolling or 

sliding (Thorne, 1982). The two forces which act to affect particle stability are the net 

motivating force and net resisting force. The resisting force depends on grain size and 

grain size distribution (ASCE, 1998). River flow exerts fluid forces which drag and lift 

the grains from the river bank. The drag force is calculated by determining the 

boundary shear stress when analysing the stability of the non-cohesive grains. 
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An equation that has been used to calculate the entrainment of non-cohesive particles 

is given by ASCE (1966): 

5.0
2
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2422
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w

WdcWdC

F

F
  (2.14) 

where: F
1

 - disturbing force and F
2

 - restoring force illustrated by Figure ‎2.9 using field 

data, d
s

 - grain size, W
s

 - submerged weight of grain, c
2

 - empirical coefficient, - bank 

angle, - flow angle to longstream direction, -friction angle, 
c

 - critical boundary 

shear stress. 

 

Figure ‎2.9.  Forces on partic le at the surface of a submerged non-cohesive bank (Thorne, 1982) 

 

Equation 2.14 ignores the fluid lift force, which can be as large as 80% of the fluid 

shear force (Thorne, 1982). However, the effects of the fluid lift force can still be taken 

into account by adjusting the empirical coefficients, which amongst other things 

represent the effects of shape and packing density of grains and the magnitude of 

instantaneous peak stresses relative to their mean value (ASCE, 1966). 

 

In non-cohesive river banks, the resisting force is produced mainly by the submerged 

weight of the particles (ASCE, 1998) and surface roughness (Simon et al., 2003). A 

Shields-type entrainment function is usually applied to estimate the mobility of non-

cohesive bank material (Ashworth and Ferguson, 1989; Ferguson, 1994): 

 gDs

c

c






*

      (2.15) 

 

where: *
c

 - critical dimensionless shear stress, 
c

 - dimensional critical shear stress, D - 

particle diameter, 
s

, - density of sediment and water, - gravity acceleration. For 

steady uniform flow, the mean boundary shear stress is given by (Chow, 1959): 

gdS          (2.16) 
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where: d - mean water depth (more precisely, d should be the hydraulic radius) and S - 

water surface slope. However, as discussed in Section 2.2.2 the validity of Equation 

2.16 is discussed further. 

 

2.2.1.2  Cohesive material 

 

The physical properties of cohesive and non-cohesive material are quite different, thus 

the processes of fluvial entrainment associated with these materials differs too. The 

resistance force for fine grain sediments depends on a range of soil properties, 

especially the magnitude of the inter-particle forces of cohesion (Grissinger, 1982). 

However, the cohesive material of the bank surface often consists of desiccated 

aggregates or crumbs, as a result, fluvial erosion may occur by their entrainment 

rather than entrainment of the constituent particles (Thorne, 1982). 

 

It is more complex to determine the critical shear stress of cohesive materials than 

non-cohesive materials. Several factors which complicate this estimation are the clay 

content, organic content and the variable composition of interstitial fluids 

(Arulanandan et al., 1980; Grissinger, 1982). Arulanandan et al. (1980) and Osman and 

Thorne (1988) estimated critical shear stress based on soil sodium adsorption ratio 

(SAR), pore fluid concentration (CONC) and dielectric dispersion () (Figure ‎2.10) 

 

Figure ‎2.10. Critical shear stress 
c

 versus SAR for different soil salt concentrations and different dielectric 

dispersion values (Arulanandan et al., 1980). 

 

Given the difficulty of predicting critical shear stress values, a number of authors have 

developed measurement techniques instead. Hanson (1990, 1991) measured critical 

shear stress of cohesive materials on a variety of bank and bank toe materials using a 

non-vertical submerged jet-testing device. The device applies an impinging, submerged 

jet on the bank materials and measures the applied shear stress and erosion rate. This 
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relationship is used to calculate the critical shear stress (at zero applied stress) and 

erodibility coefficient (k; the slope of the erosion rate vs. applied stress curve): 

2

0 











e

p

c
H

H
       (2.17) 

where: H
p

- potential core length from the origin of the jet, H
e

- distance from the jet 

nozzle to the equilibrium depth of scour, 
0

- maximum applied bed shear stress within 

the potential core. The erodibility coefficient k
d

 is then calculated by curve-fitting 

measured values of H versus time t (H - the distance from the jet nozzle to the 

maximum depth of scour at time t). 

 

Figure ‎2.11.  Schematic  of jet scour parameters (Hanson and Simon, 2001) 

 

By undertaking many in situ tests, Hanson and Simon (2001) showed that there is an 

inverse relationship between 
c

 and k
d

. These results have a similar trend to the 

findings of a flume study conducted by Arulanandan et al. (1980). Hanson and Simon 

(2001) expressed k
d

 as a function of 
c

 (r
2

=0.64) as: 

5.02.0  cdk       (2.18) 

 

A fact to be kept in mind that the choice of units of k
d

 in Equation 2.18 must be 

consistent with their definition in Equation 2.2.13. If erosion rate is expressed in unit 

of metres per second, the critical shear stress is in units of Newtons per square metre, 

and then it is necessary to employ the conversion: 

1000000

2.0 5.0

 c
dk


      (2.19) 

 

In addition, to estimate the critical shear stress, Julian and Torres (2006) used the silt -

clay percentage (SC%) (Vanoni, 1977) combined with observations by Dunn (1959) in 

order to develop a rating curve for 
c

 based on SC% as a function below: 
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Figure ‎2.12.  Cohesive Strength Meter (CSM) (Tolhurst et al., 1999) 

 

Of particular relevance to this study is a recent development in which critical shear 

stress can be estimated directly in the field using a novel instrument called the 

Cohesive Strength Meter (CSM) (Tolhurst et al., 1999). The CSM is a jet-testing device 

that has been used to study cohesive sediments on inter-tidal flats, but which has not 

been employed previously in river bank investigations. This device (Figure ‎2.12) is 

based upon the principle of a vertically impinging jet of water firing at varying 

pressures on the sediment surface within an enclosed sampling chamber. It uses 

attenuation of an infra-red light path to detect the onset of sediment erosion. 

Compared to conventional jet-testing devices, the portability and small size of the 

CSM’s sampling chamber, together with the high speed of individual tests, mean that it 

is feasible to undertake replicate sampling within discrete sedimentary horizons, such 

that the variability of the bank materials can be defined. The critical stress is then 

related to k
d

 using Equation 2.18 (Hanson & Simon, 2001). 

 

2.2.2 Est imat ing near-bank shear stress 

 

To estimate near-bank shear stress, it is necessary to transform the reach averaged 

boundary shear stress to a more realistic value. For an infinitely wide , straight channel 

exhibiting two-dimensional uniform unidirectional flow, the mean boundary shear 

stress is given by: 

RS         (2.20) 

where  is the specific of water, R is the hydraulic radius and S is the water surface 

slope (or bed slope in uniform flow). The water surface slope is generally fixed by 

topographical controls; consequently, it does not change with discharge. Therefore 

mean boundary shear stress varies with flow depth and reaches a maximum value at 

the peak flow discharge. 
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In a wide, open channel Chow (1959, p.169) calculated boundary shear stress on the 

basal area of the bank as follows: 

 75.0b
       (2.21) 

where 
b

- shear stress on the bank and, - mean boundary shear stress in the cross 

section. 

 

These equations are used to calculate mean boundary and bank shear stresses during 

the flow events that produce bank toe erosion. However, Equation 2.21 can only be 

used to provide very crude approximations of bank shear stress because of its 

simplified assumption about chanel shape. 

 

There are many functions describing the distribution of boundary shear stress around 

the wetted perimeter. For a trapezoidal cross section with gentle bank slope, the 

distribution is shown in Figure ‎2.13 (Lane, 1955; Osman and Thorne, 1988; Raudkivi, 

1998). 

 

 

Figure ‎2.13.  Shear stress distribution over the periphery of the trapezoidal channel (Lane, 1955) 

 

Lane (1955) showed that 
0

 
(max)

 equals 0.89; 0.97 and 0.99 times y
0

S for B equals 2; 4 

and 8 times y
0

, respectively. The maximum value on the side, 
0

, equals 0.735; 0.750 

and 0.76 times y
0

S, respectively and occurs at 0.1 to 0.2 of the depth and varies 

slightly with the slope of the side. 

 

Yuen (1989) obtained data from tests on channels with side slopes of 1:1 that 

indicated a maximum value of 0.82ydS for wide channels and Chow (1959) quoted the 

commonly used maximum value of 0.76ydS. 

 

It should be kept in mind that differences in the roughness of the channel bed and 

banks have further effects on the boundary shear stress distribution. The effect of the 

channel sides being rougher or smoother than the bed is, respectively, to increase or 

decrease the shear force on the side (Yuen, 1989). Although it is not possible to 
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predict the shear distribution theoretically, assumptions can be used to take this effect 

into account (see Section 2.2.2.1). 

2.2.2.1 Flintham and Carling (1988) 

 

Flintham and Carling (1988) proposed a method to estimate the distribution of 

boundary shear stress that is based on the method of Knight (1981) and Knight et al. 

(1984). The shear force acting on a boundary, per unit length of channel, is equal to 

the mean boundary shear stress   multiplied by the boundary cross section length. 

The shear force acting on a channel’s side walls (SF
bank

) and bed (SF
bed

) are therefore 

equal to: 

bankbankbank PSF       (2.22) 

bedbedbed PSF        (2.23) 

 

The total is therefore obtained by summation: 

bedbanktotal SFSFSF        (2.24) 

bedbedbankbank PPP        (2.25) 

 

The shear force carried by the side-walls or bed can be expressed as a percentage of 

the total shear force (%SF) such that: 

100% 
P

P
SF bankbank

bank



     (2.26) 

 

Kinght’s work was restricted to rectangular channels. Flintham and Carling (1988) 

extended the analysis to include trapezoidal channels. The percentage of the shear 

force being carried by the bank of a channel with uniform bed and bank roughness 

%SF
bank

 was given as 

247.25.1log4026.1%log 











bank

bed

bank
P

P
SF     (2.27) 

 

The mean bank and bed shear stress are obtained for symmetrical trapezoidal 

(  45 ) and rectangular channels using: 

 







 


H

PB
SF

HS

bank

bank

f

bank

4

sin
%01.0






     (2.28) 









 5.0

2
%01.01

b

bed

f

bed

P

B
SF

HS


     (2.29) 
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where SF
bank

 - the proportion of the total cross sectional shear force acting on the bank, 

P
bed

 and P
bank

 - wetted perimeters of the bed and banks, respectively, B -water surface 

width, - cross sectional shear stress. 

 

Flintham and Carling (1988) have provided a quick and simple method of determining 

the bed and bank shear stress in straight, symmetrical trapezoidal and rectangular 

channel ( )9045    in which the bed roughness is equal to or greater than the 

bank roughness. This method has been applied by Millar and Quick (1993); and Julian 

and Torres (2006) to estimate bank erosion rate.  

 

2.2.2.2 Kean and Smith’s (2006ab) stress partitioning method 

 

To estimate the near-bank boundary shear stress, Kean and Smith (2006ab) produced a 

new method to determine the form drag exerted on small-scale topographic bank 

features and thus quantify the near-bank flow field. They found that small-scale 

topographic features on the river bank surface affect river flow. These features 

primarily consist of undulations produced by erosion and slumping of bank material 

(Figure ‎2.14). Flow over or past these small-scale topographic features produces form 

drag, which can substantially affect the overall flow resistance of the channel. 

Therefore, accurate quantitative treatment of the form roughness is essential for 

determining overall and local flow resistance in fully predictive river flow models. 

Consequently, this present research uses the Kean and Smith (2006ab) approach to 

calculate fluvial erosion; therefore, the details of this method are described in the 

methodology chapter. 

 

 

Figure ‎2.14. Measurements of plan v iew bank topographic profile near USGS stream flow gauging station, 

Lost Creek near Anaconda, Montana (Kean and Smith, 2006a) 
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2.3 Controlling factors 

 

The previous review has shown that a range of controlling factors is important in 

determining rates of bank erosion. However, it is interesting to note that the literature 

is biased by studies of relatively small rivers in humid-temperate zones. For example, 

Hooke’s (1979, 1980) study sites are in a Devon river; Thorne and Tovey (1981) and 

Thorne (1982) considered the River Severn; Lawler (1986, 1992) considered the Bollin-

Dean River; Darby and Thorne (1996b): Goodwin Creek; Darby et al. (2000), Simon et 

al. (2002): Missouri river; most research of Rinaldi and Casagli (1999), Darpporto 

(2001), Dapporto et al. (2003), Rinaldi et al. (2004), Darby et al. (2007), Rinaldi and 

Darby (2008), Luppi et al. (2009) are about the Sieve, Cecina and Arno Rivers. Because 

the physiographic controls on the controlling factors are very different for a large, 

monsoonal river, it can be hypothesised that the dominant factors controlling erosion 

on large tropical river may differ from the current conceptual model.  

 

This research tries to classify the differences between these two types of rivers: small 

rivers in humid-temperate areas and large rivers in monsoonal, tropical regions. Some 

of the controlling factors (Figure ‎2.15), which are discussed below, affect the erosion 

processes of large, tropical rivers, but some do not. 

 

 

Figure ‎2.15.  Bank erosion processes and controlling factors 
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Papers River name River type Hydro 

climat ic 

regime 

Bank material 

characteristic 

Methods 

used 

Simon et al. 

(2000a) 

Goodwin 

Creek 

Sinuous 

channel 

Climate is 

warm and 

humid.  

Cohesive 

brown clayed 

silt over grey 

blocky silt 

Limit 

Equilibrium 

Method 

Simon et al. 

(2000b) 

Missouri 

River 

Sinuous, 

severe bends 

Continental 

climate with 

warm, wet 

summer and 

harsh coild 

winter  

Upper layer of 

clay and sandy 

silt basal layer 

Fluvial 

erosion 

model and 

Seep/w, 

BSTEM 

Dapporto et 

al. (2001) 

Arno River Low degree of 

sinousity 

Temparate 

climate zone 

with a dry in 

the summer, 

a minimum 

rainfall in 

July, 

maximum 

rainfall in 

early and late 

winter. 

3.6m bank 

height, mean 

slope 71; 

clay, sand and 

silt sand bank 

materials. 

Seep/w and 

Slope/w 

Dapporto et 

al. (2003) 

Arno River Low degree of 

sinousity 

Temparate 

climate zone 

with a dry in 

the summer, 

a minimum 

rainfall in 

July, 

maximum 

rainfall in 

early and late 

winter. 

Six main types: 

fine-grained 

bank; sand, 

gravel and 

cobble bank; 

composite 

bank, silty 

sand and clay 

and silt bank, 

coarse basal 

layer bank; 

sandy and silty 

clayed bank. 

Seep/w and 

Slope/w 
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Rinaldi et al. 

(2004) 

Sieve River Single thread, 

sinuous 

pattern 

Climate is 

temperate, 

dry in the 

summer 

Mostly 

cohesive 

sediment, 

cobbles 

included. Non-

cohesive 

material at 

bank toe 

Seep/w and 

Slope/w 

Darby et al. 

(2007) 

Sieve River Single thread, 

sinuous 

pattern 

Climate is 

temperate, 

dry in the 

summer 

Mostly 

cohesive 

sediment, 

cobbles 

included. Non-

cohesive 

material at 

bank toe 

Seep/w, 

Slope/w 

couple with 

fluvial 

erosion 

model 

Chu-Agor et 

al (2008) 

Little 

Topashaw 

Creek 

Sinuous 

channel 

Temporal 

climate 

Silt loam upper 

layer, loamy 

sand middle 

layer and clay 

loam lower 

layer  

Seep/s and 

Slope/w 

Parker et al. 

(2008) 

Goodwin 

Creek 

Sinuous 

channel 

Climate is 

warm and 

humid. 

Cohesive 

brown clayed 

silt over grey 

blocky silt 

BSTEM, 

Seep/w, 

Sigma/w 

Luppi et al. 

(2009) 

Cecina River Predominantly 

sinuous and 

locally 

meandering 

Temparate 

climatic zone 

with a dry in 

the summer 

Cohesive 

upper portion, 

gravel toe 

DELFT3D, 

Seep/w and 

Slope/w 

Nardi et al. 

(2010) 

Cecina River Sinuous river 

and locally 

meandering 

Climate is 

temperate, 

dry in the 

summer 

Cohesive 

upper layers, 

coase 

gravel/cobble 

bank toe 

BSTEM, 

River 2D, 

HEC-RAS 

Table ‎2.1 Bank erosion studies and simulation approaches  
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Table ‎2.1 shows some bank erosion studies which have adopted similar simulation 

approaches with this study. More details about the methodology will be described in 

the next chapter. 

 

2.3.1 Bank characterist ics and propert ies 

 

Bank height is one of the most important factors affecting critical failure surfaces. 

Combined with the bank material type, it can cause different kinds of bank collapse; 

the mechanism of bank failure is related to the properties of the individual material 

stratigraphy that make up the bank (Grissinger, 1982). For low, steep banks, the mode 

of bank collapse often is planar, slab or block slides moving outwards and downwards 

to the channel. In contrast, for high, shallow angle banks, rotational slips often occur, 

and the failure block tends to rotate backwards as its toe slides outwards to the river. 

 

Another important difference is bank sediment composition. The large scale of the 

Mekong river means that there is little coarse material in the lower basin, thus fine 

grain size sediments are present all the way down to the bank toe (Figure ‎2.17). It is 

very different from somewhere like the River Severn or River Cecina or Goodwin Creek 

where there is gravel at the bank toe (Figure ‎2.16). 

 

Figure ‎2.16. Bank stratigraphy of Sieve river (Italy): a, 

massive silty fine sand; b, sand (b1) with cobbles 

inc luded in the lower portion (b2); c , silty  sand, with 

regular sublayers of silt; d, packed and imbricated 

sand, gravel and cobbles; e, loosely packed gravel 

and cobbles (Rinaldi et al., 2004) 

 

Figure ‎2.17. River bank stratigraphy at Ang Nyay 

(18°3’15.9’’N 102°19’5.5’’E) (photo taken in 

10.2008), sand is the upper layer, c lay is middle layer 

and mottle c lay is the lower layer. 

 

2.3.2 Channel gradient  

 

In terms of river morphology, slope also is a big difference between the two types of 

river. Because slopes control shear stress, the fluvial erosion processes are different 

too. The slope in the upstream area is relatively high in low stream order rivers; while 

it is less in large, high stream order rivers such as the Mekong (Figure ‎2.18). Gracia et 
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al. (2010) shows that slope of some tropical rivers in America such as Parana is 

0.00024, Grande is 0.00069, Iguazu is 0.00010 while the overall slope in the Mekong 

is 0.0002 for the whole system. 

 

 

Figure ‎2.18.  Mekong river profile from Headwaters to Mouth (MRC, 2005) 

 

2.3.3 River planform 

 

The shape of the river might influence the tendency for bank erosion or not. As we 

investigated the Mekong river (Figure ‎2.19), there are some places in which bank 

erosion occurs. In the literature, mostly the erosion occur at a straight reach or the 

outer bend of the river (Hooke, 1980; Rinaldi et al., 2004; Julian and Torres, 2006) but 

in the Mekong, the wide variety of wide planforms with erosion styles show that there 

are some other controlling factors which are not known from previous studies. 
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1   Bend Erosion
2   Bar / I slands

3   Confluence scour attach

6   Straight Reach

4   Bifurcations

5   Ship / boat erosion 7   Constriction

EROSION STYLES

(Pakse, Ban Don)

(Friendship Bridge)

(Pa Mon)
 

Figure ‎2.19.  Erosion style in the Mekong Delta 

 

The note above has reviewed the bank erosion processes and mechanism, as well as 

developments of bank erosion calculation and modelling of bank erosion. In mass 

wasting, several methods have been upgraded from a simple geometry to complex 

finite element bank geometry (Geo-slope software). In fluvial erosion modelling, 

quantifying the erodibility parameters is still difficult but a novel device (CSM) is now 

helping to estimate the critical shear stress more accurately. Determining the near 

bank shear stress may be undertaken by very crude approximation (Chow, 1959; Lane 

1955) or using assumptions about the channel shape (Flintham and Carling, 1988). 

