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ABSTRACT

Reservoir release patterns are determined by a number of purposes, the most
fundamental of which is to manage water resources for human use. Managing our water
resources means not only controlling the water in reservoirs but also determining the
optimum release rate taking into account factors such as reservoir stability, power
generation, water supply for domestic, industrial, and agricultural uses, and the river
ecosystem. However, riverbank stability has generally not been considered as a factor,
even though release rates may have a significant effect on downstream riverbank stability.
Riverbank retreat not only impacts land properties but also damages structures along the
river such as roads, bridges and even buildings. Thus, reservoir releases need to also take
into account the downstream riverbank stability and erosion issues.

The study presented here investigates the riverbank stability and erosion at five
study sites representing straight as well as inside and outside channel meander bends
located on the lower Roanoke River near Scotland Neck, North Carolina. Extensive
laboratory and field experiments were performed to define the hydraulic and geotechnical
properties of the riverbank soils at each site. Specifically, soil water characteristic curves
were determined using six different techniques and the results compared to existing
mathematical models. Hydraulic conductivity was estimated using both laboratory and in
situ tests. Due to the wide range of experimentally obtained values, the values determined

by each of the methods was used for transient seepage modeling and the modeling results



compared to the actual ground water table measured in the field. The results indicate that
although the hydraulic conductivities determined by in situ tests were much larger than
those typically reported for the soils by lab tests, numerical predictions of the ground
water table using the in situ values provided a good fit for the measured ground water
table elevation. Shear strengths of unsaturated soils were determined using multistage
suction controlled direct shear tests. The test method was validated, and saturated and
unsaturated shear strength parameters determined. These parameters, which were
determined on the basis of results from both laboratory and field measurements, and the
associated boundary conditions, which took into account representative flow rates and
patterns including peaking, drawdown and step-down scenarios, were then utilized for
transient seepage analyses and slope stability analyses performed using SLIDE, a
software package developed by Rocscience. The analyses confirmed that the riverbanks
are stable for all flow conditions, although the presence of lower permeability soils in
some areas may create excess pore water pressures, especially during drawdown and
step-down events, that result in the slope becoming unstable in those locations. These
findings indicate that overall, the current reservoir release patterns do not cause adverse
impacts on the downstream riverbanks, although a gradual drawdown after a prolonged
high flow event during the wet season would reduce unfavorable conditions that threaten

riverbank stability.

il



ACKNOWLEDGMENTS

I believe it is impossible to show my appreciations to all who have provided
motivation, encouragement, and guidance, not only for research but also for surviving
throughout this long journey.

First of all, I would like to express my deepest gratitude to my advisors, Dr.
Panayiotis Diplas and Dr. Marte S. Gutierrez for their personal and professional support
and guidance throughout this endeavor. Without their consistent advice and
encouragement, | would not have been able to reach this moment. They have trained and
guided me with endless efforts and time that I could never be able to pay back. They
deserve my highest appreciation for their support and contribution to my professional
development.

I also want to thank Dr. Thomas Brandon, Dr. John Little, and Dr. Theresa Wynn,
for agreeing to serve on my committee and reviewing this manuscript. [ am also grateful
to Dr. Brandon, Dr. Wynn, Dr. Matthew Mauldon, Julie Burger, Dr. Ning Lu and Dr.
Greg Hanson for providing laboratory and in situ test facilities and valuable advice. I
would also like to express special thanks to Bob Graham, who was always willing to help
the project with all the resources available.

This project was sponsored by Dominion, the U.S. Army Corps of Engineers and
the other members of the Cooperative Management Team for Roanoke Rapids
Hydropower Dam. The full license for the use of the numerical programs was granted by
MIDAS Information Technology Co Ltd. and Rocscience Inc. These sponsorships are
gratefully acknowledged. I also appreciate the Edna Bailey Sussman Foundation for their

generous financial support.

v



I would also like to thank all my colleagues who participated in the field trips:
John Petrie, David Liu, Derek Spurlock, Dr. Ozan Celik, Nikolaos Apsilidis, Hannah
Cardwell, and R. Miles Ellenberg, for their laboratory and field work assistance, advice,
and friendship. I will never forget the special friendship with John and Ozan, and their
enthusiasm for research. I can’t thank John Petrie enough for both the personal and
professional activities he has provided. Without his collaboration, the field work could
never have been accomplished in time. Two members of our group were unable to
complete this study: Jeremy Herbstritt and Partahi “Mora” Lumbantoruan lost their lives
in the tragedy on April 16, 2007. They are deeply missed.

