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ABSTRACT 
 

  Banks of the U-Tapao river in the vicinity areas of Hat Yai District are usually 

experiencing stability problems due to erosion, particularly in the rainy season. Objectives of this 

study were to determine the index properties and engineering properties of soil samples, to 

estimate critical shear stress and erodibility coefficient using back analysis method, and to 

analyze riverbank stability using a bank stability toe erosion model. In addition, appropriate bank 

stabilization methods were also studied. 

  Classification results revealed that soil samples taken from U  Tapao riverbank 

were: low plasticity clay (CL), low plasticity silt (ML), clayey sand (SC), silty sand (SM) and 

poorly-graded sand (SP). The banks in the study area were classified either as composite or 

cohesive riverbank. Shear strength of soil samples for saturated water content condition decreased 

about 36.00 to 98.56 % from those of natural water content condition. 

  For cohesive soils (i.e., CL and ML), the critical shear stress and erodibility 

coefficient obtained from back analysis method depended significantly on the clay content and 

plasticity index and ranged from 0.758 to 11.06 Pa and 0.045 to 0.115 cm3/N.s, respectively. The 

cohesive soils of U  Tapao riverbank were classified as moderately resistant to erosion. For 

cohesionless soil, the critical shear stress and erodibility coefficient ranged from 0.027 to 0.110 

Pa and 0.302 to 0.609 cm3/N.s, respectively, which indicated that they were erodible soils. 

  Analytical results indicated that the U  Tapao riverbank in the study area were 

failed while water level decreased approximately to 55 meters from bankfull level. 

Riprap installation and bank slope flattening were appropriated method for bank stabilization. 
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  Hagerty et al. (1983) 

(Sandy riverbank) (Clayey riverbank)  Ohio 

River

(Seepage erosion)

 

  Rinaldi and Casaghi (1999) 

Sieve River, Italy Gravel 
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(Internal friction angle) 
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Clayey  silt riverbanks, Goodwin creek, USA (Simon et al. 2000), Steep cohesive riverbanks, 

Missouri riverbank, USA (Darby et al. 2000) 

  Hanson and Simon (2001) Submerged jet test 2.13 

 ( ct )  

( dk ) Midwestern, USA Cohesive soil Silt 

50  80 % ct 0  400 Pa  dk  0.001  3.75 cm3/N.s 

Goodwin creek, Missouri, USA 

(Classification of erodibility) 5 2.14 

  Thoman and Niezgoda (2009) Submerged jet test  ct

dk  Powder river basin Cohesive riverbank 

 ct Activity of clay (A), Dispersion ratio (DR), 

Specific gravity (Gs), Potential of hydrogen ion (pH), Water content ( w ) 

Erodible  Moderately resistant clays ct 0.11  15.35 
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Pa dk 0.27  2.38 cm3/N.s 

2.23 R2= 0.72 

 ct = 77.28 + 2.20(Act) +0.26(DR)  13.49(SG)  6.4(pH) + 0.12( w )            (2.23) 

 

 

2.13 Schematic of submerged jet apparatus (Hanson 1997) 

  Ramirez  Arila (2010) Southeastern Plains 

Ecoregion Erosion pins 

ct  dk  Submerged jet test 1  

560 mm ct   dk  

ct dk
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2.14 Classification of Erodibility (Hanson and Simon 2001) 
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  (Disturbed samples) 
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   Hand auger 3.3 

Hand auger

3.4 ( 3.5)

3.1 
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 ASTM 

(Water content, w ) ASTM D 2216 

(Liquid limit, LL)  

(Plastic limit, PL) 
ASTM D 4318 

 

(Specific gravity, sG ) 
ASTM D 854-02 

(Sieve analysis) ASTM D 421 
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ASTM D 422  63 

USCS (Unified soil classification system) ASTM D 2487 
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Shear strength parameter Multi-

stage direct shear test ( 2546, 2548)
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 Normal Load  3 - 4 Normal Load 

0.05 mm/min Consolidate Normal load 1 
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3.4 (Bank Failure Simulation) 
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3.10 Section 1 .  2549 

 3.4.1  

 

  Section 1 

 . 2549 4.5 (2.9 . ) 
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 ( dk ) 2.6 2.9  2.12 

1 , 1 , 2 , 1 , 2 , 3 , 4 , 

5   6   

 

 3.4.2 -  

 
  -

-



41 

 

0.5 (Bankfull elevation) 

0.5 

 

Cohesion Internal friction angle 

( FS) 

Rapid Drawdown 

( wF ) Resisting Forces  
 

3.5 Backwater analysis 
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3.6  (Critical shear stress)  Back 

   Analysis Method 
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(Average boundary shear stress, ot ) ct

2 (Cohesive soil) 

(Cohesionless soil) 

  Cohesive soil ct  Plasticity index (PI), 

Percent clay (%Clay), Percent silt (%Silt), Dispersion ratio (Dr) Cohesionless soil

ct Mean diameter (D50), Specific gravity (Gs), Unit weight 

(g )  

   ct  Back analysis 

2552 

(Trial and error) ct 2.4 
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(FS) 1 

3.12  (  ct  ) 

 

 

 

 

 

 

 

 

Profile 

 

fS

Backwater analysis + 

 
Trial ct  BSTEM 5.2 

 
Profile   

 

Profile 

Profile 

FS = 1

ct  

 

 
 

3.12 ct dk Back-analysis 

  1. ct  2.7 2.8 Cohesive soil 

Cohesionless soil  dk 2.12  

  2. (Initial profile) 

2.4 Backwater analysis ot  

2.4  Backwater analysis

BSTEM 5.2 (Eroded 

profile)  

  3. 