Several controlling factors affecting bank erosion are named such as the pore water 

pressure, bank characteristics or hydraulic and hydrology conditions and all based on 

research conducted in humid-temperate areas. Therefore, in the next chapter, a 

method to model bank erosion processes at the Mekong river study sites will be 

described. 
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Chapter 3 The Methodology 

 

To address the aims and objectives of this thesis, a series of methods were employed 

and these are described in this chapter. From the preceding literature review, the 

overall approach is to employ an integrated model of bank erosion, following the 

approach of Darby et al. (2007). However, this approach will be extended to include 

Kean and Smith’s (2006ab) model, which parameterises the boundary shear stress 

exerted on the river bank. This hydraulic model accounts for the influence of form 

roughness imparted by natural topographic features (slumps, embayments, etc) that 

are characteristic of the Mekong’s river banks. By repeating the integrated analysis at a 

number of selected study sites which encompass a range of bank material 

characteristics, and across a range of monsoonal flow regimes, the outputs of the 

model can be used to build a large database of simulated bank erosion events that can 

be analysed to investigate what are the key controlling factors on the Mekong. 

 

 

Figure ‎3.1. Computational algorithm of Darby et al. (2007) employed in the bank erosion simulations 

conducted herein. The shaded boxes represent the three sub-models (lateral fluvial erosion, finite element 

seepage analysis, and bank slope stability  analysis) described in more detail in the text. 

 

Figure ‎3.1 illustrates the logic diagram used in the analysis of Darby et al. (2007). 

There are three sub-models for modelling saturated and unsaturated flow, bank 

stability and fluvial erosion. A number of models are capable of simulating seepage 
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flow, but Seep/w was selected here based on its accuracy in several previous studies 

such as Darby et al. (2007); Rinaldi et al. (2004); Daporto et al. (2003); Simon et al. 

(2002); and Rinaldi and Casagli (1999). For the same reason, Slope/w software was 

used for simulating bank stability. In addition, Kean and Smith’s (2006ab) method is 

applied to model fluvial erosion, by partitioning the total shear stress into skin friction 

and drag stress. Therefore, the details of methods and data parameters which are used 

to address the three sub-models are described in the following sub-sections. 

 

3.1 The Mekong River
1
 

 

The Mekong is the 12th longest river in the world, has a total length of 4880 km, 

draining a pan-shaped basin (795,000 km2) within the six countries of China, 

Myanmar, Lao PDR, Thailand, Cambodia and Viet Nam to the South China Sea (Figure 

‎3.2). It is a globally significant river, with a monsoonal hydrological regime. Based on 

its mean annual discharge and suspended load, the Mekong is ranked as the 8th and 

10th largest river in the world, respectively (Meade, 1996). In China, the Mekong R iver 

is known as the Lancang with the mountainous terrain, 0.0065 of gradient in steep V-

shaped mountain valleys except for some wider river valleys between 3000m and 

1000m.  The river finally reaches an altitude of 310m at the river port of Simao.  The 

terrain and the nature of the river remain similar until just a few kilometres upstream 

of Vientiane.  The total vertical drop in the river within China is about 4500m.  

However the river drops only about 500m over the remaining 2600km to the South 

China Sea, giving an average slope of about 0.0002 for the whole system. The Upper 

Basin makes up 24% of the total area and contributes 15% to 20% of the water that 

flows into the Mekong River. Major tributary systems develop in the Lower Mekong 

Basin. These systems can be separated into two groups: tributaries that contribute to 

the major wet season flow, and tributaries that drain low relief regions of lower 

rainfall. The first group are left bank tributaries that drain the high-rainfall areas of Lao 

PDR. The second group are those on the right bank, mainly the Mun and Chi Rivers 

that drain a large part of Northeast Thailand. 

                                                 

1

 This section is heavily based on Carling (2009b) and MRC (2005). 
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Figure ‎3.2. Location of study sites within the Lower Mekong River Basin. Google Earth images show the local 

context for the study sites at Ang Nyay, Friendship Bridge and Pakse. The locations of bank material 

sampling sites (see text for latitudes and longitudes) are indicated by the open circles (Darby et al., 2010).  
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The climate of the Lower Mekong Basin (LMB) is dominated by the Southwest Monsoon, 

which generates wet and dry seasons of more or less equal length. The flood period in 

the LMB corresponds to the Southwest monsoon season which usually lasts from May 

until late September or early October. There are usually heavy rainfalls during one or 

two days in most parts of the basin. Later in the season, tropical cyclones occur over 

much of the area so that August, September and even October (in the delta) are the 

wettest months of the year. The Lower Mekong Basin is divided into six sub regions for 

the comparison of annual and monthly rainfalls and changes in space and time. Annual 

average rainfalls over the Cambodian floodplain and the Mekong delta are equally low 

and less than 1,500 mm. Elsewhere the highest rainfall is expected in the Central 

Highlands and within the mainstream valley at Pakse. Rainfall is less important in the 

more temperate northern regions around Chiang Rai. July, August and September are 

generally the months of highest rainfall, although there is evidence of a shift later in 

the season in Cambodia and in the delta where more rain falls in September and 

October. Tropical storms and cyclones have a strong effect on the climate of the basin. 

This effect shows up as a double peak in rainfall distribution over most of the Lower 

Mekong Basin during a wet period or season, and the concentration of maximum 

rainfalls during the last quarter of the year in Cambodia and Viet Nam. Tropical 

cyclones over central and southern Vietnam show that the occurrence of the cyclones 

is more frequent in the period September to November, causing higher rainfall during 

these months, which may generate flash floods in the tributaries. 

 

The flooding of the Mekong River is a recurrent event caused by high water levels in 

the mainstream. Every year the Lower Mekong Basin (LMB) experiences flooding, which 

has the potential to adversely affect economic and human activities, often claiming 

lives and causing damage to important infrastructure, human settlements and essential 

services. The water level in flood may overflow lower sections of the embankment or 

local backwater may occur in ditches or small tributaries. Additionally, if there is heavy 

rainfall at the same time in areas where runoff is substantial (urban areas), there may 

be limited or no drainage. The flooding period is limited to the time the water level in 

the Mekong is at its highest, generally not more than one or two weeks. Flooding is 

seen as damaging as it may wash out infrastructure and houses. Casualties and loss of 

cattle are generally limited as the flood may be predicted easily by observing the water 

level of the Mekong, making preparedness easier. The limited duration of flooding 

does not have much effect on the rice production. Mitigation measures for limiting 

damage from such floods consist mainly of regulating land use, of limiting settlement 

and human activities in the risky areas, of diverting the flood to wetland areas where 

possible. 
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The flood in the Mekong Delta. The yearly flood is characterised by extended areas 

inundated by water from the Bassac River, the Mekong River and the numerous natural 

and artificial canals linking the two rivers that flow laterally to low lands. Sometimes, 

high water levels in the Bassac/Mekong systems may not drain easily to the sea due to 

tidal effect. This was the case during the severe 2000 flood in the downstream 

provinces of the Mekong Delta. Water level rises slowly for a long period. Every year 

there is substantial damage from these high water levels, primarily as a result of 

people drowning and from soil erosion damaging houses and infrastructure. Flooding 

is recognised as essential for soil fertility and biodiversity, but at the same time is 

perceived as an obstacle to the development of agricultural production and 

urbanisation. There is great pressure to protect land against floods by building dykes 

and backfilled areas. Land use planning and keeping the balance between 

socioeconomic and the environmental concerns remains a key issue for the future of 

the Mekong Delta. 

 

3.2 Study sites 

 

 

This eroded bank (left bank) is located at 

Ang Nyay. The total bank height is 13.2 m 

and bank materials consist of cohesive 

sediments. 

 

Ban Hom (left bank), 12.5 m height with 

cohesive sediment materials. 
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Friendship Bridge (left bank) with 13.2 m 

bank height and bank materials consist of 

silty sand, silt and clay. 

 

Ban Don (left bank), located 60 km 

downstream from Vientiane, 12m bank 

height and bank materials consist of 

cohesive sediments. 

 

Figure ‎3.3.  Field reconnaissance along the Mekong  

Pakse (right bank) consists of sandy silt 

and silty clay with 13.4m bank height. 

 

Figure ‎3.3 shows a field reconnaissance along the Mekong river (within Laos PDR). The 

bank heights are ranging from 12 to 14 m with bank materials compose of cohesive 

sediments. However, not all sites in this survey are conducted further research. The 

three sub-models in this research (Figure ‎3.1) require large amount of data such as: 

hydraulic data, hydrological data, bank geotechnical data, bank roughness 

data…Therefore, due to shortage data of some eroded sites (i.e no available aDCP data 

at Ban Don), there are three study sites were selected namely Ang Nyay (183´15.9´´N 

10219´5.5´´E), Friendship Bridge (1752´59´´N 10242´59´´E) and Pakse 
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(155´55´´N 10547´58´´E). At all three sites, the channel type is single-thread or 

divided sinuous. The channel width at Friendship Bridge and Ang Nyay is about 1000 

m with average channel gradient approximately 1.010
-4

 (Carling, 2009ab; Gupta and 

Liew, 2007). Pakse has a wider channel width of about 2 km and its gradient is 

0.00006. Bank material at the study sites mostly is fine-grained, cohesive, sediment 

with bank heights typically higher than 10 m. There are commonly two climate seasons 

in the Mekong due to its monsoonal region location: the dry season (December to May) 

and the wet season (June and November) which exhibits a prolonged inundated flow 

hydrograph. Mean annual flow at Vientiane and Pakse is 4500 m
3

/s and 9860 m
3

/s, 

respectively.   

 

 

3.3 Modelling seepage flow 

 

Saturated and unsaturated flows in river banks are herein simulated by groundwater 

seepage analysis using Seep/w (Geo-Slope International, 2002). Seep/w is a software 

product that uses the finite element method to model the movement and pore-water 

pressure distribution within porous materials such as soil and rock. Its comprehensive 

formulation can analyse both simple and highly complex seepage problems. Seep/w is 

a seepage analysis program that models both saturated and unsaturated flow.  

 

The inclusion of unsaturated flow in groundwater modelling is important for obtaining 

physically realistic results. In soils, the hydraulic conductivity and the water content, or 

water stored, changes as a function of pore-water pressure. Seep/w models these 

relationships as continuous functions. The software performs a two -dimensional, finite 

element seepage analysis using the governing equations of motion (Darcy’s law) and 

mass conservation, the latter expressed here in a form extended to unsaturated 

conditions. The governing differential equation used in the formulation of Seep/w is:  

θ
( ) ( )x z

H H
k k Q

x x z z t

    
  

    
     (‎3.1) 

where H = total head (m), k
x
 = hydraulic conductivity in the horizontal x-direction 

(m/s), k
z
 = hydraulic conductivity in the vertical z-direction (m/s), Q = unit flux passing 

in or out of an elementary cube (in this case an elementary square, given that the 

equation is in two-dimensions) (m
2

/m
2

s), = volumetric water content (m
3

/m
3

), and t = 

time (s). 

 

To perform the groundwater flow modelling, each investigated riverbank was 

discretised into a series of finite elements, with regions of different materials being 
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defined to reproduce the observed bank stratigraphy. Application of the groundwater 

flow model requires a parameterization of the hydraulic and physical properties of 

these bank sediments. This process primarily involves the definition, for each type of 

sediment present at a specific bank location, of relations between hydraulic 

conductivity (k) and pore water pressure (u) (i.e. the hydraulic conductivity function or 

k-curve), and between the volumetric moisture content () and pore water pressure (u) 

(i.e. the volumetric water content function or characteristic curve). The k-curves and 

characteristic curves of the different materials were estimated using empirical relations 

specific to each type of material that require the grain size distribution of each layer of 

sediment. 

 

The groundwater flow model also requires the specification of boundary conditions 

along the borders of the finite element grid. The conditions including rainfall intensity 

and water stage, which are obtained in this study from observed data. These aspects 

are now discussed in the following parts. 

 

3.3.1 Volumetric water content  

 

One of the required input parameters for a transient analysis in the Seep/w model is 

the volumetric water content function. Because it can sometimes be difficult or time-

consuming to obtain a volumetric water content function in a laboratory, it may be of 

benefit to develop an estimation of the volumetric water content function using either 

a closed-form solution that requires user-specified curve-fitting parameters, or to use a 

predictive method that uses a measured grain-size distribution curve. Seep/w has four 

built in methods available to estimate a volumetric water content function: Arya and 

Paris (1981); Modified Kovac (Aubertin et al., 2003); Fredlund and Xing (1994); and Van 

Genuchten (1980). The two latter methods are closed-form solutions that can be used 

to develop a volumetric water content function based on the user's knowledge of a 

group of three parameters: the 'a' parameter is the inflection point of the volumetric 

water content function; the 'n' parameter controls the slope of the volumetric water 

content function, and; the 'm' parameter controls the residual water content. Due to 

the lack of values for these parameters, these two methods Fredlund and Xing (1994); 

Van Genuchten (1980) are not used herein. The Arya and Paris (1981) and Modified 

Kovac (Aubertin et al., 2003) methods both use a grain-size distribution to estimate 

the volumetric water content so they were chosen for use in this study. The Arya and 

Paris (1981) method is used for sandy material, while the modified Kovac methods 

applied to silt and clay materials. The seep/w software has built-in functions for these 

methods, so the only input data required are grain-size data and the volumetric water 

content at saturated condition which were both measured in laboratory. Wet sieving is 
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used to analyse for part of sample larger than 64 microns while Coulter Counter is 

applied for the part less than 64 microns. 

 

3.3.2 Hydraulic conduct ivity funct ions  

 

Analysing saturated-unsaturated seepage processes requires establishing the hydraulic 

conductivity versus pore-water pressure relationship. In the seep/w software, several 

published and verified methods have been incorporated into the program to aid in the 

determination of these functions. There are three separate methods built into the 

model that can be used to predict unsaturated hydraulic conductivity functions based 

on the use of an estimated volumetric water content function and a specified value of 

the saturated hydraulic conductivity. These methods are due to  Fredlund et al., (1994); 

Green and Corey (1971); and Van Genuchten (1980); moreover, all these predictive 

methods have been verified in the literature. These estimation methods generally 

predict the shape of the function relative to the saturated conductivity value in the 

Equation 3.2. The Green and Corey (1971) method was chosen to predict the 

conductivity function in this study as (1) when applying the model in data of 

environment, it offers the advantage of requiring only grain size data; and (2) it has 

applied successfully in previous research (Dapporto et al., 2001; Rinaldi et al. 2004; 

Darby et al. 2007). 

 

Saturated conductivity can be estimated by particle size analysis of the sediment of 

interest, using empirical equations relating conductivity to some size property of the 

sediment. Numerous investigators have studied this relationship and several formulae 

have resulted based on experimental work. Kozeny (1927) proposed a formula which 

was then modified by Carman (1937, 1956) to become the Kozeny-Carman 

equation. Other attempts were made by Hazen (1892); Shepherd (1989); Alyamani and 

Sen (1993); and Terzaghi and Peck (1964). The applicability of these formulae depends 

on the type of soil for which hydraulic conductivity is to be estimated. In this study, the 

Kozeny-Carman’s method is used as it is one of the most widely accepted equations : 
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where: g is gravity acceleration, v is kinematic viscosity, n is porosity and d
10

 

represents the grain diameter for which 10% of the sample is finer. This method is 

used because the range of conditions for which this method has been calibrated 

matches the range of conditions found on the Mekong. 
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3.3.3 Hydrological data 

 

The hydrological data which was available from the Mekong River Commissions were 

flow discharge and rainfall. The water stage data was converted from the discharge 

data through the rating equations which were obtained from the hydrometric stations 

on the Mekong mainstream (MRC, 2007). The Pakse study site uses data from the 

Pakse gauge while the Vientiane gauge supplies data for the Friendship Bridge study 

site and the Ang Nyay study site. 

 

At the Pakse study site, the daily discharge data are available from 1923-2007, but 

rainfall data are only available for the period 1981-2007. The Friendship Bridge and the 

Ang Nyay study site have a longer series of data which last 94 years (1913-2007) for 

the daily discharge data and 56 years (1951-2007) for the rainfall data. 

 

With a wide variety of hydrograph shapes representing the above observed data, it is 

very important to choose the hydrographs which represent a range of variability of the 

Mekong’s monsoonal regimes. All hydrographs were classified into three categorise 

namely: (1) single peak hydrograph, (2) multiple peak hydrograph and (3) rapid fall 

hydrograph (see Fig 4.15, Fig 5.8 and Fig 6.8 for ranges of hydrographs). The 

statistical ‘box and whiskers’ method is used to select the representative events 

(Figure ‎3.4, Figure ‎3.5). In this study, the single peak hydrographs were employed as 

these occur at any river in any region. The multi-peak hydrographs are significant as 

the river banks are more likely to become unstable under the effect of a later peaks 

rather than the initial peak (Rinaldi et al., 2004) and because multi-peak hydrographs 

increase the incidence of wetting (Knighton, 1998). Rapid fall hydrograph was selected 

because bank mass failure often occurs during the rapid drawn down phase  (Dapporto 

et al., 2003). 

 

Four parameters are considered for each type of hydrograph including, rate of rise, 

rate of fall, Vrise/Vfall (volume of the rising part and falling part of the hydrograph) 

and peak magnitude (is expressed here through the use of a recurrence interval 

calculated by a probability method (m+1)/n). These parameters are significant in this 

study because they affect seepage flow within the river bank which in turn potentially 

affect bank stability. The peak magnitude is the most important value as the larger the 

flood, the more vulnerable the river bank. 
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Figure ‎3.4. Statistical diagram of hydrographs at the Vientiane study site, with box on the left and data on 

the right on each diagram. Range of the box represents standard deviation; range of whisker is 1%-99%. 

Centre of the box expresses the mean value while the line in the box shows the median value. Red colour 

represents single peak hydrograph, green colour represents multi-peak hydrograph and blue colour is for 

rapid fall hydrograph. Different symbols express the statistical parameters ( is for Rate of rise,  is for 

Rate of fall,  is for Vrise/Vfall and  is for magnitude). 

   

    

Figure ‎3.5. Statistical diagram of hydrographs at the Pakse study site (with similar caption in Figure ‎3.4) 
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All the data for the three types of hydrograph are plotted in Figure ‎3.4 and Figure ‎3.5. 

For each type of hydrograph, four parameters are calculated and expressed in box and 

whisker diagrams. Flow events which plot closest to the extreme value; the mean and 

median value; and to encompass one standard deviation are selected. Based on these 

criteria, these events which appear in more than once are picked i.e. at Vientiane, 

single hydrograph type, the 1946 event is an extreme value of parameter Vrise/Vfall, 

as well as coincidence with the mean and median value of the rate of rise parameter. 

The 1971 event is an extreme value in terms of the magnitude and rate of rise 

parameters. 

 

For events which only appear once (i.e. at Vientiane, multi-peak hydrograph type), the 

magnitude parameter is preferable. However, because of the limited rainfall data 

(1981-2007 for Pakse; 1951-2007 for Vientiane), events outside of these periods are 

ignored. Therefore, the final flow events which are selected for river bank stability 

simulation on the Mekong are: 

(1) at Vientiane: 1956, 1963, 1966, 1969, 1971, 1976, 1984 (for Friendship and Ang 

Nyay study sites). 

(2) at Pakse: 1981, 1984, 1987, 1991, 1996, 2000, 2004 (for Pakse study site). 

 

Of the above hydrographs, the 1966 event for Vientiane and the 2000 event for Pakse 

are paid special attention because they are historical floods for the rapid fall and multi-

peak criteria, respectively. 