I am grateful for the advice and support I have received from Dr. Sang-duk Lee
and the IGUA families, who have provided all kinds of support. I would also like to thank
Dr. Hojong Baik, Dr. Imsoo Lee, Dr. Youngjin Park, Dr. Hyun Shin, Dr. Younghan Jung,
Dr. Myung Goo Jeong, Dr. Chul Park, Dr. Juneseok Lee, Kyusang Kim, Minchul Park,
Junghan Kwak and all my other Korean friends in the CEE department. We have gone
through some hard times together, but the support and encouragement of the group have
sustained us all.

I would also like to express my appreciation of the endless love and support
provided by Charlie and Judy Beazley, who have taken care of me, my wife, and all my
other Korean friends as if we were members of their own family. Ever since I arrived in
Blacksburg, their love and care has meant that I have never felt alone.

Above all, I would like to express my deepest appreciation to my family and to
my wife, who have trusted and supported me with their love and sacrifices. No words can
express how much I appreciate and love them. They are the most important reason that I

live.



DEDICATION

To my wife,

Kyungeun Yoon,

To my family,
Dr. Youngkug Nam, Hyunsook Kwon,
Byungoh Yoon, Hyunja Sohn,
Soonyong Nam, Soohyun Shim, Soonkou Nam,

Charlie and Judy Beazley

vi



Table of Contents

CHAPTER 1. Introduction .........ccccceeercueeernneen. 1
| B @ S 74 1o RSP TR 1
1.2 Characteristics of riverbanks under the influence of dam operations..................... 3
1.3 Study sites INTOrMAtION .......eeeiiieiiiieciieeciee et e e e eer e e eraeeereeeenes 4
1.4 ReSCArCh ODJECLIVES.....ciuiieiiieiiieiie ettt ettt ettt et ebeeenseeeees 6
1.5 Organization of the diSSertation ...........ccccvvieriieeriieeeiie e 8
1.6 REICTEICES ..c..eeutieiiiiietiee ettt ettt ettt et e s 9

CHAPTER 2. Comparison of Testing Techniques and Models for Establishing the

SWCC of Riverbank Soils.......c.ccceeeuerercunresnnnene 10
2.1 INOAUCLION .. ..eiiiiiiiiieiteteetee ettt sttt et et 11
2.2 BacKEIOUNA......oiiiiiieiie ettt et e e eraeeens 13

2.2.1  SOIL SUCTION. ...ttt ettt et e 13
2.2.2 Models for soil water characteristic curves (SWCC) ......cceevvveevieeenieeennnens 17
2.3 EXPEIIMENLS ...cuviiiiiiiieiieetieeiieette et e et e site et esieeeteesiteebeesabeeseesaseenseesnseenseesnseans 20
2.3.1 Soil samples and Properties .........ceeveereerieeriienieenieeieesiee e esee e seee e eeees 20
2.3.2 Testing MEtROAS ......ccvieeiieiieiie ettt et 23
2.3.3 Filter paper Mmethod ..........coouiiiiiiiiiiriieie e 23
2.3.4 Axis translation technique (Pressure plate method and Tempe cell method). 24
2.3.5 Dewpoint potentiameter method............cccceeviiiiiiiiiiniieee e, 26
2.3.6 Vapor equilibrium and osmotic techniques ...........ccceecveevieriienienieenieeieeee. 28
2.3.7 Osmotic SUCtION MEASUTEIMENTS. .......erueererireriiereriienitenieeeenieesteeeesbeesaeeeeneeenee 29
2.4 Test results and dISCUSSIONS ......ccueeruiiiiiierieiiieniie ettt st seee s ens 30
2.5 CONCIUSIONS .. ..ottt ettt ettt et sat ettt be et et e saeenaeeanens 39
2.0 RETETEICES ... eiuiieiieiitieie ettt et sttt e e e en 41