(Measured eroded profile)  3.13 

(Emergence failure elevation) 

(FS)  

  4. ct dk  
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   - ct dk

    

   - Trial  ct  

   2 4  

 

 a) Section 1 

 

 b) Section 2 
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c) Section 3 

 

d) Section 4 
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e) Section 5 

3.13 ct Back 

 analysis, a) Section 1, b) Section 2, c) Section 3, d) Section 4, e) Section 5,  

 
3.6  

 

  3 

 1. 2. + (Riprap) 3. 

 3.14 (  ) 

1 2 3 

3 1  2 

 

  

(Factor of safety, FS)  (2H :1 
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V) 1 

5 (

) 2552 

1 

 

   1. 1 (FS ² 1) 

    

   2. 1 (FS < 1) 

    

 

 

a)  

 

 

b) +  
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c)  

3.14  a) 

 b) c) 
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4 

 
 

4.1  
 
  

 . 

 4.1 5 

  21.57  

 4.2 

( Section 5) 3  

 

 

4.1  
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4.2 , 

 (X.90) 

 4.1.1  

 
  

85° - 90° 6.00 

 11.00 ( ) 

2.00  2.50 . 

5 Sections 

4.3 5 Sections 

 

  
2.66 . ( ) 

7.00 

 800 . / ( 16) 

5 
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4.3  

 

 4.1.2  

 

  Section 1 5 ( 4.4  4.8) 

2552 

1.70  3.20  

2552 

(Drawdown) 

5 Sections  

  -

  Section 1 

Section 2, 3, 4, 5 9 2552 
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4.2  
 
  

5 Sections 4.9  4.18  

  4.2.1 Section 1 

 

  Section 1 USCS 3 

1) Low plasticity clay (CL) 1  3 

0.00  3.92  2) Silty sand (SM) 

4 3.92  4.92 

3) Clayey sand (SC) 

5 4.92 4.1 

4.10 4.9 Section 1 

(Composite bank)  

 4.1 Section 1 

LL PL PI

1 0.00 - 1.50 95.56   2.68 68.84 46.52 22.74 23.78 CL

2 1.50 - 2.50 96.65   2.68 78.49 46.52 22.74 23.78 CL

3 2.50 - 3.92 66.26  2.67 88.27 29.21 15.19 14.02 CL

4 3.92 - 4.92 38.21 2.66 69.05 NP NP NP SM

5 4.92 - 11.45 47.10 2.66 94.69 26.00 20.90 5.10 SC

USCS
Depth from

 top of bank (m)
P200Layer GS % Sr

Atterberg's Limit
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4.9 Grain size distribution Section 1 

 

 
 4.10 Section 1 
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 4.2.2 Section 2 

 

  Section 2 USCS  Low plasticity 

clay (CL) 4.2 4.12 

4.11 Section 2 

(Cohesive bank)  

 4.2 Section 2 

LL PL PI

1 0.00 - 1.50 68.33   2.67 72.18 26.26 18.57 7.69 CL

2 1.50 - 2.50 56.89 2.67 59.96 23.79 18.26 5.53 CL

3 2.50 - 7.01 82.23  2.67 68.06 36.00 22.59 13.41 CL

Atterberg's Limit
USCS

Depth from

 top of bank (m)
P200Layer GS % Sr
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4.11 Grain size distribution Section 2 
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4.12 Section 2 

 4.2.3 Section 3 

  Section 3 USCS 3 

1) Low plasticity clay (CL) 1 

0.00  1.50  2) Silty sand (SM) 

2 -4 1.50  4.50 

3) Poorly graded sand (SP) 5 4.50 

 4.3 4.14 

4.13 Section 3 (Composite bank) 

 4.3 Section 3 

LL PL PI

1 0.00 - 1.50 76.01   2.68 56.63 49.30 26.70 22.60 CL

2 1.50 - 2.50 22.88 2.66 24.89 NP NP NP SM

3 2.50 - 3.50 43.93  2.67 35.86 NP NP NP SM

4 3.50 - 4.50 31.78 2.66 46.67 NP NP NP SM

5 4.50 - 9.50 3.53 2.65 23.58 NP NP NP SP

USCSP200Layer 
Depth from

 top of bank (m)
GS % Sr

Atterberg's Limit
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4.13 Grain size distribution Section 3 

 

4.14 Section 3 

 4.2.4 Section 4 

 

  Section 4 USCS 2 

1) Low plasticity clay (CL) 1, 3, 4 

0.00 -1.50 , 2.50  
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2  Low plasticity silt (ML) 

2 1.50 2.50 4.4 

4.16 4.15 Section 4 

(Cohesive bank)  