 

3.3.4 Boundary condit ions 

 

Boundary conditions were defined as follows: (1) for the nodes along the bank profile, 

a total head versus time function was defined based on the observed hydrograph of 

the simulated flow event; (2) for the nodes at the top of the bank, a rainfall intensity 

versus time function was assigned, again using observed data; (3) for the lower 

horizontal boundary and for the right vertical boundary, a zero flux boundary function 

was assigned, these regions being always saturated. 
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3.4 Slope stability analysis 

 

Bank stability analyses were performed using the Limit Equilibrium Method. For each 

time step of the hydrograph, the bank profile geometry (accounting for possible 

deformation calculated by the fluvial erosion model), and pore water pressure 

distribution (obtained by the groundwater flow model) were used to perform the 

stability analysis. Slope/w software (Geo-Slope International, 2002) was used for this 

purpose. In this software package, the Morgenstern-Price method was preferred to 

calculate FS, using the Mohr-Coulomb failure criterion in terms of effective stresses for 

the part of the bank with positive pore water pressures, and the Fredlund et al. (1978) 

criterion for the unsaturated portion of the bank, the latter being expressed as: 

baa uuuc  tan)('tan)('      (‎3.3) 

where  - shear strength (kPa), c´ - effective cohesion (kPa),  - normal stress (kPa), u
a

 - 

pore air pressure (kPa), ́  - effective friction angle (º), u - pore water pressure (kPa) 

and b

 - angle (º) expressing the rate of increase in strength relative to the matric 

suction (u
a

 – u). The bank stability analysis therefore requires the geotechnical 

properties (i.e. shear strength parameters and unit weight) of each layer of material 

present at each study site to be specified. These geotechnical properties were 

determined via direct measurement in situ using a Borehole Shear Test (BST) 

apparatus. Note that no adjustments were made to the measured geotechnical 

properties to account for the presence of vegetation on the surface on the bank (i.e. 

the effects of vegetation were not considered in the analysis). Besides the geotechnical 

properties, the slope/w model also requires the confining water level and pore water 

pressure results which are obtained from the seepage analysis. 

 

Borehole shear test  

 

The borehole shear test (BST) apparatus is a portable device which provides a 

convenient method to accurately measure the drained shear strength of soils in-situ. 

Tests typically require between 30 and 60 minutes, and the results are available 

immediately. The main components of the BST are a shear head, a pulling assembly 

and a console which contains the pressure gauge. The pulling assembly is hand-

operated by turning a worm gear to provide a uniform rate of strain, which is 

monitored by a strain gauge (Figure ‎3.6). The tests were conducted by locating the 

shear head inside a borehole at the desired depth. A normal stress is then applied to 

push apart two serrated stainless steel plates, pressing them laterally against the 

sidewalls of the borehole. After allowing the soil to consolidate at the applied normal 

stress, usually about 15 to 20 minutes for the first test and 10 minutes for the 
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following tests, the shear head is pulled slowly upward by the pulling system until 

shearing occurs. The shearing force is progressively increased until the soil fails, then 

the point of failure is identified by noting the peak reading on the shear-stress 

meter. This maximum shear stress is then plotted with the corresponding normal 

stress to produce a point on the typical Mohr-Coulomb failure envelope. The same 

procedure typically is repeated four to five times at progressively higher normal 

stresses to obtain a series of different failure conditions. Then the cohesion and 

friction angle of the tested soil are obtained based on the relationship between shear 

stress and normal stress. Because the same soil is tested, the data usually can be fitted 

linearly with a coefficient of correlation of 0.90, or better. 

 

  

Figure ‎3.6. BST shear head (left) and the control system (right) 

 

3.5 Modelling of lateral erosion 

 

The computational algorithm in Figure ‎3.1 shows that lateral erosion is one of the 

three sub–models simulated in this research. A new method (Kean and Smith, 2006ab) 

to partition the drag on bank roughness elements into form drag and skin drag 

components (the latter driving the fluvial erosion on river bank) is employed in this 

research: 

dsfT          (‎3.4) 

where 
T

 is the total shear stress on the boundary of the channel, 
sf

 is the skin drag 

component and 
d

 is the form drag component.  

 

Calculating the form drag component 
d

 in Equation 3.4 is important due to the 

presence of large-scale topographic elements on the bank surface (Figure ‎3.7A). Kean 

and Smith (2006a) defined form drag (F) on an individual roughness element as:  
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2

2

1
refD HBuCF        (‎3.5) 

where  is the density of water, H is the protrusion height of the element, B is the 

length of the direction perpendicular to the x and z axes defined in Figure ‎3.7B, u
ref

 is a 

reference velocity, and C
D

 is the drag coefficient of the element. 

 

 

 

Figure ‎3.7. (A) Photograph of the river bank at the Pamong study site on the Lower Mekong River illustrating 

the bank protruding into the flow between embayments; (B) Overview of the Gaussian shaped plan v iew 

geometry of the modeled bank topographic roughness elements, along with the internal boundary layer, 

wake, and outer regions of the flow. The thick dashed line of the downstream element denotes that it is 

removed from the flow, with the 

2

refu for this element being the average squared velocity over this area. The 

unit ‘cell’ from /2 to 3/2 is the length over which the stresses are averaged (Darby et al. 2010). Panel (B) is 

reproduced from Kean and Smith (2006a). 

 

 

This study follows Darby et al. (2010) (Appendix) which details about quantifying u
ref

, 

in order to parameterise bank shear stress. Also parameterisation of bank roughness 

parameters, outer flow velocity and river bank erodibility parameters; all are described 

Embayments 

A 
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in Darby et al. (2010). Results of that paper for Friendship Bridge, Pamong and Pakse 

study sites (below) are linked to river bank modelling which are illustrated in the 

following chapters (4, 5 and 6).  

At Pakse:     

At Ang Nyay:    

At Friendship Bridge:    
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Chapter 4 River Bank Stability Modelling at 

the Pakse Study Site  

 

Based on the methods described in the last chapter, in this chapter the responses of 

the bank at the Pakse study site to a range of flow events are simulated. The input data 

used in the simulations (Table 4.1) are obtained from a combination of techniques 

involving in situ measurements, laboratory analysis and the use of empirically -derived 

functions, as detailed in Chapter 3. The results, presented below, show how the pore 

water pressure evolves and influences bank stability under a range of selected flow 

events, while the effects of fluvial erosion on the stability of the river bank are also 

evaluated. 

 

Parameter Symbol Unit 

Sediment layers 

Note 1 2 

0 - 6 m > 6 m 

Apparent cohesion c
a
 kPa 11..4 6.9 Data based on BST tests (see 3.3) 

Effective friction angle ' deg 33.4 35 Data based on BST tests (see 3.3) 

Unit weight  kN/m
3
 16.7 - 20.4 15.3 - 18.7 

Data based on the samples which are 

taken from the site and analysed in the 

laboratory from dry to ambient 

condition 

Porosity n % 35.7 41.0 

Data based on the samples which are 

taken from the site and analysed in the 

laborat ory 

Saturated hydraulic conductivity k
sat

 m/s 1.32E-08 7.30E-09 
Kozeny-Carman method based on 

grainsize data and porosity (see 3.2.2) 

Critical shear stress 
c
 Pa 1.02  0.27 0.88  0.47 

Data based on CSM tests 

(Darby  et al., 2010) 

Erodibilit y Coefficient k
d
 m

3
/Ns 1.98E-07 2.13E-07 Hanson and S imon (2001) 

Table ‎4.1. Geotechnical and hydraulic characteristics of bank material at Pakse  (see Figure ‎4.2 for definition 

of sediment layers) 

 

The river bank at Pakse is composed of two material layers with a total bank height of 

13.4 m and a bank angle of 60 (Figure ‎4.1). The upper unit, which is some 6.0 m 

thick, is classified as a sandy silt with a porosity n=35.7% and a unit weight (under 

ambient conditions) of 20.4 kN/m
3

. The lower layer is a silty clay (thickness = 7.4 m) 

with a unit weight =18.7 and a porosity of 41%. The cohesion and friction angle of 

both layers were measured in situ using a borehole shear test apparatus, with values 

as illustrated in Table ‎4.1. The critical shear stress was also measured in situ using the 

cohesive strength meter jet-testing apparatus (see Section 3.3.1 and Darby et al. 

(2010) for a detailed description of BST and CSM sampling protocols, respectively). 

 

Following previous studies (e.g. Dapporto et al., 2003; Rinaldi et al., 2004; Darby et al., 

2007), the pore water pressure field within the bank was simulated via finite element 
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seepage analysis, with the bank discretised into a total of 21,300 quadrilateral 

elements. This mesh is finer than has been employed in previous bank stability 

investigations, with the typical cell size of the order of 0.1 m (Figure ‎4.2). This cell size 

is suitable for this study as it is sufficiently small to precisely update the bank profile 

following fluvial erosion; but it is not so small that the number of elements is 

increased to a point that requires excessive computational resource to run. Boundary 

conditions were defined at the bank top based on the observed rainfall intensity, while 

measured variations in water level (at the Pakse gauging station) were assigned to 

nodes along the river bank face. The remaining two vertical (left hand edge of model 

domain) and horizontal (bottom) boundaries were assigned as zero flux boundary 

conditions. With the assumption that the initial water table and river stage are in 

equilibrium, this initial ground water level is used to initialise estimates of pore water 

pressure assuming steady state conditions. 

 

 

Figure ‎4.1.  Pakse study site 
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Figure ‎4.2. Overview of the seepage analysis and near bank shear stress distribution used to calculate fluvial 

erosion for the Pakse study site 

 

 

Figure ‎4.3. Bank material characteristics at the Pakse study site showing (a) the grainsize distribution; (b) 

soil water characteristic curves; and (c ) hydraulic  conductivity functions for the upper and lower layers of 

bank material 

 

To model fluvial erosion during each simulated flow event, firstly, the shear stress 

which drives the hydraulic erosion 
SF

 is obtained from Kean and Smith’s (2006ab) 
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method for this study site (see Section 3.4). Then the Leutheusser (1963) approach is 

used to calculate the distribution of that shear stress along the full length of the bank 

profile. The Leutheusser distribution curve is applied to all nodes along the bank 

profile (Figure ‎4.2); the magnitude of the near-bank shear stress depends on the water 

level and skin friction shear stress at each time step. 

 

Other input data for the seepage model are the hydraulic and physical properties of the 

bank materials. Figure ‎4.3 shows the relationships between hydraulic conductivity and 

pore water pressure (k-u) as well as volumetric water content and pore water pressure 

(-u). As discussed in Chapter 3, these functions were estimated based on the grain 

size distribution. Specifically, the Van Genuchten (1980) method was used to estimate 

the -u curve while the Green and Corey (1971) method was used to calculate the 

conductivity function. 

 

Models were developed for a total of seven flow events (each of one calendar year 

duration), which were selected from the 87 years of flow records at Pakse (1923-2007) 

as discussed previously. Full details about these selected hydrographs are set out in 

Section 3.2.3 of the methodology chapter. Here is a summary of selected flows for 

Pakse: these flows were selected to represent annual hydrographs comprised of (i) a 

single peak hydrograph, (ii) a multiple peak hydrograph and (iii) rapid fall hydrographs. 

Due to the lack of rainfall data, which are only available for the period 1981-2000, 

simulated flows were selected from that period. The events observed in the years 2000 

and 1981 represent the record flow and a large magnitude flow with recurrence 

probabilities of 2.38% and 8.33%, respectively. The 1987 event is the lowest flow year 

with an average daily discharge of only 7400 m
3

/s. The 1996 and 2004 events are 

classified as single peak hydrographs, while the 2000 and 1984 events are multiple 

peaks hydrographs 

 

Each hydrograph was discretised into 365 daily time steps. Table ‎4.2 summarises the 

flows selected for bank erosion modelling under the following three scenarios, which 

are designed to isolate the effects of fluvial erosion on bank stability. At the Pakse and 

Friendship Bridge study sites, two scenarios are applied but all three scenarios are 

applied at the Ang Nyay study site (see Chapter 5): 

(1) There is no deformation of the bank geometry as no fluvial erosion is applied, 

(2) There is no fluvial erosion but the bank profile is deformed by simulated mass 

wasting, and; 

(3) The bank profile is allowed to freely deform in response to both simulated fluvial 

erosion and mass wasting. 
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 1981 1984 1987 1991 1996 2000 2004 

Scenario 1        

Scenario 2 n/a n/a n/a n/a n/a n/a n/a 

Scenario 3        

Table ‎4.2.  Flow events and corresponding simulated scenarios at Pakse study site. 

 

 

4.1 Results for the Year 2000 Hydrograph 

  

In this section, results from the Pakse study site simulations for the flow year 2000 are 

analysed in detail while results for all the other flow events are summarised later, 

paying particular attention to the comparison between Scenarios 1 and 3 (Table ‎4.2). 

The year 2000 event hydrograph is characterised as a multiple peak hydrograph. The 

first peak, which is relatively small, begins its rise at 88.3 m a.s.l and reaches 92.2 m 

a.s.l at time step 144 (23 May 2000). After a slight draw down to 90 m a.s.l, it rises 

again to the second peak at 95 m a.s.l (time step 178, 26 June 2000). After decreasing 

to a flow stage of 93.9 m a.s.l, the river stage reaches a third peak at 98.2 m a.s.l, 

lagging the peak rainfall (step 198, 16 July 2000) by three days. A moderate draw 

down occurs after this as the water level goes down to a level of 94.9 m a.s.l (time step 

235, 22 August 2000), but the flow then rises again to its highest peak at 99.8 m a.s.l 

at time step 259 (15 September 2000). It stays at the peak for only one day then 

decreases rapidly to 92.9 m a.s.l (step 295, 21 October 2000), prior to slowly declining 

until the end of the hydrograph. 
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4.1.1 Simulated fluvial erosion 

 

 

Figure ‎4.4. Simulated fluvial erosion for the year 2000 flow event at Pakse. Integrating the fluvial erosion 

curves across the duration of the hydrograph gives total bank eroded sediments of 0.89 and 4.90 m
3

/m for 

the upper (layer 1) and lower bank (layer 2) material layers, respectively. 

 

Fluvial erosion is predicted to commence at time step 160 (8 June 2000), when the 

near bank shear stress exceeds the critical shear stress of the lower bank material. 

However, the erosion rate remains quite small until time step 192 (10 July 2000), after 

which point the bank profile begins to experience more significant deformation. The 

bank retreat at that time step is equal to the mesh size of 0.1 m. Erosion of the 

uppermost bank layer does not begin until time step 235 (22 August 2000) when the 

river stage begins to increase to its second peak. Figure ‎4.4 shows that the erosion 

rate of both the upper (layer 1) and lower (layer 2) layers increases and decreases in 

phase with the flow hydrograph. The rate of the fluvial erosion at the bank toe is 

double the rate at the bank top, due to the difference in erodibility (see Table ‎4.1). The 

duration of fluvial erosion at the bank top is from time step 167 (15 June 2000) to time 

step 265 (21 September 2000) (i.e., 98 days), which is much less than the duration of 

fluvial erosion at the bank toe (138 days). For these reasons the mean bank retreat 

integrated over the entire flow year at the bank toe and bank top due to hydraulic 

action is about 0.7 m and 0.2 m, respectively. 

 

4.1.2 Pore water pressure 

 

The seepage model provides spatially-distributed estimates of pore water pressure, to 

illustrate the evolution pore pressure. Figure ‎4.5 illustrates pore water pressure 

integrated along the whole failure surface Pw and along the saturated portion of failure 

surface Pw(+). Note that these parameters are selected here following Dapporto et al. 



   57 

(2003) and Darby et al. (2007) because they are specifically relevant to quantifying the 

effect of pore water pressure on mass failure. By integrating the spatial field of 

simulated pore water pressure values along the failure surface, the parameters Pw(+) 

and Pw provide single estimates of the pore pressure field that are relevant to bank 

failure mechanics (see Darby et al., 2007). Both parameters are very important in 

controlling the bank failure mechanism, especially Pw(+), as apparently it affects the 

factor of safety computation through the weight of positive pore water pressure versus 

the weight of negative pore water pressure (the former being multiplied by tan' and 

the latter by tan
b

 (see Table ‎4.1)). 

 

In general, Pw(+) follows the hydrograph but Pw has no clear trend, although it 

increases and decreases as the water level goes up and down. However, in both cases, 

the values simulated in scenario 3 are lower than that in scenario 1 when the 

hydrograph is on the rising limb, and the opposite is true on the falling limb of the 

hydrograph. 
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Figure ‎4.5. Evolution of average pore water pressure values integrated along the failure surface at the Pakse 

study site (event 2000) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (Left) pore water pressure integral along the saturated portion of the failure  surface and (Right) 

pore water pressure integral along the entire failure surface.  

 

Further details of the pore water pressure distribution, in relation to the evolution of 

the event hydrograph and seepage flow characteristics (Figure ‎4.7 and Figure ‎4.8) are 

now described. Excluding time step 0, which is the initial condition when the water 

table and river stage are assumed to be in equilibrium, then the initial period of the 

simulation, which lasts between January and early April (time steps 1 to 93) involves a 

slight but progressive fall in water level from 88.2 m a.s.l to 87.3 m a.s.l as the dry 

season progresses. During this period, seepage flow is consistently directed from the 

bank towards the river, such that there is a seepage outflow at the intersection 

between the water table, the bank profile and the river stage, with a velocity of 7.33e-

09 m/s (step 93, 2 April 2000). Note that this value is several orders of magnitude too 

small to cause seepage erosion. For example, Fox et al. (2007) shows average the 
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seepage erosion flow rate under low flow condition at Goodwin Creek is 0.05 l/min 

(approximately 2.08e-03 m/s). As such, the effect of seepage erosion can be 

discounted at this site at least during this period. 

 

However, in the next phase of the simulation, from step 93 (2 April 2000) to step 129 

(8 May 2000), there is a gradual rise in river stage (from 87.3 m a.s.l to 88.2 m a.s.l), 

most likely corresponding to the arrival of spring and snowmelt from the Tibetan 

headwaters. At step 129 (8 May 2000), when the river stage stays at the same level as 

the initial stage, the flow nearly stands at the intersection position where the water 

table, bank profile and river stage meet. Therefore, seepage flows are characterized by 

a change in the direction from the river to the bank during this period. The velocity at 

that intersection is 2.97e-09m/s. The water table lies below the potential failure 

surface so there is no appearance of positive pore water pressure. The average 

integrated pore water pressure Pw has a minimum value of -28.32 kN/m (step 129, 8 

May 2000). 

 

From step 129 (8 May 2000) to 162 (10 June 2000) there is a significant increase of 

flow stage as the water level rises to 92.2 m a.s.l (step 144, 23 May 2000), but this is 

still lower than the contact between the two sediment layers. It then declines a little to 

90.8 m a.s.l (step 162, 10 June 2000). Positive pore water pressure occurs in the 

failure block with a Pw(+) value of 9.73 kN/m (step 162, 10 June 2000). The seepage 

flow is from the bank to the river, with the velocity at the intersection increasing to 

8.4e-09 m/s. The matric suction near the bank top is reduced due to the effect of 

rainfall. 

 

From step 162 (10 June 2000) to 187 (05 July 2000), the hydrograph exceeds the 

elevation of the contact between the two bank material layers, up to the level 95.2 m 

a.s.l (step 178, 26 June 2000), then drops to the stage 93.6 m a.s.l (step 187, 05 July 

2000). A steep wetting front develops at the contact between the river and the bank 

profile. Rainfall occurs everyday due to the beginning of the wet season. The steep 

wetting front develops at the contact between the river and bank profile. The Pw(+) 

also increases to 16.52 kN/m and the seepage flow velocity also increases to 4.73e-08 

m/s at the intersection (step 178, 26 June 2000). 