CHAPTER 3. Laboratory and In-situ Determination of Hydraulic Conductivity

and the Implications for Transient Seepage Analysis 46
R T8 B 013 (0T L1 To1 5 10 ) o H TP 47
3.2 Site description and MAterials ..........ceecuieriieriieiieniieieee e 49

32,1 SHUAY SIEES 1.uveeeurieniieeiieeiee et ete ettt sttt e st etee st e e sbeesabeeseesnbeesaeeenbeenseeenneens 49
3.2.2 Soil samples and PropPerties .........cecveeuierierieenieeieenieereesiie e esieeereeseeeeeeens 51

vil



3.3 Determination of hydraulic conducCtivity ..........cccecverieeiiieiieiiieieeieeree e 54

3.3.1 Constant head permeability teSt.........ccceeriiriiirriiieiiieieeieeie e 54
3.3.2 OCAOMELET tESL ....uveuieniieiieeiieiiete ettt ettt st 55
3.3.3 Auger hole Mmethod..........cociiiiiiiiiiiiiciiee e 56
3.3.4 Guelph PermEaAMELET.......cccuieruiieiieiieeiieiie et erteeteesiee et eseeeeaeesaeeebeensaeenaeens 58
3.4 Groundwater table MONItOTING .......ccccvreeiiieeiiieeiie e e v e e eeae e 59
3.5 Transient SEePAZE ANALYSIS ......ccecvieriieiiieriieeiierte ettt ebeesiee e esebe e e e 60
3.6 GOVEINING €UATION......eeitiieiiieeetieerteeesteeesteeeeaeeeseeesseeessseeessseeessseeessseeesseesnnes 61
3.7 Modeling PArAmMELETS ......cccueeruieerieriieeiieriieeteenteeeteesteeeaeeseeesebeesseeesseenseesnseeseeenns 62
3.8 Riverbank geometry and soil profile..........cccceeeviieeiiiiiiiiecieecee e 64
3.9 Results and diSCUSSION .....eeuveruieriiriiriieieeie ettt sb e 67
3.9.1 Comparison of hydraulic conductivities ...........cceecuverieeiiienieniiienieeieesie e 67
3.9.2 Seepage analysis with different hydraulic conductivities...........ccecveervennnenn. 69
3.9.3 Discussion of the hydraulic conductivity values ...........cccocceeeeiienieecieennennnnn. 73
3.10 CONCIUSIONS.....eiiitiieiiiieeiieeeiteesteeesteeesteeesteeeetaeestaeessaeesaseeessseeessseeesseeensseesnnes 77
311 REIETENCES ...t ettt ettt sb et 79

CHAPTER 4. Unsaturated Shear Strength of Riverbank Soils Using Multistage

DIrect SRHEar TeSES ...cuuieinneecsseeiisnenssnneiseecssnecsssnecsssnecsssnscssseecsssnssssssssssssssssssssssssssssssens 84
4.1 INEOAUCTION .....itiiiieiieetieteete ettt et ettt st ettt sae et eatesaeenaeeaneas 85
4.2 Shear strength of unsaturated SOIl..........ccccvieeiiieiiiiiiiieee e 87
4.3 Experimental ProCeAUIES ........c.cccieriieiieiieeiiieeieeriee ettt esreeereereeeseessaesnneens 90