 4.4 Section 4 

LL PL PI

1 0.00 - 1.50 92.5  2.71 70.21 40.88 21.01 19.87 CL

2 1.50 - 2.50 93.83  2.71 83.12 29.94 23.58 6.36 ML

3 2.50 - 3.50 79.71  2.69 88.45  38.00 23.25 14.75 CL

4 3.50 - 6.12 65.64 2.68 100.00 28.94 21.56 7.38 CL

USCS
Depth from

 top of bank (m)
Layer P200 GS % Sr

Atterberg's Limit
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4.15 Grain size distribution Section 4 

 



63 

 

 

4.16 Section 4 

 4.2.5 Section 5 

 

  Section 5 USCS 3 

1) Low plasticity clay (CL) 1 

0.00  1.50  2) Silty sand (ML) 

2 1.50  2.50 3) 

Clayey sand (SC) 3  4 

2.50  4.5 4.18 

4.17 Section 5 

(Composite bank) 

 4.5 Section 5 

LL PL PI

1 0.00 - 1.50 84.78 2.68 72.12 46.30 22.77 23.53 CL

2 1.50 - 2.50 93.49 2.68 78.32 27.47 23.19 4.28 ML

3 2.50 - 3.50 27.94 2.65 87.18 22.25 19.2 3.05 SC

4 3.50 - 7.55 28.76 2.65 100.00 23.76 18.91 4.85 SC

USCS
Depth from

 top of bank (m)
Layer P200 GS % Sr

Atterberg's Limit
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4.17 Grain size distribution Section 5 

 

4.18 Section 5 

 

4.3   
 
  
5 Section Multi  stage direct shear test (Drainage test)  

(Shear strength parameter) (Effective stress) 
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4.6  4.10 

Shear stress  Horizontal displacement, Vertical 

displacement  Horizontal displacement (Failure envelope) 

 5  

 4.3.1 Section 1 

 

  Shear strength 

parameter Cohesion ( 'c ) Friction angle ( 'f ) Section 1 
'
nc 52.72, 23.53, 21.49, 9.69 7.91 kPa '

nf  

24.23, 19.59, 27.13, 28.98 29.59 degree 
'
satc  11.41, 9.56, 5.24, 0.139 7.91 kPa  '

satf 22.15, 

26.89, 25.31, 28.81 29.59 degree 4.6 

 4.6 Section 1 

(Degree) (kPa) (kN/m3)
% Sr

(Degree) (kPa) (kN/m3)
% Sr

1 0.00 - 1.50 CL 24.23 52.72 18.82 68.84 22.15 11.41 19.50 100.00

2 1.50 - 2.50 CL 19.59 23.53 19.22 78.49 26.89 9.56 19.64 100.00

3 2.50 - 3.92 CL 27.13 21.49 19.40 88.27 25.31 5.24 19.93 100.00

4 3.92 - 4.92 SM 28.98 9.69 17.99 69.05 28.81 0.139 19.97 100.00

5 4.92 - 11.45 SC 29.59 7.91 20.53 94.69 29.59 7.91 20.53 100.00

Layer USCS

Natural water content* Saturated water content
Depth from

 top of bank (m) satg'
nc ng'

nf
'
satf '

satc

 
* 22 2552 

 4.3.2 Section 2 

 

  Shear strength 

parameter Section 2 '
nc  20.05, 7.86 

20.36 kPa '
nf  23.04, 27.36 28.49 degree 
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'
satc 5.76, 4.29 13.03 kPa  '

satf

22.59, 27.57 24.68 degree 4.7 

4.7 Section 2 

(Degree) (kPa) (kN/m3)
% Sr

(Degree) (kPa) (kN/m3)
% Sr

1 0.00 - 1.50 CL 23.04 20.05 18.58 72.18 22.59 5.76 19.61 100.00

2 1.50 - 2.50 CL 27.36 7.86 17.26 59.96 27.57 4.29 18.97 100.00

3 2.50 - 7.01 CL 28.49 20.36 18.64 68.06 24.68 13.03 19.84 100.00

Layer USCS

Natural water content* Saturated water content
Depth from

 top of bank (m) satg'
nc ng'

nf
'
satf '

satc

 
* 12 2553 

 4.3.3 Section 3 

  Shear strength 

parameter Section 3 '
nc  61.13, 

20.72, 16.60, 11.68  2.12 kPa '
nf  28.76, 23.68, 29.19, 34.47 

28.67 degree '
satc  17.05, 1.925, 2.31, 

1.796 0.119 kPa  '
satf 22.61, 25.94, 26.84, 34.05 27.37 

degree 4.8 

4.8 Section 3 

(Degree) (kPa) (kN/m3)
% Sr

(Degree) (kPa) (kN/m3)
% Sr

1 0.00 - 1.50 CL 28.76 61.13 17.86 56.63 22.61 17.05 18.97 100.00

2 1.50 - 2.50 SM 23.68 20.72 15.83 24.89 25.94 1.925 19.03 100.00

3 2.50 - 3.50 SM 29.19 16.60 17.12 35.86 26.82 2.31 19.64 100.00

4 3.50 - 4.50 SM 34.47 11.68 18.14 46.67 34.05 1.796 20.07 100.00

5 4.50 - 9.50 SP 28.67 2.12 15.34 23.58 27.37 0.119 18.72 100.00

Layer USCS

Natural water content* Saturated water content
Depth from

 top of bank (m) satg'
nc ng'

nf
'
satf '

satc

 
* 12 2553 
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 4.3.4 Section 4 

 