 

The next phase of the simulation, from step 187 (05 July 2000) to 201 (19 July 2000), 

corresponds to a rapid rise in river stage to the first and minor peak (at 98.2 m a.s.l) in 

response to the onset of the monsoon. The river stage exceeds the contact between 

the two layers then rises to its peak. Rainfall occurs with a high intensity everyday. The 

highest daily amount of rainfall is measured at time step 198 (150 mm), three days 
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before the river stage rose to the second highest peak at time step 201. The wetting 

front has a very steep slope due to the low value of hydraulic conductivity. The pore 

water pressure distribution is illustrated within the higher regions at the top, close to 

the bank profile and lower area; while the lowest values occur in the middle. Pw(+) is 

calculated as 22.04 kN/m at time step 201 (19 July 2000). The seepage flow remains 

directed from the river into the bank, with a velocity of 1.58e-07 m/s at the 

intersection at the same time step.  

 

From time step 201 (19 July 2000) to time step 235 (22 August 2000), this period 

witnesses the river stage decreasing to 94.9 m a.s.l, just above the contact between 

the two layers. The pore water pressure distribution shows that the minimum zone is 

reduced due to rainfall and river water infiltration, the value Pw(+) being reduced to 

17.12 kN/m (step 235). With the onset of fluvial erosion, scenario 3 starts in this 

period (step 214, 01 August 2000) with a lower P(+) value in this time step but higher 

(18.23 kN/m) at step 235. 

 

In the following phase of the simulation, from time steps 235 to 259 (which 

corresponds to the period between 22 August 2000 and 15 September 2000), the flow 

stage initially falls and then rises to the second and main peak (99.8 m a.s.l) due to a 

second pulse of monsoonal rainfall. The water level at the peak flow (step 259) is 

approximately at the bank full stage and high rainfall intensity occurs at this period 

leading to the significant change in pore water pressure distribution as the higher pore 

water pressure area increases. Pw(+) reaches its maximum value of 29.29 kN/m but 

the total average value of Pw is still less than 0. In scenario 3, all P(+) values in this 

period are less than that in scenario 1. The flow seepage remains directed into the 

bank with the velocity at the intersection being 3.33e-08 m/s. 

 

From time step 259 (15 September 2000) to time step 279 (05 October 2000), the 

drawdown phase of the hydrograph starts. The river stage rapidly reaches a low in this 

period. The seepage flow still remains directed into the bank, but the velocity at the 

intersection is reduced to 3.39e-09 m/s. The minimum pore water pressure zone also 

is reduced; Pw(+) decreases to 15.5 kN/m (step 279). All P(+) values in scenario 3 of 

this period are higher than that in scenario 1 and the maximum Pw(+) of scenario 3 

occurs at time step 265 (21 September 2000). 

 

From time step 279 (05 October 2000) to time step 365 (31 December 2000), the river 

stage continues to draw down but at a smaller rate than in the preceding period. The 

seepage flow direction begins to reverse in the upper part of the water table from time 

step 303 (29 October 2000), but again with a very low velocity of 4.65e-09 m/s. For 
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the lower water table, the seepage flow is still directly into the river bank. Note that all 

the simulated results such as pore water pressure distribution, factor of safety, failure 

surface and erosion rate are illustrated by animations, which are stored in an 

accompanying CD. 

 

4.1.3 Bank stability and sediment  entrainment  
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Figure ‎4.6. Hydrograph, rainfall intensity and simulated factors of safety of flow event 2000 for simulation 

scenario 1 (no fluvial erosion) and 3 (fluvial erosion) at the Pakse study site (for results for other events see 

Figure ‎4.15). 

 

As illustrated in Figure ‎4.6 the factor of safety with respect to mass failure remains 

above the critical value of unity throughout the simulation period in both scenario 1 

(no fluvial erosion) and 3 (with fluvial erosion), though considerable fluctuations in the 

value of the simulated factor of safety are evident throughout both simulations. In 

addition, and similarly to Darby et al. (2007), in both cases there is also a small net 

decline in stability by the end of the simulation period (for example the simulated 

factor of safety values exhibit a decrease of 0.104 and 0.101 for scenario 1 and 3, 

respectively, between the beginning and end of the simulation period). This reflects the 

destabilising (small in this example) effect of the elevated pore water pressures seen 

between the start and end of the simulation. There are only modest differences in the 

factor of safety values simulated under scenario 1 and 3 (except at time step 265, 21 

September 2000), with factor of safety values for the latter scenario , as expected, 

being somewhat smaller (e.g. in time step 286 (12 October 2000), the FoS is 1.684 in 

scenario 1 and 1.647 in scenario 3) than the former scenario, indicating the net 

destabilising effect of fluvial erosion on mass stability. 
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Given the very small differences in the simulated factor of safety values for each 

simulation scenario, the simulated temporal variations in factor of safety in this case 

must be attributed to the varying values of pore water and confining pressure 

simulated during the course of each simulation. Thus, when the flow level is low (e.g. 

Figure ‎4.7, time step 129) the bank is dominated by negative (stabilising) pore -water 

pressures. In contrast, during peak flow, the immersion of the bank is sufficiently long 

to cause complete saturation and the generation of positive pore water pressures 

(Figure ‎4.7, time steps 235 to 259). When the river stage recedes on the falling limb, 

the water table also goes down along with the water level (Figure ‎4.7, time step 286), 

resulting in a significant reduction of hydrostatic confining pressure and thus factor of 

safety, but in this case the positive pore-water pressures generated by the prior flood 

are insufficient to trigger mass-failure. 

 

Thus, it is apparent that, similar to Simon et al. (1999) and Darby et al. (2007), the 

dominating influence on bank stability is the hydrostatic confining pressure exerted by 

water in the channel, so that temporal trends of the factor of safety are strongly 

positively correlated with fluctuations in the flow hydrograph. For example, in scenario 

1 (no fluvial erosion), the initial factor of safety is 1.575 but as flow stage increases the 

factor of safety also slightly increases to 1.758 by time step 41. When the river stage 

reaches the peaks observed at time steps 178, 201 and 259, the factor of safety also 

rises to 1.970, 2.755 and 3.206, respectively. By the end of the simulation, as flow 

stage decreases, the simulated factor of safety falls to its final value of 1.471.  

 

As noted above, neither simulation scenario exhibits any mass wasting during the year 

2000 flow event, even though fluvial erosion acts to reduce stability (scenario 3 

simulation). The absence of mass wasting in scenario 3 can be explained by the fact 

that the magnitude and duration of simulated fluvial erosion during this event is rather 

small (see Section 4.1.1). For example, the bank profile only experiences deformation 

due to fluvial erosion from time step 214, and the overall magnitude of fluvial erosion 

at the bank toe (0.7 m) is rather small in relation to previous studies. Therefore, there 

is very little difference between the factor of safety in scenario 1 and 3. Unlike Darby et 

al. (2007) and Luppi et al. (2009), where the factor of safety in simulations with fluvial 

erosion (i.e., scenario 3) is always less than that in simulations without fluvial erosion 

(scenario 1), at Pakse the factor of safety in parts of the simulation scenario 3 is 

sometimes less than that in scenario 1 but in some time steps it is larger. At time step 

214 (01 August 2000) and time step 235, the factor of safety at scenario 3 is less than 

scenario 1 (-0.6% and -0.3% respectively) but in the next four time steps, the factors of 

safety in scenario 3 are larger (1.2% (step 238, 25 August 2000); 2.0% (step 246, 02 

September 2000); 0.7% (step 253, 09 September 2000) and 0.4% at step 259 (15 
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September 2000)). Overall, the differences between the factors of safety in both 

simulation scenarios are very small, typically around 1% except for time step 265 (21 

September 2000), when a 16% difference is obtained. 

 

Due to the absence of mass wasting failure in the year 2000, the volume of bank 

material entrained to the river is associated exclusively with that caused by fluvial 

erosion. The total unit volume of eroded sediment in this case is 5.79 m
3

/m, with most 

(85%) of this being supplied from the lower unit of bank material due to the higher 

erosion rates that occur in this layer (Figure ‎4.4). 
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Figure ‎4.7. Simulated bank pore water pressure distribution for selected time steps at Pakse for scenario 1 

(no bank deformation, left hand side) and 3 (bank profile is deformed by fluvial erosion, right hand side). 

Animations of the complete simulation sequence are available in the accompanying CD. 
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Figure ‎4.8. Simulated bank seepage flow for selected time steps at Pakse (scenario 1), green and yellow 

colour is river bank material, blue line is water table, and red c irc le is the intersection between bank surface, 

water table and river stage.  

7.33e-09 m/s 

3.39e-09 m/s 

4.65e-09 m/s 
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4.2 Results of other flow events 

 

4.2.1 Results of 1981 flow event  
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Figure ‎4.9. Evolution of average pore water pressure values integrated along the failure surface at the Pakse 

study site (event 1981) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 1981 flow hydrograph (Figure ‎4.9) is characterised as a typical single-peak 

hydrograph, with the peak discharge (Q
p

 = 45,500 cumecs) similar to the hydrograph 

of 2000, being a high flow event with a recurrence interval of 6.02%. The factors of 

safety, simulated for the 1981 event, follow in part the trend of the hydrograph. 

Similar to other events at Pakse, as well as Friendship Bridge and Ang Nyay (see 

Chapters 5 and 6), the FoS is greatest when the flow level is high; and indeed FoS > 1 

at all times and for both simulation scenarios so the river bank remains stable with 

respect to mass failure throughout the 1981 event. The maximum factor of safety of 

3.362 occurs in phase with the peak flow and the minimum factor of safety of 1.470 

occurs at the end of the simulation, giving an overall range of simulated FoS o f 1.892. 

The differences of factor of safety between the two simulation scenarios range 

between a minimum of 0.5% and a maximum of 6.5%. In the case of the 1981 flow 

event, pore water pressure values as integrated along the failure surface (i.e, the 

parameter Pw) remain negative throughout the whole of the simulation for both 

scenario 1 and scenario 3. Therefore, the fact that the pore water pressure has no 

effect on the stability (with respect to mass failure) of the river bank under this flow 

event is unsurprising, in that although there is a relatively high monsoonal flood, it 

fails to fully recharge the bank and elevate the pore water pressure field, most likely 

due to the relatively low hydraulic conductivity of the bank materials. Like other events 

at this study site, both the parameters Pw and Pw(+) exhibit clear trends which follow 

the hydrograph shape. 
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Rain occurs mostly everyday in the wet season of this year, so it keeps the discharge 

larger than the erosion threshold discharge and river stage is higher, leading to a long 

duration of fluvial erosion. The duration of fluvial erosion in this event is 138 days; 

only shorter than that in the event 2000. The total eroded volume is 4.962 m
3

/m, of 

which 90% is supplied from the lower layer. 

 

4.2.2 Results of 1984 flow event  
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Figure ‎4.10. Evolution of average pore water pressure values integrated along the failure surface at the 

Pakse study site (event 1984) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 1984 flow hydrograph (Figure ‎4.10) is characterised as a multi-peak hydrograph 

with the second peak reached just after the rapid fall from the first peak. The 

magnitude of the peak discharge (Q
p

 = 45,500 cumecs) is quite high; as large as the 

hydrographs of 2000 and 1981, with a recurrence interval of 6.02%. The factors of 

safety simulated for the 1984 event follow mostly the trend of the hydrograph. The 

river bank remains stable with respect to mass failure throughout the 1984 flow event. 

The maximum factor of safety of 3.385 occurs in phase with the peak flow, and the 

minimum factor of safety of 1.480 occurs on the falling limb of hydrograph (step 315, 

10 November 1984), giving an overall range of simulated FoS of 1.905. The differences 

of factor of safety between the two simulation scenarios range between a minimum of 

0.3% and a maximum of 3.2%. In the case of the 1984 flow event, pore water pressure 

values, as integrated along the failure surface (i.e, the parameter Pw), remain negative 

throughout the whole of the simulation for both scenario 1 and scenario 3. Therefore, 

pore water pressure has no destabilising effect on the bank (with respect to mass 

failure) for this flow event. As noted previously this is most likely because of the low 

hydraulic conductivity of the bank materials.  

 

The duration of fluvial erosion in this event is 124 days and the total eroded volume is 

3.880 m
3

/m, of which 87% is supplied from the lower layer. 
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4.2.3 Results of 1987 flow event  
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Figure ‎4.11. Evolution of average pore water pressure values integrated along the failure surface at the 

Pakse study site (event 1987) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 1987 flow hydrograph (Figure ‎4.11) is characterised as a typical single-peak 

hydrograph, with the peak flow (Q
p

 = 37,900 cumecs) being a relatively low flow event 

with a recurrence interval of 55.4%. Similar to other events, the FoS remains stable with 

respect to mass failure throughout the 1987 event. The maximum factor of safety of 

2.965 occurs in phase with the peak flow and the minimum factor of safety of 1.543 

occurs on the falling limb of the hydrograph (time step 306, 02 November 1987), 

giving an overall range of simulated FoS of 1.422. The differences of the factor of 

safety between the two simulation scenarios vary, ranging between a minimum of 0.0% 

and a maximum of 5.0%. In the case of the 1987 flow event, pore water pressure 

values, as integrated along the failure surface (i.e, the parameter Pw), remain negative 

throughout the whole of the simulation for both scenario 1 and scenario 3. Therefore, 

pore water pressure has no destabilising effect on the stability (with respect to mass 

failure) of the river bank for this flow event. Like other events at this study site, both 

the parameters Pw and Pw(+) exhibit clear trends which follow the hydrograph shape. 

 

The duration of fluvial erosion in this event is only 93 days, the shortest of all the 

events simulated at Pakse, giving a total eroded volume of 4.108 m
3

/m, of which 88% 

is supplied from the lower layer. 
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4.2.4 Results of 1991 flow event  
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Figure ‎4.12. Evolution of average pore water pressure values integrated along the failure surface at the 

Pakse study site (event 1991) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 1991 flow hydrograph (Figure ‎4.12) is characterised as a multi-peak hydrograph, 

with the peak flow (Q
p

 = 47,600 cumecs) being the largest peak discharge of the 

selected simulation events (recurrence interval of 2.41%), but due to the rapid fall of 

the hydrograph and also is the mean annual hydrograph the duration of fluvial erosion 

is less and the least amount of erosion occurs in this year. The maximum factor of 

safety of 3.618 occurs in phase with the peak flow and the minimum factor of safety of 

1.503 occurs at the end of the hydrograph (time step 365, 31 December 1991), giving 

an overall range of simulated FoS of 2.115. 
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4.2.5 Results of 1996 flow event  
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Figure ‎4.13. Evolution of average pore water pressure values integrated along the failure surface at the 

Pakse study site (event 1996) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 1996 flow hydrograph (Figure ‎4.13) is classified as a single peak hydrograph with 

the shortest days of fluvial erosion and average eroded volume of sediment entraining 

to the river, with the peak flow (Q
p

 = 40,300 cumecs) being a modest flow event 

(recurrence interval of the peak discharge of 30.12%). The factors of safety simulated 

for the 1996 event follows the trend of the hydrograph. Similar to all other events at 

Pakse, FoS is greatest when the flow level is high; and indeed FoS > 1 at all times and 

for both simulation scenarios: the river bank remains stable with respect to mass 

failure throughout the 1996 flow event. The maximum factor of safety of 3.000 occurs 

at time step 219 (06 August 1996), which is a minor peak before the main peak flow, 

and the minimum factor of safety of 1.492 occurs at the end of hydrograph, giving an 

overall range of simulated FoS of 1.508. In the case of the 1996 flow event, similar to 

other events at Pakse, pore water pressure values as integrated along the failure 

surface (i.e., the parameter Pw) remain negative throughout the whole of the 

simulations for both scenarios 1 and 3. Therefore, pore water pressure has no 

destabilising effect on the stability (with respect to mass failure) of the river bank for 

this flow event, for the same reason as noted previously. The duration of fluvial 

erosion in this event is only 110 days with a total eroded volume of 3.911 m
3

/m, of 

which 89% is supplied from the lower layer. 
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4.2.6 Results of 2004 flow event  
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Figure ‎4.14. Evolution of average pore water pressure values integrated along the failure surface at the 

Pakse study site (event 2004) for scenario 1 (no bank deformation) and 3 (bank profile deformed by fluvial 

erosion): (left) pore water pressure integral along the saturated portion of the failure surface and (right) pore 

water pressure integral along the entire failure surface. 

 

The 2004 flow hydrograph (Figure ‎4.14) is characterised as a typical single-peak 

hydrograph, with the peak flow (Q
p

 = 38,500 cumecs) being a modest flow with a 

recurrence interval of 46.99%. The maximum factor of safety of 3.206 occurs in phase 

with the peak flow and the minimum factor of safety of 1.557 occurs on the falling 

limb of hydrograph (time step 301, 27 October 2004), giving an overall range of 

simulated FoS of 1.649. In the case of the 2004 flow event, pore water pressure values, 

as integrated along the failure surface (i.e., the parameter Pw), again remain negative 

throughout the whole of the simulations for both scenario 1 and scenario 3. Therefore, 

pore water pressure has no effect on the stability (with respect to mass failure) of the 

river bank under this flow event which is unsurprising given the relatively low value of 

this monsoonal flood, but it fails to fully recharge the bank and elevate the pore water 

pressure field due to the low saturated conductivity of the bank materials. Like other 

events at this study site, both the parameter Pw and Pw(+) exhibit clear trends which 

follow the hydrograph shape. The duration of fluvial erosion in this event is only 112 

days with a total eroded volume of 3.836 m
3

/m, of which 88% is supplied from the 

lower layer. 
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Figure ‎4.15. Hydrograph, rainfall intensity and simulated factors of safety for the selected flow events for 

simulation scenario 1 (no fluvial erosion) and 3 (fluvial erosion) at the Pakse study site. 
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4.3 Synthesised results at Pakse study site 

 

In this section the principal findings from the simulations undertaken at the Pakse 

study site are discussed. The effects on pore water pressure distributions of variations 

in event hydrograph shape are explored first, because it has been shown that the pore 

pressure distribution, particularly as expressed by the parameters Pw and Pw(+), exerts 

an important control on the likelihood and timing of bank failure. Figure ‎4.16 shows 

the relationship between Pw, Pw(+) and the peak discharge (Q
peak

) of each simulated 

flow event. 

 

As can be seen from Figure ‎4.16A, as expected the peak pore water pressure Pw(+) 

max increases in proportion to the peak discharge (i.e. the largest flood event 

simulated (1991) generates the largest value of Pw(+), irrespective of the specific 

simulation scenarios (1 or 3)). The correlation of Pw(+) with Q
peak

 in scenario 1 has a 

very strong value of r
2

=0.98, while the value of r
2

=0.79 is somewhat less in scenario 3, 

the effect of fluvial erosion evidently introducing noise into the correlation. Note that 

the Pw(+) values for scenario 3 are always lower than those for scenario 1, with the 

difference increasing as Q
peak

 increases. Therefore, this is the reason why the riverbank 

is more stable in scenario 3: changes in bank geometry caused by fluvial erosion 

evidently act to reduce Pw(+) values, due to the change in seepage gradient between 

the eroding bank face and the incipient failure plane location. 

 

Figure ‎4.16B shows that there is nearly an overlap between the line of regressions of 

maximum Pw in scenario 1 and 3 (red and green), with similar correlations of r
2

=0.56 

and 0.57, respectively. Similar to the regressions of maximum Pw(+), the trends of 

these two maximum Pw curves also increase along with the peak discharge. Clearly, Pw 

remains negative in both scenarios so there is no effect on the bank in terms of bank 

instability. 

 

Because the correlation coefficients of above linear regressions are not high enough to 

indicate a strong relationship between peak discharge and pore water pressure , non-

linear regressions have also been applied to the data (also in Figure ‎4.16B). 

Logarithmic trends are added but very little difference in the r
2

 values appear. 

Polynomial trends, however give a much stronger correlation with r
2

=0.95 for scenario 

1 and r
2

=0.94 for scenario 3. Although the polynomial fit gives very high r
2

, it is 

difficult to think of physical explanation that this regression shows possible behaviours 

of the data. Therefore, linear fit is actually better for physical considerations. It is also 

worth noting that at the other study sites investigated in this research (Ang Nyay and 
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Friendship Bridge), polynomial fit gives very poor representation of behaviour. 