4.3.1 Construction of suction-controlled direct shear test equipment ..................... 91
4.3.2 Multistage direCt ShEar tSt ........ccueviieriieriieiieeie et 93
4.4 EXPEIIIMENLS ..c.uveiiiirieeeiieeiieeeiteeestteeesteessseeesseeesseeessseeessseeessseeessseesssseesssseesssseenns 95
4.4.1 Soil samples and physical PrOPEIties .......ccveeevuvreeiiieeeiiieeeiee e eeveeeeveeeeeee s 96
4.4.2 LabOratory tESTS. . cccuueeeiieeriieeiieeesteeerteeerreeeteeesteeesaeeessseeessseeensseeensseesnsneenns 99
4.5 Results and diSCUSSION ...c..eeouiriiriiiiiiiiiniieieeiese et 100
4.5.1 Validation of the multistage direct shear test...........cccceevvieriiriiieniiniieene, 101
4.5.2 Shear strength of saturated soil samples .........ccceveveerieiiiieniiniienieeieeee 109
4.5.3 Shear strength of unsaturated soil samples ...........ccoeveeviieniiiiiinienieene, 110
4.5.4 Unsaturated shear strength estimated from the SWCC..............cccceviiennnne 114
4.0 CONCIUSIONS ...ttt ettt ettt et st b e et e be e st e e bt e saeeebeas 117
47T RETCTEICES ....uviiieiieieiiteiteeee ettt sttt ettt s 119

viil



CHAPTER 5. Effect of Reservoir Releases on Riverbank Stability .......cccccceeeennnnes 124

5.1 INtrOAUCHION.....oiiiiiiiiiccee e e e e et e e e tr e e e esaaaeeeas 125
5.2 Back@round.........coooiiiiiiiiiiiee et 127
5.2.1 Site information and bank geOMEtry.........ccccervuieriiriiienieeieree e 127
5.2.2 SOl PIOPEILIES ...evvieiieeniieeiie ettt ettt ettt ettt e et e b e enbeeeees 129
5.2.3 Reservoir release Patterns ........ccueeruierieeiiieniie ettt 133
5.3 Seepage and slope stability analyses.........cccccueeeivieriiiiiniiieeeieeriee e 135
5.3.1 Transient SEEPAZE ANALYSIS...cccuvierrrrieriieeriieeriieerieeerreeerieeeereeeareeseaeeenenees 135
5.3.2 Slope stability analySiS......ccccccveeriiiieriiieeniieeriie e s 136
5.3.3 Coupling with fluvial €roSIONS.......ccevcviieriieeriieeriee et e 137
5.4 Numerical MOdeliNg........cccueiiiiiiiiiiiiii e 139
5.4.1 Steady state CONAILION ......c.eeeuieriiieiieiieeiie ettt 141
5.4.2 Transient condition — PEAKING........c.eevviriiieriiiiieiie e 142
5.4.3 Transient condition — drawdOWn ...........cccuviiiiiieiiiieciee e 143
5.4.4 Transient condition — StEP-AOWN.......ccuiriiiriiiiiieieeiiee e e 144
5.4.5 FIUVIAl €TOSION ..eocuviiiiiiiieiiiecieeeeee ettt e eaae e e tbe e e aa e e e naeeeaaee s 146
5.5 Results and diSCUSSION ......cccccuviiiieiiiiiieeeciieee et e e e e e etre e e e e earaeeaas 148
T N e 16 A 0 71 1SS 148
5.5.2 PRAKING...cccuiiieiiieeiie ettt ettt et e et e e e b e e e naeeenaae s 151
5.5.3 DIaWdOWN....coiiiiiiiiiie ettt e e et e et e e aae e e e e eaaaeaeaans 153
5.5.:4 StEP-AOWI ..coiiiiiiiieeee ettt et e et e et e e v e e esaeeenaeeenaee e 154
5.5.5 Bank stability with fluvial €rosion...........cccccvveviiieeiciieeiieeeeeee e 155
5.5.6 DISCUSSION .....viiiiiiiiiieeeeiiieeeeciee e e ettt e e ettt e e e e tte e e e eeaaeeeeeeaaaeeeeeaseeeeeensaeeeeanes 156
5.6 CONCIUSIONS.....oeiiiiiiiiiiectieeeiee et e et e et e e eteeeeaeeeetaeeeabeeeeaseeesaseeeenseeesseesseeens 158
5.7 REICIEINCES . .uviiiieieie e e e e e e et eeearaea s 159
CHAPTER 6. CONCIUSIONS ..ccoviiinrsrannsiiccsssssssssnsssssscssssssssssssssscssssssssssssssssssssssssssssasssssss 162
APPENDICES ....oiceeicineicnnnccnanccsasesssnsessssssssssssssasssssasssssasssssasesssssessasssssasssssasssssnsas 167