  Shear strength 

parameter Section 4 '
nc  44.74, 6.59 

 22.80 kPa '
nf 24.48, 28.53 28.67 degree 

'
satc 4.03, 2.59, 7.04 kPa  '

satf

24.55, 15.53 27.65 degree 4.9 

 

 4.9 Section 4 

(Degree) (kPa) (kN/m3)
% Sr

(Degree) (kPa) (kN/m3)
% Sr

1 0.00 - 1.50 CL 24.48 44.74 18.39 70.21 24.55 4.03 19.31 100.00

2 1.50 - 2.50 ML 28.53 6.59 19.09 83.12 15.53 2.59 19.76 100.00

3 2.50 - 3.50 CL 28.67 22.80 19.40 88.45 27.65 7.04 20.13 100.00

4 3.50 - 6.12 CL NA NA NA 100.00 NA NA NA NA

Layer USCS

Natural water content* Saturated water content
Depth from

 top of bank (m) satg'
nc ng'

nf
'
satf '

satc

 
* 23 2552 

 4.3.5 Section 5 

 

  Shear strength 

parameter Section 5 '
nc  39.90, 4.66 

 14.56 kPa '
nf 23.65, 29.33 27.06 degree 

'
satc 12.48, 0.932,  1.259 kPa  '

satf

27.38, 16.01 33.74 degree 4.10 

 Shear strength parameter 

(Cohesion) 

( 2547)
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( , 2550)  

( 'f ) ( '
nf ) ( '

satf )
'f

 

4.10 Section 5 

(Degree) (kPa) (kN/m3)
% Sr

(Degree) (kPa) (kN/m3)
% Sr

1 0.00 - 1.50 CL 23.65 39.90 18.67 72.12 27.38 12.48 19.72 100.00

2 1.50 - 2.50 ML 29.33 4.66 18.70 78.32 16.01 0.932 1.99 100.00

3 2.50 - 3.50 SC 27.06 14.56 20.11 87.18 33.74 1.259 20.54 100.00

4 3.50 - 7.55 SC NA NA NA 100 NA NA NA NA

Layer USCS

Natural water content* Saturated water content
Depth from

 top of bank (m) satg'
nc ng'

nf
'
satf '

satc

 
* 23 2552 

  
4.4  
 
  

ct  dk Index properties 

 2 

1) 2) 

 (Rapid drawdown)

Section 1 (Composite 

bank) (Cohesive bank)
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 4.4.1 Section 1  

 

  2.6  2.9 

4.1 

1 , 1 , 2 , 1 , 2 , 3 , 4 , 5 , 6 

 4.19 

Section 1 2.8 2.9 

 
2.9 

 

2.6 2.7 

 

  4.19 

4.20 

1

2.6, 2.7, 2.8 

 

  4.11 Critical shear stress 

               Section 1 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

2.6 2.29 2.23 1.47 1.14 1.14

2.7 3.02 3.69 1.81 0.69 0.84

2.8 0.0041 0.0041 0.0112 0.0584 0.0988

2.9 21.49 21.49 15.80 7.64 10.28

Equation No.
Critical shear stress, Pa

 

  
 m  

1 ( ct 4 )
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4.21 Section 1 Planar failure 

 

0

2

4

6

8

10

0 50 100 150 200

Use eq.2.6 Use eq.2.7
Use eq.2.8 Use eq.2.9

 

4.19  Critical shear stress

 2.6  2.9  

0

0.5

1

1.5

2

2.5

0 2 4 6 8 10

Use eq.2.6 Use eq.2.7
Use eq.2.8 Use eq.2.9

Failure

 
4.20  
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4.21 Section 

  

 4 2  

 

  
4.22

wF , 2.10a  

  Rapid drawdown) 

Worst 

case scenario) 

Shear 

strength parameter  ( wF ) 

1.5 m 4.23 
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4.22 Section 1  

  

 
4.23 Section   Rapid drawdown 

 

4.5. Backwater analysis 
 
  Backwater analysis (Standard step method) 

( fS )
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 Backwater analysis 

Backwater analysis (Boundary 

shear stress or apply shear stress, ot )  

   Backwater analysis 4.12 

36.00 m3/s ( Base flow) 800.1 m3/s (

) , fS 0.00002  

0.00027 ( oS º 0.0001) 

1  

 
4.6  (Critical shear stress, ct )  

(Back analysis) 

 

  Lyle and Smerdon (1965); Hollick (1976) Briaud et al. 

(2001) Plasticity index (PI)  Clay content (Pc) 

ct Cohesive soil Simon (2006) Mean diameter 

(D50) ct Cohesionless soil ct

2.7 2.8 Cohesive soil Cohesionless soil 

4.16  4.20 dk  2.12  

  ct  5 Sections Back 

analysis 4.13  4.17   ct  CL Sections 

ct 3.241  11.055 Pa ct CL 

Thoman and Niezgoda (2008) ct CL 

3.16  14.84 Pa SM ct

Back analysis 2.7 ct 0.027 

 0.110 Pa 
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 4.13 ct  dk Section 1 Back analysis  

1 CL 3.025 9.075 0.057 0.033

2 CL 3.685 11.055 0.052 0.030

3 CL 1.807 4.980 0.074 0.045

4 SM 0.058 0.070 0.415 0.378

5 SC 0.099 0.110 0.318 0.302

Layer

Critical shear stress,     (Pa) Erodibility coefficient,      (cm3/N.s)