Therefore, for all these reasons, a linear regression is chosen. 
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Figure ‎4.16. The maximum and minimum average pore water pressure integrated along the failure surface at 

the Pakse study site for simulation scenarios 1 and 3. Pw is the pore water pressure integral along the whole 

of the failure surface and Pw(+) is the pore water pressure integral along the saturated portion of the failure 

surface. 
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Following Luppi et al. (2009), Figure ‎4.17 presents a synthesis of the simulated factor 

of safety data results for Pakse, showing the relationship between bank stability and an 

index of the flood hydrology. Specifically, the simulation data are scaled to peak flow 

stage against total bank height Dpeak/Hbank in order to facilitate comparison of results 

between Pakse, the Ang Nyay and Friendship Bridge study sites, as well as with other 

sites such as the Sieve River (Darby et al., 2007) and the Cecina River (Luppi et al., 

2009). More details of this comparison will be described in Chapter 7. 
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Figure ‎4.17. Minimum factor of safety for slide failures as a function of non-dimensionalised peak flow depth 

at Pakse study site, Dpeak: peak flow depth; Hbank: bank height; Dpeak/Hbank: non-dimensionalised peak flow 

depth. 

 

 

In Figure ‎4.17 mostly the minimum factors of safety in scenario 3 are larger than those 

in scenario 1. However, weak regressions are acquired with r
2

 = 0.31 in scenario 1 and 

r
2

 = 0.28 for simulation 3. As expected, there is a declining trend in the factor of safety 

when the peak flow stage increases in both scenarios, meaning that stability reduces 

as Dpeak/Hbank increases. This result is consistent with previous studies such as Rinaldi et 

al. (2004) and Luppi et al. (2009)’s observations that the higher the river stage, the 

more unfavourable the pore water pressures. However, unlike those studies, here the 

gap between the factors of safety in the two scenarios is very small; indicating there is 

only a small effect of fluvial erosion in this study site in terms of mass failure, 

presumably due to the low rates of simulated fluvial erosion. Moreover, the important 

point in Figure ‎4.17 is the minimum FoS for scenario 3 is typically higher than that for 

scenario 1. This result is not expected, and the relationship between fluvial erosion 

and seepage flow could be a factor driving that result. As analysed above (in Figure 
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‎4.16A) the Pw(+) values for scenario 3 are always lower than those for scenario 1, 

thereby leading to the river bank in scenario 3 being more stable than scenario 1. 

Similar to the analysis conducted in Figure ‎4.16B, non-linear regressions are also 

applied to these data. Correlation coefficients in these cases increase (r
2

=0.57 for 

scenario 1 and r
2

=0.44 for scenario 3) but it is still evident that bank stability and flood 

hydrology at Pakse are only weakly linked. These polynomial fits are not considered to 

be the best forms of the physical considerations, so linear regressions are chosen for 

the stability hydrology relationship. 

 

Figure ‎4.18 shows the relationship between the total accumulated annual excess 

discharge (i.e. the total flow over threshold discharge) and the amount of sediment is 

eroded by fluvial erosion. Unlike Figure ‎4.16 and Figure ‎4.17 above, in which only the 

peak discharge is taken into account, here (Q-Qc) is employed as the hydraulic action 

which causes the fluvial erosion occurs not only at the peak but also at other phases of 

the hydrograph. It may be seen in Figure ‎4.18 that for both material units fluvial 

erosion increases in proportion to (Q-Qc). However, the regression correlations are 

not strong (i.e. the bank toe trend with r
2

=0.49 and the bank top‘s correlation is even 

lower with the value of r
2

=0.32). Moreover, the bank toe also produces much more 

sediment than the other layers, i.e. about 86% to 90% in all selected simulation events. 
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Figure ‎4.18. Total annual discharge over the threshold discharge (Q-Qc) versus eroded volume at the bank 

top (blue) and at the bank toe (yellow) at the Pakse study site. 
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Chapter 5 River Bank Stability Modelling at 

the Ang Nyay Study Site 

 

Similar to chapter 4, this chapter describes the river bank response to a range of 

simulated flow events at the Ang Nyay study site, which is located about 20 km 

upstream of Vientiane. In this chapter, the approach taken is similar to that in chapter 

4, in which, the discussion focuses first detail on a simulation before comparing 

results with the Pakse and Friendship study site. 

 

Parameter Symbol Unit 

Sediment layers 
Note 

1 2 
3 

 

0-1.4m 1.4-2.3m >2.3m 

Apparent cohesion c
a
 kPa 9.2 7.4 13.5 

Data based on BST tests (see 

3.3) 

Effective friction angle ' deg 36 39 39 
Data based on BST tests (see 

3.3) 

Unit weight  kN/m
3
 

14.3- 

16.8 

13.6- 

18.0 
15.7-19.3 

Data based on the samples 

which are taken from the 

site and analysed in the 

laboratory from dry to 

ambient condition 

Porosity n % 44.9 47.7 39.5 

Data based on the samples 

which are taken from the 

site and analysed in the 

laborat ory 

Saturated hydraulic conductivity k
sat

 m/s 1.51E-08 1.35E-08 1.22E-08 

Kozeny-Carman method 

based on grainsize data and 

porosity (see 3.2.2) 

Critical shear stress 
c
 Pa 0.450.21 0.650.03 0.830.57 

Data based on CSM tests 

(Darby  et al., 2010) 

Erodibilit y Coefficient k
d
 m

3
/Ns 2.98E-07 2.48E-07 2.20E-07 Hanson and S imon (2001) 

Table ‎5.1. Geotechnical and hydraulic characteristics of bank material at Ang Nyay , (see Figure ‎5.2 for 

definition of sediment layers). 

 

 

The river bank at Ang Nyay is composed of three material layers, with a total bank 

height of 13.2 m and mean bank angle of 69 (Figure ‎5.1). The upper unit (Unit 1 in 

Table 5.1), which is 1.4 m thick, is classified as sand with a porosity n=44.9% and a 

unit weight (under ambient conditions) of 16.8 kN/m
3

. The middle layer (Unit 2 in 

Table 5.1) is a clay (thickness = 0.9 m) with a unit weight =18.0 kN/m
3

 and a porosity 

of 47.7%. The 10.9 m thick lower layer (Unit 3), which is mottled clay, has a porosity of 

39.5% and the unit weight is =19.3 kN/m
3

. 
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Figure ‎5.1. Ang Nyay study site. 

 

Following the procedures adopted at the Pakse study site (see Chapter 5) and other 

previous studies (e.g. Dapporto et al., 2003; Rinaldi et al., 2004; Darby et al., 2007), 

the pore water pressure field within the bank at Ang Nyay was simulated using finite 

element seepage analysis, with the bank in this case being discretised into a total of 

19,287 quadrilateral elements (Figure ‎5.2). 
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Figure ‎5.2. Overview of the seepage analysis and near bank shear stress distribution used to calculate fluvial 

erosion for the Ang Nyay study site . 

 

The selection of flow events for simulation has been described in chapter 3, but at Ang 

Nyay special attention is paid to the 1966 event because it is the largest magnitude 

flood (in terms of available data) and its hydrograph characteristic is classified as rapid 

fall, which is likely to cause mass failure due to the possible imbalance between 

elevated pore water pressure inside river bank and loss of confining pressure under 

these flow conditions. 
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Scenarios 1 and 3 again were applied to all of the flow events at the Ang Nyay study 

site. However, for the 1966 flood, a mass failure is simulated during the course of 

scenario 1. Consequently an additional scenario (scenario 2) is applied to investigate 

the bank response to the flow event after the bank profile is changed to its new shape 

following mass failure. Table ‎5.2 below shows the flow events and their corresponding 

simulated scenarios at the Ang Nyay study site. 

 

 1956 1963 1966 1969 1971 1976 1984 

Scenario 1        

Scenario 2 n/a n/a  n/a n/a n/a n/a 

Scenario 3        

Table ‎5.2. Flow events and corresponding simulated scenarios at Ang Nyay study site. 

 

5.1 Results for the Year 1966 Hydrograph 

 

Following the approach taken in the other results chapters reported in this thesis, 

detailed results are initially reported for only the 1966 flood, with summary data being 

provided subsequently for all the other flow events (1956, 1963, 1969, 1971, 1976, 

and 1984) simulated for this site. The 1966 hydrograph begins with a gradual decrease 

to a stage of 158.4 m a.s.l at time step 98 (08 April 1966), remaining around that base 

flow level for approximately one month (time step 130; 10 May 1966), after which 

there is a small increase to time step 144 (24 May 1966). A significant rise occurs 

during May and June (up to time step 181, 30 June 1966), with the flow fluctuating at 

that stage until time step 211 (30 July 1966), at which point it jumps to 169.2 m a.s.l 

at time step 219 (07 August 1966) before rising to another peak at 172.4 m a.s.l in the 

two week period from time steps 234 (22 August 1966) to 248 (05 September 1966). A 

sharp draw down then occurs to time step 277 (04 October 1966), and subsequently, 

at reduced rate, from step 283 (10 October 1966), before the flow tails off to the end 

of the year.  
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5.1.1 Simulated fluvial erosion 

Ang Nyay 1966

Day

0 100 200 300

F
lo

w
 S

ta
g
e
 (

m
a
s
l)

156

158

160

162

164

166

168

170

172

174

F
lu

v
ia

l 
E

ro
s
io

n
 R

a
te

 (
m

2
/m

s
)

0

5e-8

1e-7

2e-7

2e-7

3e-7

3e-7

Flow stage

Layer 1

Layer 2

Layer 3

 

Figure ‎5.3. Simulated fluvial erosion for the year 1966 flow event at Ang Nyay. Integrating the fluvial erosion 

curves across the duration of the hydrograph gives total bank eroded sediments of 0.50, 0.29 and 3.62 

m
3

/m for the upper (layer 1), middle (layer 2) and lower bank (layer 3) material layers, respectively. 

 

As indicated in Figure ‎5.3, fluvial erosion, as simulated using the approaches outlined 

previously (See Section 3.4), is predicted to commence at time step 169 (18 June 1966) 

at the bank toe, when the near bank shear stress exceeds the critical shear stress of 

the lower bank material (i.e. Unit 3). The erosion rate fluctuates and follows the 

hydrograph shape, with the maximum rate obtained in the upper layer (layer 1) of 

6.8e-08 m/s occurring when hydrograph reaches the peak (time step 248; 05 

September 1966). The bank retreat is calculated and, when it is larger or equal to the 

mesh size of 0.1 m, the bank profile is deformed. Erosion of the middle (Unit 2) and 

uppermost (Unit 1) bank layers does not begin until time step 218 (06 August 1966) 

and 219 (07 August 1966), respectively, when the river stage begins to increase. Like 

the lower layer (Unit 3), Figure ‎5.3 shows that the erosion rate of both Layers 1 and 2 

increases and decreases in phase with the flow hydrograph. Unlike the Pakse study 

site, where the rate of fluvial erosion at the bank toe is double the rate at the bank top, 

at Ang Nyay the rate of bank top retreat is almost double the middle layer’s (Layer 2) 

rate and is triple the lower layer’s (Layer 3) rate, albeit for shorter durations. This 

finding can be explained by the differences in the values of the critical shear stress of 

each layer of bank material (see Table ‎5.1). However, as noted above, the duration of 

fluvial erosion at the bank top lasts only from time step 219 (07 August 1966) to time 

step 263 (20 September 1966) (i.e., 44 days), which is similar to the duration of 

erosion of the middle layer (Layer 2; 50 days), with both values being much less than 

the duration of fluvial erosion at the bank toe (156 days). For these reasons the mean 

bank retreat over the entire flow year (approximately 0.45 m) is similar across all three 

layers of material. 
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5.1.2 Pore water pressure 

 

Figure ‎5.4 provides a summary of the results of the finite element seepage modelling 

for the 1966 flow event. As in preceding chapter this figure again presents data that 

focuses on the time-varying value of the pore water pressure integrated along the 

saturated portion of the failure surface (Pw(+), Figure ‎5.4a) and along the entire failure 

surface (Pw, Figure ‎5.4b), respectively. In general, the evolution of both Pw and Pw(+) 

follows the 1966 flood hydrograph. 
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Figure ‎5.4. Evolution of average pore water pressure values integrated along the failure surface at the Ang 

Nyay study site (1966 flow event) for scenarios 1 (no bank deformation) and 3 (bank profile deformed by 

fluvial erosion and mass wasting): (Left) pore water pressure integral along the saturated portion of the 

failure surface and (Right) pore water pressure integral along the entire failure surface. 

 

Further details of the pore water pressure distribution, in relation to the evolution of 

the event hydrograph and seepage flow characteristics (Figure ‎5.6 and Figure ‎5.7) are 

described now. Excluding time step 0, which is the initial condition when the water 

table and river stage are assumed to be in equilibrium, then in the initial period of the 

simulation, which lasts between January and early April (time steps 1 to 98), there is a 

slight but progressive fall in water level from 161.3 m a.s.l to 158.4 m a.s.l as the dry 

season progresses. During this period, seepage flow is consistently directed from the 

bank towards the river, that is there is a seepage outflow at the intersection between 

the water table, bank profile and river stage with the outflow velocity on the order of 

1.10e-08 m/s (time step 98, 08 April 1966). As noted in the case of Pakse in Chapter 

4, this value is far too small to cause seepage erosion. 

 

The hydrograph subsequently fluctuates around its base level before beginning to rise, 

to a flow stage of 160.7 m.a.s.l at time step 144 (24 May 1966), most likely due to the 

arrival of spring melt from the Tibetan headwaters. At this point the seepage flows 

simulated previously change direction, such that the river flow is infiltrating into the 

bank, albeit at rather low flow velocities. For example, the infiltration velocity at the 

intersection between the water table, the face of the bank profile and the river stage is 
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1.15e-08m/s. The infiltration of this water begins to have an important impact on the 

pore water pressures simulated within the bank interior. In particular, the elevation of 

the water table becomes sufficiently high to intersect the potential failure surface, 

meaning positive pore water pressures appear for the first time in the simulation, even 

if the average integrated pore water pressure (Pw) has a modest negative value (i.e. 

stablising) of -7.69 kN/m. 

 

In the subsequent time steps there is a significant rise in the flow hydrograph until it 

stabilises at a level of 165.2 m a.s.l at time step 181 (30 June 1966). The seepage flow 

continues to be directed from the river into the bank, with the velocity at the 

intersection rising an order of magnitude to 1.9e-07 m/s. This significant recharge is 

sufficiently high that the positive pore water pressure now nearly balances with the 

negative pore water pressure, with the average total integrated value of Pw rising to -

1.21 kN/m at this point in time. In the next month of the simulation, that is from time 

step 181 (30 June 1966) to time step 211 (30 July 1966), the hydrograph fluctuates 

around a stage of 165.1 m a.s.l. The pore water pressure in this period therefore also 

fluctuates but the lag in the response of the pore water pressure field to the rising flow 

means that pore pressures continue to increase, and the value of Pw becomes positive 

for the first time in the simulation (i.e., Pw = 0.85 kN/m at time step 191 (10 July 

1966)), while the seepage inflow velocity reduces to a value of 2.7e-08 m/s. 

 

Over the course of the next three weeks of the flood, the hydrograph experiences a 

steep rise such that the flow stage exceeds the level of the contacts between Layers 2 

and 3 and Layers 1 and 2 of the bank materials (time step 219 (07 August 1966), 

169.2 m a.s.l). In response, a steep wetting front develops at the contact between the 

river and the bank profile, seepage inflow velocities at the intersection between the 

water table, the face of the bank profile and the river stage increase by an order of 

magnitude to a value of 1.1e-07 m/s, and the pore water pressure index value Pw rises 

to 6.32 kN/m. After slightly decreasing in the following two weeks, from time step 234 

(22 August 1966), the hydrograph again rises and reaches its peak at a level of 172.4 

m a.s.l by time step 248 (05 September 1966). Both Pw and Pw(+) attain their 

maximum values of 21.18 kN/m and 38.8 kN/m, respectively, at this point. These 

values are, in principle, sufficiently high to significantly destabilise the bank with 

respect to mass failure but, as discussed further below (see Section ‎5.1.3), the effect of 

the large confining pressure exerted by the flow is sufficiently high to ensure that the 

simulated factor of safety is also high at this time. However, by this point in time the 

accumulated erosion by the hydraulic action of the flow is also sufficient to deform the 

bank profile, such that scenario 3 is initiated at time step 234 (22 August 1966). 
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After the peak of the flood the water stage falls significantly (at a rate of 0.22 m/day) 

over the course of the next month, reaching a level of 165.7 m a.s.l by time step 277 

(04 October 1966). In this period, the seepage flow in the upper part of the water table 

has reversed out of the bank and is directed to the river, but it is still flowing inwards, 

for the lower part under the water table. The seepage velocity at the contact between 

layer 2 and 3 of the upper part is 6.71e-09 m/s and at the intersection between the 

water table, the face of the bank profile and the river stage it is 4.75e-09 m/s. Also the 

value of Pw decreases to a value of 6.29 kN/m in this period. However, it is noteworthy 

that Pw remains positive in sign while the confining pressure of the flow is falling 

significantly, leading to a dramatic drop in the factor of safety (See Section ‎5.1.3). After 

this time, the hydrograph experiences another small peak when it rises 1.5m by time 

step 283 (10 October 1966) before dropping again to a lower level of 165.0 m a.s.l a 

week later. In this period the parameter Pw also rises to 7.90 kN/m before reducing to 

a value of 7.42 kN/m by time step 291 (18 October 1966). It is especially noteworthy 

that the net effect of this fluctuation in the flow hydrograph is that, following the fall 

after the secondary peak, the simulated value of Pw (7.42 kN/m) is greater than the 

value of 6.29 kN/m simulated at 04 October 1966, even though the corresponding 

flow stage (at 17 October 1966) is lower. This is consistent with one of the findings of 

Luppi et al. (2009) who worked on the Cecina River in central Italy, namely that flow 

hydrographs with multiple peaks tend to be more destabilizing (in terms of elevating 

the value of Pw) than single peak hydrographs, due to the ‘pre -wetting’ effect of a 

series of peaks. This point is returned to in Chapter 7. 

 

Finally, after time step 295 (22 October 1966), the hydrograph continues to fall until 

the end of the simulation, reaching a minimum stage of 160.9 m.a.s.l. The pore water 

pressure Pw does not fall significantly in this period but instead fluctuates, ending with 

a value of 8.11 kN/m. There is a similar value of Pw(+) in both scenario 1 and scenario 

3 but there is a significant difference in Pw between two scenarios. The value of Pw is 

8.82 kN/m in scenario 1 but is 5.52 kN/m in scenario 3 (time step 312, 08 November 

1966), so explain why bank mass failure occurs in this period under scenario 1 (see 

Section 5.1.3. The seepage flow at the end of hydrograph (time step 365, 31 December 

1966) is directed from the bank to the river with the outflow velocity at the intersection 

between the water table, the face of the bank profile and the river stage being 1.06e-

08 m/s. 
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5.1.3 Bank stability and sediment  entrainment  
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Figure ‎5.5. Hydrograph, rainfall intensity and simulated factors of safety of flow event 2000 for simulation 

scenario 1 (no fluvial erosion) and 3 (fluvial erosion) at the Ang Nyay study site (for results for other events 

see Figure ‎5.8). 