Appendix A:Effects of Spatial Variability on the Estimation of Erosion Rates for

C0hesive RIVEIDANKS ..uuuueiiieeeereeennneciiceeeereeennneessseessesesssssssssocses 168
AT TNETOAUCTION et e e e e e e e e e e e e e e e e e e e e aaeeeeeeeeeeannaas 169
A.2 Laboratory and in Sitl €XPETIMENTS........cccueeerveerreeeueerreeereerreeereesseeesseesseesseensnes 174
AL RESUILS ..ot e e e e e e e e e e e e e a e e e e e e 176

X



A4 Conclusion and dISCUSSION ... ..uuuueeeeeeeeeeeeeee e e e eeeeeeeeeeeeeeeeeeaeeeeeaeeeseseaeseaeneaenanas 181
AL RETEIEIICES .o e e e e e e e e e e aee e e e eeeeeeaas 182
Appendix B: Erodibility of the riverbank soils 185
B.1 Cumulative and predicted erosion pin data..........ccceeeveeriieeniieenieeeiee e 185
B.2 Results of the submerged jet eroSion test.........ccveeieerieriiienieeiieie e 187



List of Figures

Chapter 1

Figure 1 Location of study area. (a) the United States and the location of the lower
Roanoke River watershed in N.C., (b) the Roanoke River watershed below the
Roanoke Rapids Dam, and (c) the study sites on the lower Roanoke River............... 5

Figure 2 Severe erosion and bank failures near study sites in the lower Roanoke River,

Chapter 2

Figure 1 Typical elements of soil water characteristic curves (modified from Sillers et al.
(2001)). ettt bbbttt 15

Figure 2 A segment of the riverbank along the Lower Roanoke River in North Carolina
that has undergone extensive erosion and bank instability. Soil samples from this site

were used in the Present STUAY. ....oovveeiierieriieieete e 21
Figure 3 Representative grain size distributions of the tested soil samples...................... 22
Figure 4 PI vs. LL values of the tested soil samples in the plasticity chart. ..................... 22
Figure 5 SWCCs from the axis translation technique for disturbed samples (open symbols)

and undisturbed samples (S0lid SYMDbOIS).......c.ceveiriiiriiiiiieiieeiieie e 32
Figure 6 SWCCs for undisturbed soil samples from different testing methods. Open

symbols are for matric suction, and solid symbols are for total suction. .................. 34
Figure 7 SWCCs for different soils at suction values above and below 1,500 kPa.......... 36
Figure 8 Comparisons of SWCC models against experimental data for all soil types and

EEST PLOCEAUIES. ..veeveiieiiieiieeiieete ettt e et e et e et e st e ebeeesaeeteessseesseeesseeseesnseeseessseeseas 39
Chapter 3

Figure 1 Location of study area. (a) the United States and the location of the lower
Roanoke River watershed in N.C., (b) the Roanoke River watershed below the

Roanoke Rapids Dam, and (c) the study sites on the lower Roanoke River............. 50
Figure 2 Soil properties of the soils from the test Sites..........cccevvveriiririiiniieniieseieeee 52
Figure 3 Evidence of structured SOilS..........ccceeiiriiriiiiiniiieececeeeeeee e 53
Figure 4 Schematic of the auger hole method. ..........ccccoooiiiiiiiiini, 57

x1



Figure 5 Schematic of the groundwater table observation hole at the field study site with

an example drawdOWn @VENL. .........cceeiiiieiiiiiieieeie et 60
Figure 6 Soil water characteristic data for modeling. ........c..ccocevvieviininiinnniiinieee 63
Figure 7 Bank geometry and numerical mesh for the transient seepage analysis. ........... 65

Figure 8 Variation of groundwater table and water surface elevation between 2005 and
2009 as monitored by the NC DENR DWR GWT station in Roxobel, NC.............. 66

Figure 9 Hydraulic conductivity measured by different methods. ..........cccoverviniennnnen. 68

Figure 10 Influence of anisotropy and sampling method (V=vertical hydraulic
conductivity and H=horizontal hydraulic conductivity). .......ccccceceeverienienenienennne. 69