Initial value  

from Eq. 2.7 or 2.8

Obtained using

 back - analysis

Initial value

 from Eq. 2.12

Obtained using

 back-analysis

USCS

ct dk

 

 4.14 ct  dk Section 2 Back analysis 

1 CL 1.132 3.397 0.094 0.054

2 CL 1.106 3.319 0.095 0.055

3 CL 1.080 3.241 0.096 0.056

Layer

Critical shear stress,     (Pa) Erodibility coefficient,      (cm3/N.s)

Initial value  

from Eq. 2.7

Obtained using

 back - analysis

Initial value

 from Eq. 2.12

Obtained using

 back-analysis

USCS

ct dk

 

 4.15 ct  dk Section 3 Back analysis 

1 CL 2.502 7.506 0.063 0.037

2 SM 0.093 0.046 0.328 0.466

3 SM 0.055 0.027 0.426 0.609

4 SM 0.077 0.039 0.360 0.506

5 SP 0.088 0.044 0.337 0.477

Layer

Critical shear stress,     (Pa) Erodibility coefficient,      (cm3/N.s)

Initial value  

from Eq. 2.7 or 2.8

Obtained using

 back - analysis

Initial value

 from Eq. 2.12

Obtained using

 back-analysis

USCS

ct dk
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 4.16 ct  dk Section 4 Back analysis 

1 CL 1.662 4.98 0.071 0.045

2 ML 1.677 0.76 0.115 0.115

3 CL 1.459 4.38 0.083 0.048

4 CL 1.148 3.44 0.093 0.054

Layer USCS

Critical shear stress,     (Pa) Erodibility coefficient,      (cm3/N.s)

Initial value  

from Eq. 2.7

Obtained using

 back - analysis

Initial value

 from Eq. 2.12

Obtained using

 back-analysis

ct dk

 

 4.17 ct  dk Section 5 Back analysis 

1 CL 1.099 3.288 0.095 0.055

2 ML 0.983 0.983 0.101 0.101

3 SC 0.084 0.098 0.345 0.319

4 SC 0.078 0.105 0.358 0.309

Layer

Critical shear stress,     (Pa) Erodibility coefficient,      (cm3/N.s)

Initial value  

from Eq. 2.7 or 2.8

Obtained using

 back - analysis

Initial value

 from Eq. 2.12

Obtained using

 back-analysis

USCS

ct dk

 

  4 

(Section 2, 3, 4, 5) Rinaldi and Casaghi (1999) 

(Rapid drawdown) 

( wF ) 

(Bankfull elevation) 0.381  

0.655 m 10 
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 4.6.1 Classification of erodibility 

 

  ct  dk

Hanson and Simon (2001) 

ct  dk 5 

Very erodible, Erodible, Moderately resistant, Resistant Very resistant 

2.14 

5 Sections SC, SM SP 

(Erodible) ML 

(Moderately resistant) CL 

 (Moderately resistant  Resistant) 4.24 

 

4.24 Classification of soil erodibility ( Hanson and Simon, 

2001) 
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 4.6.2 ct  

 

  

Cohesive soil

(Clay content, cP ) (Plasticity index, PI )  Thoman and 

Niezgoda (2008) 

Cohesive soil 

4.25  4.26  4.1 

4.2 CL Pc PI

Exponential R2 

ct Clay content R2 = 0.9992 

ct Plasticity index (R2 = 0.5043) Kamphuis and Hall 

(1983) 

15 20 25 30 35 40 45 50
Clay content, %

0

5

10

15

20

Cr
itic

al s
hea

r st
res

s, P
a

 
4.25  

CL 

     cP
c e 042.0474.1=t                 (4.1) 

     PI
c e 044.0367.2=t                 (4.2) 

 



82 

 

5 10 15 20 25
Plasticity index, %

0

5

10

15

Cr
itic

al s
hea

r s
tre

ss, 
Pa

 

4.26 

 CL 

 

4.7.  
 
  

Composite bank 

 

  
1) 2) (Riprap) 3) 

2H : 1V 

1  

  
4.27  4.36 Section 1, 3 5 Composite bank 

6.96  10.75 
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( 4.18)

( ) Section 2 4 Cohesive bank 

1.35  1.67

Sections 1  

 

4.27 Section 1  

 

4.28 Section 1   
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4.29 Section  1  

 

4.30 Section    

 1  
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4.31 Section   

 

4.32 Section    
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4.33 Section  1  

 

4.34 Section    

  1  
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4.35 Section 5  

 

4.36 Section 5   
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 4.18  

1 2H : 1V 10.75 + 

2 2H : 1V 1.67 2H : 1V

3 2H : 1V 7 + 

4 2H : 1V 1.35 2H : 1V

5 2H : 1V 8.78 + 

, ( )
Section 

 

  

5 Sections 4.18 Cohesive riverbanks (Section 

2 4) 1 

Composite riverbanks (Section 1, 3, 5) 

( )

Composite riverbanks
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5 
 

5  
 
  , 

5 
Sections  

  5.1.1 CL, ML, SC, 
SM  SP  

Low plasticity clay (CL)
Low plasticity silt (ML)
Clayey sand (SC)
Silty sand (SM) 28.98 - 34.47
Poorly graded sand (SP) 2.12 28.67º

Soil types
Effective cohesion, 

   (kPa)
Effective internal friction angle, 

(Degree)'c 'f

 
  5.1.2 Direct shear test 

Effective cohesion
36.00  98.56% 

  5.1.3 
2 

(Rapid drawdown)  
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  5.1.4 Backwater analysis 
( fS )  0.00002 0.00027

2.00 .  