 

 

As illustrated in Figure ‎5.5, the factor of safety (FoS) with respect to mass failure in 

scenario 1 remains above the critical value of unity until time step 312 (08 November 

1966) when it attains a value of 0.991, meaning that a bank failure is simulated at this 

point. Scenario 2 is subsequently conducted from time step 312 (08 November 1966) 

based on the updated bank profile following the failure surface simulated in scenario 

1. The bank in this scenario (2) remains stable throughout the remainder of the 

simulation. In scenario 3, where fluvial erosion is applied, the FoS remains above 1 

throughout the simulation period. This point is returned to below. In addition, and 

similarly to Darby et al. (2007), in all three cases there is also a decline (though not a 

small one like the Pakse study site discussed in Chapter 4) in stability by the end of the 

simulation period (for example the simulated FoS values exhibit a decrease of 0.872, 

0.647 and 0.705 for scenario 1, 2 and 3, respectively, between the beginning and end 

of the simulation period). This reflects the destabilising effect of the elevated pore 

water pressures seen between the start and end of the simulation (e.g. the integrated 

pore water pressure Pw at step 1 and step 365 is -7.30 kN/m and 8.11 kN/m, 

respectively in scenario 1). There are only modest differences in FoS values simulated 

under scenarios 1 and 3, with FoS for the latter scenario (again, like the Pakse study 

site) being somewhat larger than the former scenario (i.e. at step 240 (28 August 

1966), the Fos is 3.562 in scenario 1 and in scenario 3 it is 3.721; at step 272 (29 

September 1966), the Fos in scenario 1 is 1.390 and scenario 3 it is 1.480). 
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Given the differences in the simulated FoS values for each scenario, the temporal 

variations in FoS must be attributed to the varying values of pore water and confining 

pressure simulated during the course of each simulation. Thus, when the flow level is 

low (e.g. Figure ‎5.6, time step 130, 10 May 1966) the bank is dominated by negative 

(stabilising) pore-water pressures. In contrast, during peak flow, the immersion of the 

bank is sufficiently long to cause complete saturation and the generation of positive 

pore water pressures (Figure ‎5.6, time step 248, 05 September 1966). When the river 

stage recedes, the ground water table also goes down along with the water level 

(Figure ‎5.6, time step 312, 08 November 1966), resulting in a significant reduction of 

hydrostatic confining pressure and thus factor of safety, which ultimately triggers the 

mass failure noted in scenario 1. However, in scenarios 2 and 3, the positive pore -

water pressures are insufficiently high to trigger mass-failure (e.g. the average 

integrated pore water pressure Pw in scenarios 1, 2 and 3 are 8.82 KN/m, 7.76 kN/m 

and 5.52 kN/m, respectively). 

 

Thus, it is apparent that, similar to Simon et al. (1999), Darby et al. (2007) and the 

results from the Pakse study site reported in chapter 4, the dominating influence on 

bank stability is the hydrostatic confining pressure exerted by water in the channel, so 

that temporal trends of FoS are strongly positively correlated with fluctuations in the 

flow hydrograph. For example, in scenario 1 (no fluvial erosion), the initial factor of 

safety is 1.847, but as flow stage decreases the factor of safety also slightly decreases 

to 1.805 and 1.799 by time step 30 (30 January 1966) and 98 (08 April 1966), 

respectively. When the river stage reaches the peaks observed at time steps 181 (30 

June 1966), 219 (07 August 1966) and 248 (05 September 1966), the factor of safety 

also rises to 1.841, 3.009 and 4.083, respectively. On the first half of the falling limb 

when the flow stage recedes rapidly from its peak then at step 256 (13 September 

1966), 263 (20 September 1966) and 277 (04 October 1966), the simulated factor of 

safety also falls to values of 3.665, 2.015 and 1.265, respectively.  

 

Scenario 3 incorporates the effects of fluvial erosion and, as such, it might initially be 

thought that this scenario would be associated with reduced FoS values. However, 

except for time steps 234 (22 August 1966) and 256 (13 September 1966), when the 

factor of safety in scenario 3 is 2.429 and 3.590, respectively, compared to values of 

2.494 and 3.665 in scenario 1, scenario 3 in fact experiences larger factors of safety. 

Therefore, there is no mass wasting in scenario 3. The difference between the FoS 

values simulated in scenarios 1 and 3 range from approximately 0.2% to 20%, with the 

higher value occurring late in the simulation because of the mass failure in scenario 1. 

The mass wasting occurs at some time steps (312, 08 November 1966; 340, 06 

December 1966 and 365, 31 December 1966) at the end of the hydrograph due to the 
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lack of confining pressure while the pore water pressure values are still high. The Pw in 

these cases are 8.82 kN/m, 7.47 kN/m and 8.11 kN/m while the corresponding FoS 

values are 0.991, 0.970 and 0.975, respectively. In contrast in scenario 3, due to the 

effects of fluvial erosion which change the bank geometry and water table gradient, the 

Pw values reduce to 5.52 kN/m, 5.55 kN/m and 6.78 kN/m so the corresponding Fo S 

values increase to 1.187, 1.158 and 1.142, respectively. In addition to the reduction of 

positive pore water pressure associated with scenario 3, the fluvial erosion at Ang Nyay 

also stabilises the bank as the mean bank retreat at the bank top and the middle layer 

are as large as at the bank toe (see Section ‎5.1.1). The initial bank angle is 68º5’ but 

after the bank profile is deformed by hydraulic action (at step 312, 08 November 

1966), the new bank angle is slightly flattened to 67º5’, leading to a change in the slip 

surface position that stabilises the bank with respect to  mass failure.  

 

Due to the absence of mass wasting in scenario 3, the volume of bank material 

entrained to the river is associated exclusively with fluvial erosion. The total unit 

volume of eroded sediment in this case is 4.4 m
3

/m, with most (82%) being supplied 

from the lower unit of bank material, mainly due to its greater thickness, even though 

the mean erosion rates of each layer are similar. 
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Figure ‎5.6. Simulated bank pore water pressure distributions for selected time steps at Ang Nyay for 

scenario 1 (no bank deformation, left hand side), scenario 2 (bank profile is deformed by mass wasting, 

middle column) and 3 (bank profile is deformed by both fluvial erosion and mass wasting, right hand side). 

Animations of the complete simulation sequence are available in the accompanying CD. 
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Figure ‎5.7. Simulated bank seepage flow for selected time steps at Ang Nyay (scenarios 1), green and yellow 

colour is river bank material, blue line is water table, and red c irc le is the intersection between bank surface, 

water table and river stage 
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5.2 Synthesised results at Ang Nyay study site 
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Friendship Bridge, 1966

Simulation 1+3
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Ang Nyay, 1969
Simulation 1+3
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Ang Nyay, 1971
Simulation 1+3
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Figure ‎5.8. Hydrograph, rainfall intensity and simulated factors of safety for the selected flow events for 

simulation scenarios 1, 2 and 3 at the Ang Nyay study site. 
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As can be seen in Figure ‎5.8, the factors of safety follow in part the trend (1956) or 

mostly the trend (1963, 1969, 1971, 1976 and 1984) of the hydrograph, the FoS is 

greatest when the flow level is high; and indeed FoS remains above 1 at all times and 

for both simulation scenarios so the river bank at this site remains stable with respect 

to mass failure. The maximum factor of safety occurs in phase with the peak flow and 

the minimum factor of safety mostly occurs at the end of the simulation, giving an 

overall range of simulated FoS from 1.697 for a low flow event (i.e 1956) to 3.113 for a 

high flow event (i.e. 1966). Pore water pressure values, as integrated along the failure 

surface (i.e, the parameter Pw), remain negative mostly for the whole simulation in 

both scenario 1 and 3 (in case of low flow event i.e. 1956, 1963, 1984); remain 

positive for part of the high stage hydrograph (in case of a medium high flow event i.e. 

1969, 1976); or remain positive through the whole simulation (high flow event i.e. 

1971). However, even for the brief maxima the maximum value of Pw in all the above 

cases is still insufficient to trigger mass failure. 

 

In this section the principal findings of the simulations undertaken for the full range of 

flow events investigated at the Ang Nyay study site are discussed. The effects on pore 

water pressure distributions of variations in event hydrograph shape are explored first, 

because it has been shown that the pore pressure distribution, particularly as 

expressed by the parameters Pw and Pw(+), exerts an important control on the 

likelihood and timing of bank failure. Figure ‎5.9 shows series of relationships between 

maximum and minimum values of both Pw, Pw(+) and the hydrograph peak Q
peak

. 

 

As can be seen from Figure ‎5.9A and Figure ‎5.9B, there is a good correlation between 

pore water pressure (maximum Pw and Pw(+) values) and peak discharge  values in both 

scenarios 1 and 3. Their trends show that the peak pore water pressure increases in 

proportion to the peak discharge, i.e. the largest flood events simulated (1966 and 

1971) generate the largest values of Pw, irrespective of the specific simulation 

scenarios (1, 2 or 3). The correlation of Pw(+) and Pw in scenario 1 has a similar value 

of r
2

=0.90, a little stronger than those values in scenario 3 at r
2

=0.87 and r
2

=0.83, 

respectively. As with the Pakse site, the effect of fluvial erosion might be a reason for 

the reduced correlation in scenario 3. 

 

The difference between the maximum Pw (+) and maximum Pw is about 20 kN/m and 

15 kN/m for scenario 1 and 3, respectively. The reason might be the timing of the 

maximum values, i.e. in scenario 1, the maximum Pw(+) occurs at the time step 

corresponding with the peak of the hydrograph, while maximum Pw occurs at the flood 

peak (e.g. 1966 event), after the peak (e.g. 1969) and in the falling limb (e.g. 1976, 

1984 ). However, in scenario 3, except for the 1971 event, the maximum Pw and Pw(+) 
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values occur at the same time step (e.g. step 254 (10 September 1956) in the 1956 

event). This gap and others at Pakse and Friendship Bridge study site will be discussed 

in chapter 7. 
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Figure ‎5.9. The maximum and minimum average pore water pressure integrated along the failure surface at 

the Ang Nyay study site for simulation scenarios 1 and 3. Pw is the pore water pressure integral along the 

whole of the failure surface and Pw(+) is the pore water pressure integral along the saturated portion of the 

failure surface. 
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Figure ‎5.10 illustrates the relationship between stability with respect to mass failure 

and the flow intensity. The data are again scaled to peak flow stage against total bank 

height Dpeak/Hbank. In Figure ‎5.10 mostly the minimum factors of safety in scenario 3 are 

larger than those in scenario 1. However, a more robust regression is acquired in 

simulation 1 with r
2

 = 0.79 and with a little lower r
2

 = 0.69 for simulation 3. There is a 

declining trend in factor of safety as peak flow stage increases in both scenarios. This 

result is similar to the finding of Rinaldi et al. (2004) and Luppi et al. (2009)’s research 

in that the higher river stage, the more unfavorable pore water pressure it exhibits. 

However, unlike those studies, the gap between the factors of safety in the two 

scenarios increases along with the peak flow stage, indicating that for the high flow 

event, the effect of fluvial erosion at this study site is more significant in terms of its 

effect on mass failure. 
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Figure ‎5.10. Minimum factor of safety for slide failures as a function of non-dimensionalised peak flow depth 

at Ang Nyay study site, Dpeak: peak flow depth; Hbank: bank height; Dpeak/Hbank: non-dimensionalised peak flow 

depth. 
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Figure ‎5.11 shows the relationship between total annual discharge over the threshold 

discharge and the total amount of sediment eroded by fluvial erosion. It can be seen in 

Figure ‎5.11 that all three material units erode in proportion to the (Q-Qc) parameter. 

All have strong regression correlations, especially the bank toe trend with r
2

=0.94, the 

bank top and the middle layer have similar correlations with the value of r
2

=0.83. 

Moreover, the bank toe also produces much more sediment than the  other layers, i.e. 

about 81% for high flow events (1966, 1971) and more than 99% for low flow events 

(1984). 
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Figure ‎5.11. Total annual discharge over the threshold discharge (Q-Qc) versus eroded volume at the bank 

top (purple), at the middle layer (blue) and at the bank toe (yellow) at the Ang Nyay study site .  
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Chapter 6 River Bank Stability Modelling at 

the Friendship Bridge Study Site 

 

Similar to Chapter 4 and 5, this chapter will describe the river bank response to flow 

events at the Friendship Bridge study site. The Friendship Bridge study site is located 

at Vientiane and has been described in the methodology chapter (see Section 3.1). 

 

Parameter Symbol Unit 

Sediment layers 
Note 

1 2 
3 

 

0-1.3m 1.3-3.2m >3.2m 

Apparent cohesion c
a
 kPa 28.1 25.4 26.4 

Data based on BST tests (see 

3.3) 

Effective friction angle ' deg 36 36 36 
Data based on BST tests (see 

3.3) 

Unit weight  kN/m
3
 

11.3- 

12.1 

15.0- 

16.8 
16.2-17.6 

Data based on the samples 

which are taken from the 

site and analysed in the 

laboratory from dry to 

ambient condition 

Porosity n % 56.4 42.2 37.5 

Data based on the samples 

which are taken from the 

site and analysed in the 

laborat ory 

Saturated hydraulic conductivity k
sat

 m/s 3.48E-08 8.89E-07 3.93E-07 

Kozeny-Carman method 

based on grainsize data and 

porosity (see 3.2.2) 

Critical shear stress 
c
 Pa 0.500.20 1.030.36 0.500.24 

Data based on CSM tests 

(Darby  et al., 2010) 

Erodibilit y Coefficient k
d
 m

3
/Ns 2.82E-07 1.97E-07 2.82E-07 Hanson and S imon (2001) 

Table ‎6.1. Geotechnical and hydraulic characteristics of bank material at Friendship Bridge, (see Figure ‎6.2 

for definition of sediment layers). 

 

The river bank at Friendship Bridge is composed of three material layers with a total 

bank height of 13.2 m and mean bank angle of 35 (Figure ‎6.1). The upper unit, which 

is 1.3 m thick, is classified as silty sand with a porosity n=56.4% and a unit weight 

(under ambient conditions) of 12.1 kN/m
3

. The middle layer is a silt (thickness = 1.9 m) 

with a unit weight =16.8 kN/m
3

 and a porosity of 42.2%. The 10.0 m thick lower layer, 

which is mottled clay, has a porosity of 37.5% and unit weight =17.6 kN/m
3

. 

 

Following previous studies (e.g. Dapporto et al., 2003; Rinaldi et al., 2004; Darby et al., 

2007), the pore water pressure field within the bank was simulated via finite element 

seepage analysis, with the bank discretised into a total of 21,658 quadrilateral 

elements. Boundary conditions were defined at the bank top based on the obse rved 

rainfall intensity, while the measured variations in water level were assigned to nodes 

along the river bank face. The remaining two vertical (left hand edge of model domain) 

and horizontal (bottom) boundaries were assigned as zero flux boundary conditions. 

With the assumption that the initial water table and river stage is in equilibrium, the 

steady state is used to define the initial head. 
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Figure ‎6.1. Friendship Bridge study site. 
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Figure ‎6.2. Overview of the seepage analysis and near bank shear stress distribution used to calculate fluvial 

erosion for the Friendship Bridge study site 

 

Due to the location of Friendship Bridge at Viantiane city, the closet gauging station is 

Vientiane. Therefore, both Friendship Bridge and Ang Nyay study sites have the same 

hydrological data. As described in the previous chapter for Ang Nyay, the 1966 flow 

event is also selected for modelling in this part. 

 

 1956 1963 1966 1969 1971 1984 

Scenario 1       

Scenario 2 n/a n/a n/a n/a n/a n/a 

Scenario 3       

Table ‎6.2. Flow events and corresponding simulated scenarios at Friendship Bridge study site. 
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Similarly to the Pakse and Ang Nyay study sites, scenarios 1 and 3 again were applied 

to all of the flow events at the Friendship Bridge study site. Table ‎6.2 shows the flow 

events and the corresponding simulated scenarios at the Friendship Bridge study site. 

 

6.1 Results for the Year 1966 Hydrograph 

 

Following the approach taken in the other results chapters, detailed results are initially 

reported for only the 1966 flood, with summary data being provided subsequently for 

all the other flow events (1956, 1963, 1969, 1971, 1976, 1984) simulated for this site. 

The 1966 hydrograph begins with a gradual decrease to a stage of 158.4 m a.s.l at 

time step 98 (08 April 1966), remaining around that base flow level for approximately 

one month (time step 130; 10 May 1966), after which there is a small increase to  time 

step 144 (24 May 1966). A significant rise occurs during May and June (up to time step 

181, 30 June 1966), with the flow fluctuating at that stage until time step 211 (30 July 

1966), at which point it rises to 169.2 m a.s.l at time step 219 (07 August 1966) 

before rising to another peak at 172.4 m a.s.l in the two week period from time steps 

234 (22 August 1966) to 248 (05 September 1966). A sharp draw down then occurs to 

time step 277 (04 October 1966) and subsequently, at reduced rate, from step 283 (10 

October 1966), before the flow tails off to the end of the year.  

 

6.1.1 Simulated fluvial erosion 
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Figure ‎6.3. Simulated fluvial erosion for the year 1966 flow event at Friendship Bridge. Integrating the fluvial 

erosion curves across the duration of the hydrograph gives total bank eroded sediments of 0.93, 1.15 and 

14.04 m
3

/m for the upper, middle and lower bank material layers, respectively. 
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As indicated in Figure ‎6.3, fluvial erosion as simulated using the approaches outlined 

previously (See Section 3.4), is predicted to commence at time step 180 (29 June 1966) 

at the bank toe, when the near bank shear stress exceeds the critical shear stress of 

the lower bank material (i.e. Unit 3). The erosion rate fluctuates and follows the 

hydrograph shape, with the maximum rate obtained in the middle layer (layer 2) of 

6.1e-07 m/s occurring at time step 248 (05 September 1966) on the day the 

hydrograph reaches the peak. The bank retreat is calculated and, when it is larger or 

equal to the mesh size of 0.1 m, the bank profile is deformed. Erosion of the middle 

(Unit 2) and uppermost (Unit 1) bank layers does not begin until time step 215 (03 

August 1966) and 219 (07 August 1966), respectively, when the river stage begins to 

increase. Like the lower layer (Unit 3), Figure ‎6.3 shows that the erosion rate of both 

the Layers 1 and 2 increases and decreases in phase with the flow hydrograph. Unlike 

either the Pakse study site, where the rate of fluvial erosion at the bank toe is double 

the rate at the bank top, or at Ang Nyay, where the rate of bank top retreat is almost 

double the middle layer’s (Layer 2) rate and is triple the lower layer’s (Layer 3) rate, 

here at the Friendship Bridges study site, the rate due to hydraulic action on the bank 

top is similar to the bank toe and is two thirds of the middle layer’s. This finding can 

be explained by the differences in the values of the critical shear stress of each layer of 

bank material (see Table ‎6.1). In addition, the duration of fluvial erosion at the bank 

top lasts from time step 219 (07 August 1966) to time step 263 (20 September 1966) 

(i.e. 44 days), which is similar to the duration of erosion of the middle layer (Layer 2; 

50 days), with both values being much less than the duration of fluvial erosion at the 

bank toe (117 days). For these reasons the mean bank retreat over the entire flow year 

is similar across the bank top and the middle layer of material (approximately 0.7 m 

and 0.6 m, respectively) and for the bank toe, that value is about 1.4 m. These values 

are greater than Ang Nyay’s with the same simulated flow event 1966. At Ang Nyay, 

the mean bank retreat over the 1966 event of about 0.45 m applied for all three bank 

layers.  
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6.1.2 Pore water pressure 

 

Figure ‎6.4 provides a summary of the results of the finite element seepage modelling 

for the 1966 flow event. This figure again presents data that focus on the value of the 

pore water pressure, integrated along the saturated portion of the failure surface 

(Pw(+), Figure ‎6.4a) and along the entire the failure surface (Pw, Figure ‎6.4b), 

respectively. In general, the evolution of both Pw and Pw(+) follows the 1966 flood 

hydrograph. 
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Figure ‎6.4. Evolution of average pore water pressure values integrated along the failure surface at the 

Friendship Bridge study site (1966 flow event) for scenarios 1 (no bank deformation) and 3 (bank profile 

deformed by fluvial erosion and mass wasting): (Left) pore water pressure integral along the saturated 

portion of the failure surface and (Right) pore water pressure integral along the entire failure surface. 