Figure 11 Changes in the GWT with hydraulic conductivity values determined from field

ANA 1aDOTALOTY tESTS. ...uviiiiieiiieiieeie ettt ettt ettt e et e et e e beetaeeabeeaeeesseensaesnseens 72
Figure 12 Results of the consolidation tests for CL soils from different locations. ........ 75
Chapter 4
Figure 1 Schematic diagram of the modified suction-controlled direct shear test

CQUIPIMICIIL. L..vviietieiieeiieetee et eieeeteeteeebeesaesaaeeseeesseeseeensaenseessseanseesnseeseessseenseesnseens 91
Figure 2 A plan view of the modified direct shear test apparatus within the pressure

CRAIMDET. ..ottt sttt et 92
Figure 3 SWCCs for the four SOil tyPes. ......ceevieriieiiieeiieieeie et 97

Figure 4 Results of multistage direct shear test for saturated MH soil (Negative
volumetric strain indicates dilation). (a) shear stress vs. horizontal displacement, and
(b) vertical displacement vs. horizontal displacement .............ccccceevieeiiienveeneennen. 103

Figure 5 Examples of incorrect multistage test results. (a) Multistage test with full and
reverse shearing under different normal stresses (saturated), and (b) Multistage test
with different matric suctions applied after the peak stress. .........ccccevveevervenennns 104

Figure 6 Validation of results from the multistage direct shear tests for saturated MH. 105

Figure 7 Repeatability of the multistage direct shear test for saturated CL1. (a) Multistage
test with four stages and (b) Multistage test with five stages..........ccccceevieriiienennne. 107

Figure 8 Results of two multistage direct shear tests on samples of CL1 soil with different
102dING NISTOTIES. .....eeiiieiiieeiie ettt ettt et saeeeabeeeeas 108

Figure 9 Failure envelopes determined from the multistage direct shear tests on saturated
soil samples from the four Soil types. .......ccoeeveviieiiiniiiiiieee e, 109

Xii



Figure 10 Multistage direct shear test results for unsaturated SM soil under different
suction values. (a) Shear stress vs. horizontal displacement, and (b) Vertical
displacement vs. horizontal displacement. ...........c.ccoeoeeriiieiiiiniienienieeieeee e 111

Figure 11 Different interpretations of shear strength vs. matric suction relationship for

Figure 12 Estimation of shear stress vs. suction relationship for o, —u, = 43 kPa for MH

SOTL. ettt et sttt e et e b e st e bt e eabeeneas 113
Figure 13 Shear stress and matric suction for CL1 s0il........ccoceeiviieiiiiiiiiiecieeeeeee 114
Figure 14 Estimation of unsaturated shear strength from SWCC for CL2 soil. ............. 116
Figure 15 Variation of fitting parameter for different soil types and suction range. ...... 116
Chapter 5

Figure 1 Location of study area. (a) the United States and the location of the lower
Roanoke River watershed in N.C., (b) the Roanoke River watershed below the

Roanoke Rapids Dam, and (c) the study sites on the lower Roanoke River. .......... 128
Figure 2 Hydrograph before and after the construction of Roanoke Rapids Dam, NC

(modified from Hupp et al. (2009)). ....ooooiiieiieeieeeeeeee e 129
Figure 3 Riverbank cross section and profile with WSE location. ...........cccccecveeennnnnne. 132
Figure 4 Roanoke Rapids hydropower dam discharge rates between 2005-2009. ......... 134

Figure 5 Average and monthly locations of ground water table between Oct. 1994 and
Jun. 2010 at Roxobel, NC, monitored by USGS (USGS Sta. 361420077111407 BE-

080). 1ttt ettt ettt ettt et e een e e he et e enteeteeseente st eteentenneeneennens 141
Figure 6 Actual discharge patterns and corresponding changes of WSE at Site 1......... 145
Figure 7 Cumulative and predicted erosion and bank profile at Site 1 and Site 5.......... 147
Figure 8 Results of slope stability analysis under 57 m*/s steady state flow.................. 149
Figure 9 The relationship between discharge rate and factor of safety. .........cccccceee. 150