  5.1.5 5 Sections 
 (Rapid drawdown)

55  

  5.1.6  Critical shear stress Erodibility coefficient 
Back analysis  Critical shear stress Erodibility coefficient Cohesive soil 

0.758  11.055 Pa 0.045  0.115 cm3/N.s 
 (Moderately 

resistant  Resistant) Cohesionless soil Critical shear stress Erodibility 
coefficient  0.027  0.110 Pa 0.302  0.609 cm3/N.s 

Erodible) 

  5.1.7 Critical shear stress (Clay 
content, cP ) (Plasticity index, PI ) 

Exponential Critical shear stress (Pa) Clay 
content (%)   

 cP
c e 042.0474.1=t , R2 = 0.999 

   5.1.8 
Composite riverbanks (Section 1, 3, 5) 

Cohesive riverbanks (Section 2, 4) 
Composite riverbanks 

 
5.2  
 
  5.2.1 Direct shear test 

(Instrument) Load cell  Displacement transducer 
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Data logger) 
 

  5.2.2 
Erosion pin Erosion frame 

 

  5.2.3 
 (Rapid 

drawdown) 

  5.2.4 (Rapid drawdown)

 

  5.2.5 ct  
Back analysis 

(Site  specific condition) 
 

  5.2.6 

 

 

 



 

 

92 

 
 

2547). 

,

, . 

2548).

. ,

, . 

2541). . -

. 

(2550).

12. 2 - 4 2550. 

. 

(2550). 

12. 2 - 4 2550. 

. 

(2550). API 

12. 2  4 2550. . 

Abramson, L.W., Lee, T.S., Sharma S. and Boyce, G.M. (2001). Slope Stability and Stabilization  

Method. John Wieley & Sons. U.S.A. 

Aitchison, G.D. (1965). Soil Properties Shear Strength and Consolidation. Proceedings of the 

sixth International conference on Soil Mechanics. and Foundation Engineering 3: 318-

321 

Arulanandan, K., Gillogley, E. and Trully, R. (1980). Development of a quantitative method to 

predict critical shear stress and rate of erosion of natural undisturbed cohesive soils. Rep. 

No GL-80-5 . U.S. Army Engineer Waterways Experiment Station. Vicksburg. Miss. 

Bishop, A. W. (1955). The use of the slip circle in the stability analysis of slopes. Geotechnique 

5: 7-17. 



 

 

93 

Brain, D. and Dobroslave, Z. (2004). Stability Analyses of Rainfall Induced Landslides. Journal 

of Geotechnical and Geoenvironmental Engineering 130(4): 362-372. 

Briaud, J.L., Ting, F., Chen, H. C., Cao, Y., Han, S.W., and Kwak, K. ( ) Erosion function 

apparatus for scour rate predictions. Journal of Geotechnical and Geoenvironmental 

Engineering ( ): - . 

Dillaha, T. A. and D. B. Beasley. (1983). Distributed parameter modeling of sediment movement 

and particle size distribution. Transactions of the ASAE 26(6): 1716-1722. 

Foster, G. R., Meyer, L. D.  and Onstad, C. A. (1977). An erosion equation derived from basic 

erosion principles. Transactions of the ASAE 20(4): 678-682. 

Fredlund, D. G. and Krahn, J. (1977). Compaction of slope stability methods of analysis. 

Canadian Geotechnical 14: 429-439. 

Fredlund, D.G. and Rahardjo, H. (1993). Soil Mechanics for Unsaturated Soils. John Wiley & 

Son. New York 515 p. 

Fukuoka, M. (1979). Causes of Landslides - Earthquakes, Rains and Pore Water Pressures. 

Proceedings of the sixth Asian regional conference on Soil Mechanics. and Foundation 

Engineering Vol.1. Toppan Printing Co. Singapore: 221-224. 

Graf, W. H. (1984). Hydraulics of sediment transport. Water Resources Publications. LLC. 

Highlands Ranch. Colo. 

Hagerty, D., Sharifounnasab, M. and Spoor, M. (1983). River bank erosion - A case study. 

Bulletin of the Association of Engineering Geologists, vol. 20, No 4: 411-437. 

Hanson, G. J. (1989). Channel erosion study of two compacted soils. Transactions of the ASAE 

32(2): 485-490. 

Hanson, G. J. (1991). Development of a jet index to characterize erosion resistance of soils in 

earthen spillways. Transactions of the ASAE 34(5): 2015-2020. 

Hanson, G. J. and Cook, K. R. (1997). Development of excess shear stress parameters for circular 

jet testing. ASAE. Paper No. 972227. St. Joseph. Mich.: ASAE. 

Hanson, G. J. and Cook, K. R. (1999). Determining erosion resistance of cohesive materials. 

Proceedings of ASCE International Water Resources Engineering Conference. CD-

ROM. Seattle. Wash. ASCE. 