 

Further details of the pore water pressure distribution, in relation to the evolution of 

the event hydrograph and seepage flow characteristics (Figure ‎6.6 and Figure ‎6.7) are 

now described. Excluding time step 0, which is the initial condition when the water 

table and river stage are assumed to be in equilibrium, then in the initial period of the 

simulation, which lasts between January and early April (time steps 1 to 98), there is a 

slight but progressive fall in water level from 161.3 m a.s.l to 158.4 m a.s.l as the dry 

season progresses. During this period, seepage flow is consistently directed from the 

bank towards the river, such that is there is a seepage outflow at the intersection 

between the water table, bank profile and river stage with an outflow velocity on the 

order of 2.6e-08 m/s (time step 98, 08 April 1966). However, it is noted that, unlike 

the Pakse and Ang Nyay study sites where the value of saturated hydraulic conductivity 

is low (see Table 5.1 and 6.1), here at Friendship Bridge, the saturated hydraulic 

conductivity is quite high especially within unit 2 and unit 3 with values of 8.89e-07 

m/s and 3.93e-07m/s, respectively (see Table ‎6.1), so it will have crucial effects with 

respect of the seepage flow under actions of rainfall and confining river stage. 

Therefore, there is a seepage flow coming out of the unit 3 and most of unit 2 due to 

rainfall infiltration. The seepage velocity at the intersection between these two layers 
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and bank face is quite low with the value of 9.91e-09 m/s. As noted in the Pakse 

chapter (Chapter 4), this value is far too small to cause seepage erosion. 

 

The hydrograph subsequently fluctuates around its base level before beginning to rise, 

to a flow stage of 160.7 m.a.s.l at time step 144 (24 May 1966), most likely due to the 

arrival of spring melt from the Tibetan headwaters. At this point, the seepage flows of 

unit 2 are still going out (velocity 3.94e-08 m/s at the intersection between unit 2, 3 

and the bank face), but the seepage flows around the water table change direction, 

such that the river flow is infiltrating into the bank, albeit at rather low flow velocities. 

For example, the infiltration velocity at that intersection between the water table, the 

face of the bank profile and the river stage is 1.91e-08m/s. However, the infiltration of 

this water is too little to cause an impact on the pore water pressures simulated within 

the bank interior, so the average integrated pore water pressure (Pw) has a small 

negative value (i.e. stablising) of -4.61 kN/m. 

 

In the subsequent time steps there is a significant rise in the flow hydrograph to a level 

of 162.8 m a.s.l at step 171 (20 June 1966) then until it stabilises at a level of 165.2 m 

a.s.l at time step 181 (30 June 1966). The seepage flow (around the water table) 

continues to be directed from the river into the bank, with the velocity at the 

intersection rising an order of magnitude to 7.29e-08 m/s. This significant recharge is 

sufficiently high that the positive pore water pressure now balances with negative pore 

water pressure and the value of Pw becomes positive for the first time in the 

simulations, with the average total integrated value of Pw being 0.11 kN/m at this time 

(step 171, 20 June 1966). At time step 181 (30 June 1966), inside the river bank, 

seepage flows which are infiltrating due to rainfall meet up with the seepage flows 

which are related to the rising water table, due to the river stage. The direction of the 

seepage flow is outwards at the intersection between the water table, the face of the 

bank profile and the river stage with a velocity of 3.73e-08m/s 

 

In the next month of the simulation, that is from time step 181 (30 June 1966) to time 

step 211 (30 July 1966), the hydrograph fluctuates around a stage of 165.1 m a.s.l. 

The pore water pressure in this period therefore also fluctuates but increase to a value 

of Pw = 11.31 kN/m at time step 211 (30 July 1966). The seepage inflows inside unit 3 

nearly stay constant, only seepage flow within unit 2 still is going out with a velocity of 

6.76e-08 m/s. 

 

Over the course of the next three weeks of the flood, the hydrograph experiences a 

steep rise such that the flow stage exceeds the level of the contacts between Layers 2 

and 3 and Layers 1 and 2 of the bank materials (time step 219 (07 August 1966), 
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169.2 m a.s.l). Due to this high river stage, the seepage flows at this point directly and 

totally are going in to the bank. The velocity at the intersection between the water 

table, the face of the bank profile and the river stage decreases by an order of 

magnitude to a value of 1.11e-08 m/s and the pore water pressure index value Pw 

drops to 5.48 kN/m. After slightly decreasing in the following two weeks, from time 

step 234 (22 August 1966) the hydrograph again rises and reaches its peak at a level 

of 172.4 m a.s.l by time step 248 (05 September 1966). The seepage flows are going 

in at this time step. The average total integrated value of Pw attains its maximum value 

of 35.36 kN/m at this point. These values are, in principle, sufficiently high to 

significantly destabilise the bank with respect to mass failure , but as discussed further 

below (see Section ‎6.1.3), the effect of the large confining pressure exerted by the flow 

is sufficient to ensure that the simulated factor of safety is also high at this time. 

However, by this time the accumulated erosion by hydraulic action of the flow is also 

sufficient to deform the bank profile, such that scenario 3 is initiated at time step 226 

(14 August 1966). 

 

After the peak of the flood, the water stage falls significantly (at a rate of 0.22 m/day) 

over the course of the next month, reaching a level of 165.7 m a.s.l by time step 277 

(04 October 1966). In this period, the seepage flows still go in when the river stage 

exceeds the bank top but they reverse out of the bank to the river when the 

hydrograph falls. The seepage velocity at the intersection between the water table, the 

face of the bank profile and the river stage is 5.09e-07 m/s (step 266, 23 September 

1966). In addition, the value of Pw decreases to a value of 13.99 kN/m in this period. 

However, it is noteworthy that Pw remains positive in sign during this pe riod when the 

confining pressure of the flow is falling significantly, leading to a dramatic drop in the 

factor of safety (see Section ‎6.1.3). After this time, the hydrograph experiences another 

small peak when it rises 1.5m by time step 283 (10 October 1966) before dropping 

again to a lower level of 165.0 m a.s.l a week later. In this period, the parameter Pw 

declines to 7.08 kN/m before rising to a value of 12.13 kN/m by time step 291 (18 

October 1966). 

 

Finally, after time step 295 (22 October 1966), the hydrograph continues to fall until 

the end of the simulation, reaching a minimum stage of 160.9 m.a.s.l. The pore water 

pressure Pw does not fall significantly fall in this period, but instead fluctuates, ending 

with a value of 10.39 kN/m. The seepage flow at the end of hydrograph (step 365, 31 

December 1966) is directed from the bank to the river with the outflow velocity at the 

intersection between the water table, the face of the bank profile and the river stage 

being 2.81e-08 m/s. 
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6.1.3 Bank stability and sediment  entrainment  
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Figure ‎6.5. Hydrograph, rainfall intensity and simulated factors of safety of flow event 2000 for simulation 

scenario 1 (no fluvial erosion) and 3 (fluvial erosion) at the Friendship Bridge study site (for results for other 

events see Figure ‎6.8). 

 

As illustrated in Figure ‎6.5, the factor of safety (FoS) with respect to mass failure in 

both scenario 1 and 3 remains above the critical value of unity so the bank is stable 

under the 1966 event conditions. In addition, and similarly to Darby et al. (2007), in 

both two cases there is also a decline (though not a small one like the Pakse study site 

discussed in Chapter 4) in stability by the end of the simulation period (for example 

the simulated FoS values exhibit a decrease of 0.576 and 0.349 for scenario 1 and 3, 

respectively, between the beginning and end of the simulation period). This reflects the 

destabilising effect of the elevated pore water pressures seen between the start and 

end of the simulation (e.g. the integrated pore water pressure Pw at step 1 and step 

365 is -3.88 kN/m and 10.39 kN/m, respectively in scenario 1). There are only modest 

differences in FoS values simulated under scenarios 1 and 3, with FoS for the latter 

scenario, as expected, being both somewhat larger and smaller (unlike the Ang Nyay 

study site but similar to Pakse) than the former scenario (i.e. at step 234 (22 August 

1966), the Fos is 2.072 in scenario 1, larger than that in scenario 3 (1.932); at step 

291 (18 October 1966), the FoS in scenario 1 is 1.661 less than that in scenario 3 

(1.778)). 

 

Given the differences in the simulated FoS values for each simulation scenario, the 

simulated temporal variations in FoS must be attributed to the varying values of pore 

water and confining pressure simulated during the course of each simulation. Thus, 

when the flow level is low (e.g. Figure ‎6.6, time step 130, 10 May 1966) the bank is 

dominated by negative (stabilising) pore-water pressures. In contrast, during peak flow, 
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the immersion of the bank is sufficiently long to cause complete saturation and the 

generation of positive pore water pressures (Figure ‎6.6, time step 248, 05 September 

1966). When the river stage recedes, the ground water table also goes down along with 

the water level (Figure ‎6.6, time step 312, 08 November 1966), resulting in a 

significant reduction of hydrostatic confining pressure. However, in both scenarios 1 

and 3, the positive pore-water pressures are insufficiently high to trigger mass-failure 

(e.g. the average integrated pore water pressure Pw in scenarios 1 and 3 are 11.00 

KN/m and 11.69 kN/m, respectively). 

 

Thus, it is apparent that, similar to Simon et al. (1999), Darby et al. (2007) and the 

results from the Pakse and Ang Nyay study site reported in Chapter 5 and 6, the 

dominating influence on bank stability is the hydrostatic confining pressure exerted by 

water in the channel, so that temporal trends of FoS are strongly positively correlated 

with fluctuations in the flow hydrograph. For example, in scenario 1 (no fluvial 

erosion), the initial factor of safety is 2.285, but as flow stage decreases the factor of 

safety also slightly decreases to 2.210 by time step 98 (08 April 1966). When the river 

stage reaches the peaks observed at time steps 181 (30 June 1966), 219 (07 August 

1966) and 248 (05 September 1966), the factor of safety also rises to 2.115, 2.373 

and 3.248, respectively. On the first half of the falling limb when the flow stage 

recedes rapidly from its peak then at step 256 (13 September 1966), 263 (20 

September 1966) and 277 (04 October 1966), the simulated factor of safety also falls 

to values of 2.844, 2.003 and 1.671, respectively. 

 

Scenario 3 incorporates the effects of fluvial erosion and, as such, it initially might be 

thought that this scenario would be associated with reduced FoS values. However, 

similar to the Pakse study site, compared with values in scenario 1 and scenario 3 in 

fact scenario 3 experiences both larger and smaller factors of safety. The difference 

between the FoS values simulated in scenarios 1 and 3 range from approximately 1.2% 

to 13.3%. The differences in the factors of safety can be grouped into three periods: 

from step 230 (18 August 1966) to 256 (13 September 1966), step 259 (16 September 

1966) to 283 (10 October 1966) and from step 291 (18 October 1966) to 365 (31 

December 1966). In the first period, except for step 234, the larger factors of safety in 

scenario 3 are due to the smaller average integrated pore water pressure Pw (i.e. step 

248 (05 September 1966), the factors of safety in scenarios 1 and 3 are 3.248 and 

3.882, while the Pw for this step is 33.36 kN/m and 26.81 kN/m, respectively). The 

lower factors of safety in scenario 3 in the second period (except for step 277, 04 

October 1966) are due to greater Pw values (except for step 272 (29 September 1966) 

and 277 (04 October 1966)), i.e. at step 266 (23 September 1966), the factors of safety 

in scenarios 1 and 3 are 1.868 and 1.729, while the Pw values in this step is 6.53 
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kN/m and 7.12 kN/m, respectively. In the last period, the factor of safety in scenario 3 

again is larger than that in scenario 1 due to the lower value of Pw (except for step 312 

(08 November 1966) and 340 (06 December 1966)), i.e. at step 295 (22 October 

1966), the factors of safety in scenario 1 and 3 are 1.850 and 1.905, while the Pw 

values in this step are 11.45 kN/m and 6.60 kN/m, respectively. 

 

Due to the absence of mass wasting in scenario 3, the volume of bank material 

entrained to the river is associated exclusively with fluvial erosion. The total unit 

volume of eroded sediment in this case is 16.1 m
3

/m, four times larger than at the Ang 

Nyay study site (see Section 5.1.1), with most (87%) supplied from the lower unit of 

bank material (82% at Ang Nyay), mainly due to its greater thickness, even though the 

mean erosion rate of the bank toe is similar to the bank top and is two thirds of that of 

the middle layer (see Section ‎6.1.1). 

 



   106 

    

    

    

    

    

Figure ‎6.6. Simulated bank pore water pressure distributions for selected time steps at Friendship Bridge for 

scenario 1 (no bank deformation, left hand side), scenario 2 (bank profile is deformed by mass wasting, 

middle column) and 3 (bank profile is deformed by both fluvial erosion and mass wasting, right hand side). 

Animations of the complete simulation sequence are available in the accompanying CD. 



   107 

Step 130 

Distance (m)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

E
le

v
a

ti
o

n
 (

m
.a

.s
.l
)

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

 

Step 277 

Distance (m)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

E
le

v
a

ti
o

n
 (

m
.a

.s
.l
)

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

 

Step 365 

Distance (m)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

E
le

v
a

ti
o

n
 (

m
.a

.s
.l
)

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

 

Figure ‎6.7. Simulated bank seepage flow for selected time steps at Ang Nyay (scenario 1), green and yellow 

colour is river bank material, blue line is water table, and red c irc le is the intersection between bank surface, 

water table and river stage 

5.95e-09 m/s 

5.09e-07 m/s 

2.81e-08 m/s 
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6.2 Synthesised results at the Friendship Bridge study site 
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Figure ‎6.8. Hydrograph, rainfall intensity and simulated factors of safety for the selected flow events for 

simulation scenarios 1 and 3 at the Friendship Bridge study site 
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As can be seen in Figure ‎6.8, the factors of safety follow in part the trend (1956, 1969, 

and 1971) or mostly the trend (1963, 1976 and 1984) of the hydrograph, the FoS is 

greatest when the flow level is high; and indeed FoS remains above 1 at all times and 

for both simulation scenarios so the river bank remains stable with respect to mass 

failure. The maximum factor of safety occurs in phase with the peak flow and the 

minimum factor of safety mostly occurs at the end of the simulation, giving an overall 

range of simulated FoS from 0.889 for the low flow event (i.e 1956) to 1.603 for the 

high flow event (i.e. 1966). Pore water pressure values, as integrated along the failure 

surface (i.e, the parameter Pw), remain negative mostly for the whole simulation in 

both scenarios 1 and 3 (in case of low flow event i.e. 1956, 1963, 1984); remain 

positive in part of the high stage hydrograph (in case of medium high flow event i.e. 

1969, 1976); or remain positive in the whole simulation (high flow event i.e. 1971). 

However, even for the brief maxima the maximum value of Pw in all the above cases is 

still insufficient to trigger mass failure. Therefore, the pore water pressure has 

relatively little effect on the stability (with respect to mass failure) of the river bank 

under all the above flow events. 

 

As can be seen from Figure ‎6.9, the peak pore water pressure values increase in 

proportion to the peak discharge (i.e the largest flood events simulated (1966 and 

1971) generate the largest values of Pw). The correlation of Pw and Pw(+) with Q
peak

 in 

scenario 1 has similar values of r
2

=0.90 and r
2

=0.87, respectively. In addition, note that 

the correlation is weaker than Ang Nyay study site, where the trends of Pw and Pw(+) in 

scenario 3 also have strong correlations, but here at Friendship Bridge these 

regressions have values of r
2

=0.67 and r
2

=0.77, respectively, though they also have 

increasing trends with hydrograph peak. In both cases of Pw and Pw(+), scenario 1 has 

a faster increasing rate than that for scenario 3, so the gap between the pore water 

pressure in the two scenarios becomes larger as flood magnitude increases. 
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Figure ‎6.9. The maximum and minimum average pore water pressure integrated along the failure surface at 

the Friendship Bridge study site for simulation scenarios 1 and 3. Pw is the pore water pressure integral 

along the whole of the failure surface and Pw(+) is the pore water pressure integral along the saturated 

portion of the failure surface. 
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Following Luppi et al. (2009), Figure ‎6.10 illustrates the relationship between mass 

failure and flow intensity by plotting values of the minimum factor of safety and peak 

flow discharge. The data are scaled to peak flow stage against total bank height 

Dpeak/Hbank in order to compare this study site (Friendship Bridge) with Pakse and Ang 

Nyay, as well as with other sites such as the Sieve river (Darby et al., 2007) and the 

Cecina river (Luppi et al., 2009). 

 

In Figure ‎6.10 most of the minimum factors of safety in scenario 3 are larger than 

those in scenario 1, like the Ang Nyay study site. Moreover, fair regression correlation 

coefficients are acquired in both simulations with r
2

 = 0.67 (scenario 1) and r
2

 = 0.70 

for simulation 3. There is a decline in the trend of the factor of safety when the peak 

flow stage increases in scenarios 3. This result is similar to Rinaldi et al. (2004) and 

Luppi et al. (2009)’s research wherein the higher river stage, the more unfavorable the 

pore water pressure. However, an increasing trend with peak flow stage occurs in 

scenario 1. In addition, unlike the Any Nyay study site, the gap between the factors of 

safety in the two scenarios is smaller along with the peak flow stage, indicating that in 

the high flow event, the effect of fluvial erosion at this study site is a disadvantage in 

terms of mass failure. 
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Figure ‎6.10. Minimum factor of safety for slide failures as a function of non-dimensionalised peak flow depth 

at Friendship Bridge study site, Dpeak: peak flow depth; Hbank: bank height; Dpeak/Hbank: non-dimensionalised 

peak flow depth. 
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Figure ‎6.11 shows the relationship between the annual discharge and the total amount 

of sediment eroded by fluvial erosion. Unlike Figure ‎6.9 and Figure ‎6.10 above where 

the peak discharge is taken into account, here the total annual discharge is employed 

as the hydraulic action which cause the fluvial erosion occurs not only at the peak but 

also at other phases of the hydrograph throughout the whole year simulation. 

 

It can be seen in Figure ‎6.11 that all three material units exhibit an amount of 

sediment yield in proportion to the (Q-Qc) discharge. All have very strong regressions 

with similar correlation coefficients for bank top, middle layer and bank toe is r
2

=0.95, 

r
2

=0.97 and r
2

=1.00, respectively. Moreover, like the Pakse and the Ang Nyay studies, 

the bank toe also produces much more sediment than the other layers, i.e. about 87% 

for high flow events (1966, 1971) and more than 98% for low flow events (1984). 
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Figure ‎6.11. Total annual discharge over the threshold discharge (Q-Qc) versus eroded volume at the bank 

top (purple), at the middle layer (blue) and at the bank toe (yellow) at the Friendship Bridge study site. 

 

 

 



113 

Chapter 7 Discussion and Conclusion 

 

In the preceding chapters, the erosion processes along the Mekong have been analysed 

through simulations at three study sites: Friendship Bridge, Ang Nyay and Pakse. This 

chapter will discuss these erosion processes, specifically focusing on the issue of how 

the controlling factors affect the Mekong’s river banks. In addition, results obtained 

from the Mekong will be compared with results from other rivers, to determine if the 

bank failure processes associated with this large, tropical, river system are distinctive. 

 

7.1 Dominant processes 

 

Similar to other research such as Dapporto et al. (2003); Darby et al. (2007); Rinaldi 

and Darby (2008); and Luppi et al. (2009), the bank erosion processes on the Mekong 

are affected by factors such as pore water pressure, flow discharge, river water level, 

bank material composition and bank geometry. The literature review chapter indicates 

the target of this research is to identify which of these factors have the most impact on 

river bank stability in the Mekong. Therefore, each of the factors which affect the 

factor of safety calculation is analysed in the sections below.  