 

 

94 

Hanson, G. J. and Simon, A. (2001). Erodibility of cohesive streambeds in the loess area of the 

Midwestern USA. Hydrological Processes 15(1): 23-38. 

Hanson, G. J. and Cook, K. R. (2004). Apparatus, test procedures, and analytical methods to 

measure soil erodibility in situ. Applied Engineering in Agriculture 20(4): 455-462. 

Hollick, M ( . Towards a routine test for the assessment of critical tractive forces of cohesive 

soils. Transactions of the ASAE : - . 

Ho, D.Y.F. and Fredlund, D.G. (1982). Increase in Strength Due to Suction for Two Hong Kong 

Soils. Proceedings of the ASCE Specialty Conference on Engineering and Construction 

in Tropical and Residual Soils. Honolulu. Hawaii: 263-295. 

Hutchinson, D. L. (1972) Physics of erosion of cohesive soils. Ph.D. thesis. University of 

Aukland. New Zealand. 

Julian, J. P. and Torres, R. (2006). Hydraulic erosion of cohesive riverbanks. Geomorphology 76: 

193-206. 

Kamphuis, J. W. and Hall, K.R. (1983). Cohesive material erosion by unidirectional current. 

Journal of Hydraulic Engineering 109(1): 49-61. 

Karmaker, T. and Dutta, S. (2011). Erodibility of fine soil from the composite river bank of 

Brahmaputra in India. Hydrological Processes 25: 104-111. 

Kasim, F., Fredlund, D.G. and Gen, J.K.-M. (1998). The Effect of Steady State Rainfall on Long 

Term Matric Suction Conditions in Soil. Proceedings of the Annual Seminar on Slope 

Engineering in Hong Kong. Hong Kong. 2 May 1997: 75-82. 

Langendoen, E. J. (2000). CONCEPTS-CONservation Channel Evolution and Pollutant 

Transport System. Research Report 16. US Department of Agriculture Agricultural 

Research Service National Sedimentation Laboratory. Oxford. MS. 

Morgenstern, N. R. and Price, V. E. (1965). The analysis of the stability of general slip surfaces. 

Geotechnique 15: 79-83. 

Olson, R.E. and Langfelder, L.J. (1965). Pore-Water Pressure in Unsaturated Soils.  Journal of 

the Soil Mechanics and Foundations Division. ASCE 91 SM4. 

Osman, A. M. and Thorne, C. R. (1998). Riverbank stability analysis: I. Theory. Journal of 

Hydraulic Engineering 114 (2) : 134-150. 



 

 

95 

Pollen-Bankhead, N and Simon, A. (2009). Enhanced application of root-reinforcement 

algorithms for bank-stability modeling. Earth Surface Processes and Landforms 34(4): 

471-480. 

Price, T. (2006). Warwick University Available source : http://fbe.uwe.ac.uk/public/geocal/ 

SLOPES/SLOPES.HTML as retrieved on 3 Oct 2006. 

Rinaldi, M. and Casagli, N. (1999). Stability of streambanks in partially saturated soils and effects 

of negative pore water pressures: the Sieve River. Geomorphology 26: 253-277. 

Simon, A., Curini, A., Darby, S.E. and Langendoen, E.J. (1999). Streambank mechanics and the 

role of bank and near bank processes in incised channels. Incised River Channels. John 

Wiley & Sons. NY. 

Simon A., Curini A., Darby S.E., Langendoen E.J. (2000). Bank and near-bank processes in an 

incised channel. Geomorphology 35: 183-217. 

Simon, A (2006). A model of streambank stability incorporating hydraulic erosion and the effects 

of riparian vegetation. Proceeding of the eighth federal interagency sedimentation 

conference. Reno, NV, USA, April 2-6, 2006. 

Smerdon, E. T., and R. P. Beasley. (1959). The tractive force theory applied to stability of open 

channels in cohesive soil. Research Bulletin 715. University of Missouri. Ag. Exp. 

Station. Columbia, Mo. 

Springer, F. Jr. ( ) Influence of rapid drawdown eve s on river bank stability. Unpublished 

eering thesis. Department of Civil Engineering. University of 

Louisville. p. 

Stein, O. R., and D. D. Nett. (1997). Impinging jet calibration of excess shear sediment 

detachment parameters. Transactions of the ASAE 40(6): 1573-1580. 

Temple, D. M. (1985). Stability of grass-lined channels following mowing. Transactions of the 

ASAE 28(3): 750-754. 

Terzaghi, K. (1950). Mechanism of Landslide. Application of Geology to Engineering Practice. 

Barkey Volumn. Sidney Paige. Chairman. Geol. Soc. Am: 83-123. 

Terzaghi, K. And Peck, R. B. (1967). Soil Mechanics and Engineering Practice. John Wiley & 

Sons. New York. NY. 



 

 

96 

Thoman, R. W. and Niezgoda, S L. (2008). Determining Erodibility, Critical Shear Stress, and 

Allowable Discharge Estimates for Cohesive Channels: Case Study in the Powder River 

Basin of Wyoming. Journal of Hydraulic Engineering 134(12): 1677-1687. 

Timothy D.Stark, Hangseok Choi and Sean McCone (2005). Drained Shear Strength Parameters 

for Analysis of Landslides. Journal of Geotechnical and Geoenvironmental Engineering. 