 

7.1.1 Pore water pressure 

 

Arguably the most important factor in triggering bank failure, pore water pressure is 

discussed first. Similar to previous research, such as Rinaldi et al. (2004) or Darby et 

al. (2007), pore water pressure is identified as having a vital role on river bank stability 

at all three study sites. Negative pore water pressure is dominant in the initial time 

steps when the river stage is low. As the water level rises in the rainy season, positive 

pore water pressures develop. The positive pore water pressure obtains a maximum 

value mostly when the hydrograph reaches the peak (i.e Pakse in Section 4.1.2, 

Friendship Bridge in Section 6.1.2). When the hydrograph moves to the falling limb, the 

positive pore water pressure also decreases but at a lower rate. The river bank is 

therefore most vulnerable when the water level drops dramatically after the peak, 

because the positive pore water pressure can still remain high in the bank, leading to 

mass failure due to the lack of a confining water level (see Section 5.1.2 for Ang Nyay 

study site). 

 

There are two parameters in this research which appear in the bank stability 

computation (factor of safety), namely the pore water pressure integrated along the 

saturated portion of the failure surface Pw(+) and along the whole failure surface Pw. 
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The Pw(+) has a more important effect than Pw as its value above the failure surface 

decides the value of the factor of safety. At all three study sites in the Mekong, peak 

pore water pressure Pw(+) increases in proportion to the magnitude of the peak 

discharge, meaning that large flow events exhibit greater values of Pw(+). Similar to 

Pw(+) at all three sites, the values of Pw also increase in proportion with peak flows. 

 

7.1.2 Bank geometry 

 

The bank height at all three sites exceeds 10m. At Friendship Bridge and Ang Nyay, the 

river banks are inundated during the highest flow events, for example the 1966 and 

1971 floods. The fluvial erosion model applied in scenario 3 changes the bank profiles. 

For low flow events the bank angle increases due to the fluvial erosion of the lower 

bank unit, but the bank is stable as positive pore water pressure within the river bank 

is insufficient to cause mass failure. For high flow events, at Pakse and Ang Nyay, 

fluvial erosion causes the bank profile to flatten out, since the critical shear stress of 

the upper layers are less than those in the lower layers. Therefore the river banks at 

these two sites are stable. Note that this is unlike expectations compare with other 

rivers (Darby et al., 2007; Luppi et al., 2009). This could be a specific characteristic of 

the Mekong, where the high banks consolidate toe materials then make them more 

resistant. 

 

7.1.3 Hydraulic conduct ivity 

 

At Pakse, there is a very low hydraulic conductivity in both material layers, which are 

silt and clay, so the effect of rainfall is confined mainly to around the zone near the 

bank top. The combination of rainfall and water table effects occurs only when the 

river stage is high and within the upper material unit. The presence of low conductivity 

material also is a reason for the formation of steep wetting fronts. 

 

At Friendship Bridge, there is a high conductivity (much more than Pakse), so the 

combination of rainfall and river stage leads to rapid changes in the water table and 

corresponding pore water pressures. The water table increases faster when the 

hydrograph rises in phase with high intensity rainfall i.e. time step 181 (30 June 1966), 

it also drops quickly on the falling limb (as well as in the dry season) when the amount 

of rainfall is limited. 

 

At Ang Nyay, the conductivity is not as high as at Friendship Bridge but not as low as 

Pakse. When the river stage is low, rainfall infiltration causes a reduction of matric 

suction in the region near the bank top. When the flow stage increases, rainfall and 
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river stage induce a saturated wetting front and reduce the matric suction zone of the 

upper unit. 

 

7.1.4 Rainfall intensity  

 

The climate of the Lower Mekong Basin is dominated by the Southwest Monsoon, which 

generates wet and dry seasons of more or less equal length. Therefore, the flood 

period usually lasts from May until late September or early October. Heavy rain fall may 

persist for one or two days in most parts of the basin (MRC, 2005). Due to the 

modulating influence of the hydraulic conductivity, the role of rainfall is quite different 

for each site. In low conductivity bank material such as found at Pakse, the role of 

rainfall is very little as most of the rainfall becomes surface run-off and goes directly to 

the river. The saturated bank top portion expands slowly and meets the water table 

when flow stage is at a high level and at the zone near the bank surface. For a high 

conductivity river bank like Friendship Bridge, rainfall quickly infiltrates into the bank 

and becomes seepage flow. 

 

7.1.5 Bank material 

 

River banks on the Mekong are normally composed of fine-grained cohesive sediments. 

Bank material characteristics are also crucial in bank stability analysis, specifically the 

bank strength, hydraulic conductivity and material physical characteristics (i.e. critical 

shear stress; erodibility). As described above, the grain-size obtained from the bank 

material is used to estimate the hydraulic conductivity. Cohesion, friction angle and 

critical shear stress define material strength which affect the factor of safety and fluvial 

erosion calculations. At Friendship Bridge, the bank strength at the bank toe is high 

(see Section 6.1) which keeps the bank stable under any historical floods (i.e. 1966, 

1971) and also the factor of safety at Friendship Bridge is generally higher than that at 

the other sites. 

 

Critical shear stress has a close relationship with bank material, it is measured in situ 

by the CSM device at the bank face or from cores taken from boreholes. The higher the 

strength of the material, the higher the critical shear stress and the less sediment is 

eroded by fluvial erosion. At Ang Nyay, the bank top has a lower critical shear stress 

than the bank toe (noted above at Section 7.1.2), so the bank profile is flattened out. 
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7.1.6 Hydrograph 

 

The Mekong River is located in the tropical monsoonal region, so its hydrographs have 

specific monsoonal characteristics such as a long duration of high water level, and 

prolonged rainfall in the wet season (MRC, 2007). While in temperate zone rivers, the 

flood pulses occur throughout the year albeit with seasonal bias. In the Mekong, peak 

flows and water levels are often such that the river banks are submerged for days or 

weeks (at Friendship Bridge and Ang Nyay) at a time. 

 

As discussed in Chapter 3, in this study the hydrographs of the Mekong are divided 

into three types: single peak, multi-peak and rapid fall. In typical single peak 

hydrographs (i.e. Pakse 1956 or Friendship Bridge 1971), the effect of this type of 

hydrograph on river bank stability depends on its magnitude. The low and median flow 

hydrographs have less sediment, which is eroded by fluvial erosion into the river and 

the high flow discharge obviously has a higher erosion rate. The river bank under this 

type of hydrograph is normally stable because the water table and river stage are 

approximately is equilibrium. 

 

For multi-peak hydrographs (most caused by tropical cyclones), there is an increase in 

unfavorable pore water pressure caused by the second peak because the river bank is 

already wetted by the preceding peak. However, those pore water pressures are still 

not large enough to trigger a mass failure. At Ang Nyay, both the 1963 and 1976 

events are considered as low flow hydrographs so they cannot lift the elevated pore 

water pressure field to a high enough position which may cause bank mass failures. 

 

Rapid fall hydrographs likely can cause bank mass wasting. At Ang Nay (1966), in the 

scenario 1, there is a failure of the river bank at the end of the falling limb due to a 

lack of confining pressure. For other rapid fall events on the Mekong, i.e at Pakse, 

1981, 1991; although the factors of safety on the falling limb decrease quickly, they 

still remain larger than 1. The reason is the pore water pressure field is not high 

enough due to low conductivity of the bank materials. At Ang Nyay 1984, this event 

has a very impressive rate of fall but it is a relatively low flow flood, so the pore water 

pressure value is not sufficient to cause mass wasting. At Friendship Bridge (1966), the 

bank strength at this study site is so high that it is stable under any hydrological 

conditions.  
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7.1.7 Dominant  processes for the Mekong 

 

On the Mekong it has been shown there is little mass wasting and low rates of fluvial 

erosion. So mass wasting does not seem to be especially important on the Mekong. 

This is the case even when banks are submerged every year. One of the possible 

reasons is the great bank height, such that the bank material is more consolidated, 

stronger and the hydraulic conductivity is much lower than banks elsewhere (for 

example, saturated hydraulic conductivity of the bank top at Pakse, Ang Nyay and 

Friendship Bridge is 1.32e-08 m/s, 1.51e-08 m/s and 3.48e-08 m/s, respectively while 

that value at the bank top of Sieve river is 1.00e-4 m/s (Darby et al., 2007)). For this 

reason slow, gradual, fluvial erosion appears to be the dominant process. 

 

7.2 Comparison of erosion processes on the Mekong 

versus other rivers 

 

Based on the results obtained in Chapters 4, 5 and 6, this section will compare the 

erosion processes that occur on the Mekong with other rivers in the humid-temperate 

zone. Data used were from Rinaldi et al. (2004), Darby et al. (2007) and Luppi et al. 

(2009). However, this review will focus on the similarities and differences in scenario 3, 

so that the data which represents the dynamic simulations in Darby et al. (2007) and 

Luppi et al. (2009) will be utilised. 

 

7.2.1 Mass wast ing processes 

 

Mekong data from all three study sites is here correlated together, while additional 

data from the Sieve river (Darby et al., 2007) and Cecina river (Luppi et al., 2009) is 

also included in the deliberation. As described in Luppi et al. (2009), the regression of 

relationship between mass failure and flow intensity (scenario 3) for the non-Mekong 

river has a regression r
2

=0.54 while that regression obtained through all the Mekong 

data is not significant at all (r
2

=0.01). One of the reasons why the correlation 

coefficient for the Mekong is so low is because Friendship Bridge and Ang Nyay have 

the same hydrological data (they are both located near Vientiane gauging station), so 

they have the same values of D
peak

/H
bank

 but of course difference in values of factor of 

safety. Therefore, the data from the Mekong is evaluated separately for study site 

(Figure ‎7.1). It can be seen from Figure ‎7.1 that the trends are similar between all 

regressions for both Mekong and non-Mekong river banks as there is a decrease of 

factor of safety as a function of event magnitude. However, the Mekong sites start with 

higher stability values than the Italian river sites. For the Mekong sites, Pakse site is 
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mostly less stable than Ang Nyay, which in turn is less stable than Friendship Bridge. It 

can also be noted that the gradient of the curves in Figure ‎7.1 are similar for both 

Mekong and non-Mekong river banks with the exception of Ang Nyay, where the rate of 

decline in stability with event magnitude is very high. The reason for this difference is 

that although Ang Nyay and Pakse have the same flood hydrology index, bank 

strengths at Ang Nyay is weaker than that of Friendship Bridge. 
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Figure ‎7.1. Minimum factor of safety for slide failures as a function of non-dimensionalised peak flow depth: 

comparison of results from this research (all three study sites) with results of other bank simulations. D
pea k

: 

peak flow depth; H
ba n k

: bank height; D
pea k

/H
ba nk

: non-dimensionalised peak flow depth. 

 

Friendship Bridge and Ang Nyay have the highest values of D
peak

/H
bank

, while values of 

D
peak

/H
bank

 at Pakse, though larger than that at Cecina, are less than the Sieve River. 

Although the discharge at Pakse is normally larger than flow discharge at Friendship 

Bridge and Ang Nyay, as Pakse is located downstream, river banks at Friendship Bridge 

and Ang Nyay often are inundated in the wet season so they have higher values of 

relation of peak flow depth and bank height. 

It should also be noted that data for the Sieve River is single peak hydrograph, while at 

the Cecina River the data comprises both single peak and multi-peak hydrographs. 

Therefore, the data of these two types from Mekong are plotted and compare with the 

corresponding types for the Sieve and Cecina rivers (Figure ‎7.2). Because there are only 

two data points, the regression at Pakse for this type of hydrograph is ignored. 

 

Similar to Figure ‎7.1 above, the trends of Italian rivers and the Mekong river all have 

negatives slopes. The value of the correlation coefficient for Italian rivers is good 
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(r
2

=0.79) but a little bit less than that of Ang Nyay (r
2

=0.82). However the correlation at 

Friendship Bridge is very low (r
2

=0.26). Bank stability at Friendship Bridge is higher 

than that of Ang Nyay and both Mekong sites are more sable than those in Italian 

rivers. The reason, as analysed above (Section‎7.1), might be that the Mekong has 

greater bank heights and more consolidated bank materials.
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Figure ‎7.2. Minimum factor of safety for slide failures (for single peak hydrograph) as a function of non-

dimensionalized peak flow depth: comparison of results from this research (all three study sites) with results 

of other bank simulations. 

 

Figure ‎7.3 shows data for multi-peak hydrographs on the Mekong versus the Cecina 

river. Because there are only two data points for this kind of hydrograph at each 

Mekong study site, all data for the three sites are lumped together. The resulting 

Mekong data exhibit a very good correlation coefficient (r
2

=0.75) and the regression 

trend increases with increases in peak river stage. The reason explains why on the 

Mekong, the stability increases with increasing event magnitude is as noted above, 

Pakse site is less stable than Ang Nyay and Friendship Bridge sites, also Ang Nyay and 

Friendship Bridge have higher values of hydrology index than that of Pakse. 
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Scenario 3 (multi peak) - Mekong vs non-Mekong
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Figure ‎7.3. Minimum factor of safety for slide failures (for multi-peak hydrograph) as a function of non-

dimensionalised peak flow depth: comparison of results from this research (all three study sites) with results 

of other bank simulations. 

 

 

From the analysis above it can be concluded that similarities and differences exist 

between these two types of river as follows: 

(i) The Italian rivers and the Mekong have similar regression trends such that the 

factors of safety decrease as the river stage increases (in general and for single peak 

hydrograph) or the factors of safety increase in proportion to the peak discharge (for 

multi-peak hydrograph). 

(ii) The Mekong has a higher index of flood hydrology, ranging from 0.7 to 1.15 while 

that in the Italian cases range from 0.3 to 0.9. 

(iii) The river banks of the Mekong have greater stability. The minimum factors of 

safety in the Mekong range from 1.4 to 1.8, while for the non-Mekong rivers, factors of 

safety range from 0.6 to 1.5. 

 

7.2.2 Fluvial erosion and sediment  entrainment  

 

Unlike Darby et al. (2007), Rinaldi et al. (2008) and Luppi et al. (2009) where mass 

wasting is the dominant type of bank erosion process, in the Mekong there are no 

mass failures observed at the study sites, so the rate of erosion of the river bank is 

mainly due to fluvial erosion. The trend of the erosion rate for each sediment layer also 
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follows the hydrograph. The amount of sediment eroded from the bank toe is much 

larger than that from bank top. 

 

Sections 4.1.1, 5.1.1 and 6.1.1 described fluvial erosion curves that follow the 

hydrographs. The reason for this behaviour is that the skin drag shear stress which 

drives fluvial erosion has a proportional relationship with the discharge (Figure ‎7.4, 

left), so that when the discharge goes to the peak, the skin drag shear stress has a 

maximum value, leading to the highest erosion rate. When the flood moves to the 

falling limb, the skin drag shear stress also decreases along with the river stage , so 

there is a decrease in erosion rate (Figure ‎7.4, right).  
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Figure ‎7.4. (Left) Discharge and skin drag relationship and (Right) discharge hydrograph and skin drag 

hydrograph at Pakse. 

 

Fluvial erosion occurs in every event simulated in this research but at a gradual rate, 

even during large events. The erosion rate is quite small compared to previous 

research i.e. during the Pakse 2000 event: 0.2m and 0.7 m (layer 1 and 2); during the 

Ang Nyay 1966 event: approximately 0.45 m (all three layers) during the Friendship 

Bridge 1966 event: 0.7m, 0.6m and 1.4m (layer 1, 2 and 3). 

 

 

Figure ‎7.5. Schematic  conceptual model of bank responses to hydrographs with different shapes and peak 

stages. (A) Hydrograph with lower peak discharge and relatively slow ascending and descending phases. (B) 

Hydrograph with higher peak discharge and relatively fast ascending and descending phases. Q
OFE

, discharge 
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of onset for fluvial erosion; Q
CFE

, discharge of cessation for fluvial erosion; D
FE

, duration of fluvial erosion 

(Luppi et al., 2009) 

 

 

Figure ‎7.6. Schematic  conceptual model of bank responses to hydrographs with different shapes and peak 

stage on the Mekong. Q
OFE-

 threshold discharge of onset for fluvial erosion, D
FE

- duration of fluvial erosion. 

Yellow band shows range of fluvial erosion. 

 

Following Luppi et al. (2009) (Figure ‎7.5), in this study, the results are synthesised as a 

conceptual model of bank response to different Mekong flood hydrographs, with three 

type of hydrograph and peak discharge. As illustrated in Figure ‎7.6, fluvial erosion at 

the three sites is distributed throughout the period of the hydrograph when the 

discharge exceeds Q
OFE

. The duration period starts on the rising limb, continues 

through the peak and goes to the falling limb. In a large, high flow hydrograph, the 

duration of fluvial erosion is longer than that in the medium and low flow hydrograph. 

Also, in the case of similar magnitudes, the multi-peak hydrograph tends to produce a 

longer period of erosion than single and rapid fall hydrographs. As can be seen in 

Figure ‎7.6 the threshold discharges are different at the three Mekong study sites. The 

threshold discharge at Friendship Bridge is larger than that at Ang Nyay and Pakse, 

leading to the duration of fluvial erosion at Friendship Bridge being less than at the 

other two sites. 

 

Bank material characteristics at all three sites influence the sediment yield by 

constraining the erosion with the greatest proportion (more than 80%) being derived 

from the lower unit. At Pakse, the volume of eroded sediment by fluvial action ranges 
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from 3.77 to 5.70 m
3

/m; larger than that at Ang Nyay which values range from 1.75 to 

4.4 m
3

/m. The values at these sites are both a little less than that at Friendship Bridge; 

which ranges from 3.28 to 6.13 m
3

/m (except for two highest events 1966 and 1971 

when the eroded volumes are 16.11 and 16.15 m
3

/m).  

 

7.3 Conclusions for the Mekong 

 

(1) The Mekong river banks are stable (in terms of mass wasting) under single peak 

flow events under any hydraulic and hydrological conditions. All factors of safety in all 

simulations of scenario 3, at all three study sites are larger than 1. Erosion processes 

on the Mekong are caused predominantly by fluvial erosion as there is no mass 

wasting in scenario 3 for any simulations. 

 

(2) The pore water pressure, hydrograph and bank material characteristics are crucial 

factors in controlling bank failure mechanisms. Pore water pressure changes inside the 

river bank with different rates of channel water level. When water levels fall during a 

rapid recession period, the bank stability is at risk when pore water pressure is still 

high and it is more secure when pore water pressure decreases. The hydrograph has 

three types, and factor of safety follows the hydrograph shapes no matter what type of 

hydrograph shape selected. Bank materials characteristics affect the factor of safety 

calculation. The greater the strength of bank material, the more stable the river bank 

is. 

 

(3) The fluvial erosion rate is small compared to other rivers. Application of the new 

novel model of computing fluvial erosion (Kean and Smith, 2006ab) leads to more 

accuracy in lateral erosion computations. Eroded sediment mostly is sourced from the 

lower bank unit. More than 80% of eroded material is calculated to derive from the 

bank toe at all three sites. 

 

(4) There are some similar regression trends between Mekong and non-Mekong data. 

In the single peak hydrograph, the multi-peak hydrograph or all data comparisons, the 

trend of Mekong regressions are similar to the trends of Italian rivers. 

 

(5) With stable river banks in terms of mass failure at the Mekong, flow discharge is 

regarded as the main control on river bank erosion. Therefore, with the reduction in 

the higher flows in the future due to Chinese dams, Lower Mekong Basin main stream 

and tributary dams, there is likely a trend of decrease on basin-scale bank erosion rate. 

However, if there is an increasing in high flows under future climate change, would 

potentially increase in bank erosion. 
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Author’s Publication: Darby, S.E., Trieu, H.Q., Carling, P.A., Sarkkula, J., Koponen, J., 

Kummu, M., Conlan, I. and Leyland, J., 2010, A physically based model to predict 

hydraulic erosion of Fine-Grained River Banks: The Role of Form Roughness in Limiting 

Erosion, Journal of Geophysical Research, 115. 

 

My contributions in this paper are: 

- Processing and analysing ADCP data. 

- Conducting bank roughness surveys. 

- Processing and analysing bank roughness data. 

- Developing bank boundary shear stress as a function of flow discharge for Ang 

Nyay and Pakse. 
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