ASCE: 575-588. 

Wan, C.F. and Fell, R. ( ) Investigation of rate of erosion of soils in embankment dams. 

Journal of Geotechnical and Geoenvironmental Engineering ( ): -  

Wynn, T. M., Henderson, T. M. and Vaughan, D. H. (2008). Changes in streambank erodibility 

and critical shear stress due to subaerial processes along a headwater stream 

southwestern Virginia, USA. Geomorphology 97(1): 260-273. 



97 

 

 

 

 

 

.  

(Backwater analysis) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 

 

  
Section 2 

)(yA , )(yP

 

 . )(yA = 818.25194.743755.7 2 ++ yy , 9995.02 =R  

  )(yP = 387.88662.226642.70855.1 23 ++- yyy , 978.02 =R  

 Section 1 )(yA = 1786.3664.107623.1 2 -+ yy , 9999.02 =R  

   )(yP = 945.114402.23613.00209.0 23 +++- yyy , 9767.02 =R  

 Section 2 )(yA = 437.19641.264578.1 2 -+ yy , 9997.02 =R  

   )(yP = 134.16387.335951.53459.0 23 ++- yyy , 998.02 =R  

   
0.64, -4.15, -1.55 . .  Section 1, 

36 m3/s Section 2 . . ( y ) 

2.205  Lh 2.19 1 

2.19  
21 HH = , 

g

V
yzh

g

V
yz L 22

2
2

22

2
1

11 ++=+++  

.  64.01 =z m, 205.21 =y m, 27.2251 =A m2, 73.1121 =P  m 

   998.1
1

1
1 ==

P

A
R  m, 16.0

27.225

36

1
1 ===

A

Q
V  m/s 

Section 1   25.62 =y  m 

   15.42 -=z m, 22.1322 =A m2, 21.362 =P m, 652.3
2

2
2 ==

P

A
R  m 

   272.0
22.132

36

2
2 ===

A

Q
V  m/s 

2.2 
2

3/2 ö
ö
÷

õ
æ
æ
ç

å
=

i

i
f

R

nV
S

i
,  n 03.0=  

   00001.0
998.1

16.003.0
2

3/21
=ö

÷
õ

æ
ç
å ³

=fS , 00001.0
652.3

272.003.0
2

3/21
=ö

÷
õ

æ
ç
å ³

=fS  

   00001.0
2

00001.000001.0
=

+
=

if
S  

   xSh fL D= , 1020=Dx  m, 01.0102000001.0 =³=Lh  m 



99 

 

   856.201.0
81.92

16.0
205.264.0

2

1 =+
³

++=H  m 

   104.2
81.92

272.0
25.615.4

2

2 =
³

++-=H  m, 

   752.0104.2856.2 =-=DH  

 ( 2y ) 

n  n  

0236.0=n  

Section 1   99.62 =y  m 

   15.42 -=z m, 68.1572 =A m2, 56.392 =P m, 986.3
2

2
2 ==

P

A
R  m 

   228.0
68.157

36

2
2 ===

A

Q
V  m/s 

   0000056.0
998.1

16.00236.0
2

3/21
=ö

÷
õ

æ
ç
å ³

=fS  

   0000046.0
986.3

228.00236.0
2

3/22
=ö

÷
õ

æ
ç
å ³

=fS  

   0000051.0
2

0000046.00000056.0
=

+
=fS  

   0052.010200000051.0 =³=Lh  m 

   851.20052.0
81.92

16.0
205.264.0

2

1 =+
³

++=H  m 

   852.2
81.92

228.0
999.615.4

2

2 =
³

++-=H  m 

   001.0851.2852.2 =-=DH    OK 

Section 2  416.43 =y  m 

   55.13 -=z m, 62.1263 =A m2, 246.843 =P m, 503.1
2

2
3 ==

P

A
R  m 

   248.0
62.126

36

3
3 ===

A

Q
V  m/s 

   000026.0
503.1

248.00236.0
2

3/23
=ö

÷
õ

æ
ç
å ³

=fS  

   000015.0
2

000026.00000051.0
=

+
=fS  



100 

 

   018.01178000015.0 =³=Lh  m 

   869.2018.0851.22 =+=H  m 

   869.2
81.92

248.0
416.455.1

2

3 =
³

++-=H  m 

   0869.2869.2 =-=DH    OK 

 .

36 m3/s , , 

, , , 5 , 5, , , , , , 

. 00002.0=fS 4.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

.  

BSTEM Static Version 5.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 BSTEM 5.2 Excel BSTEM program 

Andew Simon, USDA . 2000 (Erosion 

analysis) (Bank stability) 5 

 



102 

 

 1. Input Geometry sheet  

 2. Bank Material sheet  

 3. Bank Vegetation and Protection sheet 

 4. Bank Model Output sheet  

 5. Toe Model Output sheet  

1. Input Geometry sheet  

 

  1 Input Geometry sheet 

Input Geometry sheet Geometry 

(

  1) 

a)  Geometry 2  
Option A  Geometry (Coordinate) 

a) 

b) a) 

c) d) e) 



103 
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5.48 (4.78 m. MSL) ct

Eroded profile Profile (Measured eroded profile)

ct  Back analysis BSTEM 5.2  
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