Figure 10 Comparison of saturated and unsatruated soil conditions under steady state
FTOWS. ettt sttt st 150

Figure 11 Changes of the factor of safety during continuous peaking events in February,
2007, ettt ettt ettt et et et e e bt e n e e ehe e teenteneeebeeneeeneenees 152

Figure 12 Changes in factor of safety over time during a transient drawdown event. ... 153

Figure 13 Factor of safety at each site for step-down flow conditions...........cc.cccuveee..e. 154

xiil



List of Tables

Chapter 2
Table 1 Properties of the riverbank soil samples used in the study. .........cccceeeveereneennenn. 21

Table 2 Model parameters and best-fit R* values according to model type for all soil types

(the units used are kPa for S and a, and water content is in decimal numbers)......... 34
Chapter 3
Table 1 Physical properties of the soils from the riverbanks of the lower Roanoke River.
................................................................................................................................... 52
Table 2 Soil properties for transient seepage analysis. .......ccceeecveerieriiierieenieenieeieeneenns 64
Chapter 4
Table 1 Soil properties 0f the SIte. .........cceeviiriiieriieiieieeie e e 97
Table 2 Average soil properties and test results of multistage direct shear tests.............. 98
Chapter 5
Table 1 Soil properties for seepage and riverbank stability modeling...........cccccecveneenee. 130
Table 2 Dam operational modes and the range of flow rates (modified from Dominion,
20T0). ettt bttt ettt ettt e bt et ea e bt et eneenneennes 142
Table 3 Representative flow rates for modeling and expected corresponding water surface
€leVation at STEE 1. .o.eeiiiieiieie e 142
Table 4 Erosion rate calculated from USGS erosion pin data. ..........ccceevverveereennennnnns 146

Table 5 Factor of safety changes after ten years of erosion estimated by USGS erosion
PIN AALA. 1ottt 156

X1v



CHAPTER 1. Introduction

1.1 Overview

Reservoirs offer a variety of advantages for human use. Although construction of
large reservoirs has slowed down over recent decades, the demand for reservoirs that
produce hydropower is expected to grow as this is a reliable, affordable, and sustainable
clean energy source. Another important role of reservoirs is to manage water resources
and, consequently, to prevent and reduce the damage caused by drought and floods.
Managing water resources means not only maintaining the impounded water in reservoirs
but also determining optimum release rates taking into account factors such as reservoir
stability, power generation, water supply for domestic, industrial, and agricultural uses,
and the river ecosystem. However, riverbank stability has generally not been considered
in dam operation, even though release rates may have a significant effect on downstream

riverbank stability.

To illustrate this point, consider the example of the dam controlling the flow of
water in the lower Roanoke River, focus of this study. The discharge released from the
Roanoke Rapids Dam is regulated by four operational modes, which are determined by
the inflow rate to the reservoir and the special cases such as drought, flood, or fish
spawning season; there is no specific regulation restricting discharge to protect
downstream riverbank stability (Dominion, 2010). The flows regulated by the dam
operation can be regarded as a simple steady state condition that can be generally
assumed when downstream flow is expected to remain constant. However, when the

water surface elevation (WSE) changes rapidly or frequently due to reservoir releases, the



riverbanks are directly affected by the WSE in terms of both slope stability and fluvial

erosion.

Recently, some concern has arisen regarding reservoir operations due to the
increased influence of global warming, which is accompanied by more prolonged and
severe droughts, storms and hurricanes (Emanuel, 2005, Webster et al., 2005). There is a
much higher likelihood that in response to these changes more instantaneous or
prolonged reservoir releases may be required to maintain the safety of reservoirs and the
downstream floodplain. These instantaneous releases may create rapid increase in the
WSE that could reduce the stability of unsaturated slopes due to the loss of matric suction

(Wong and Ho, 1997), and prolonged high flow may lead to overbank flow conditions.

The stability of riverbanks tends not to be taken into account for reservoir
operations due to the relatively minor impact of a riverbank failure; a reservoir failure is
likely to result in a disaster incurring fatalities and serious economic loss. However,
unlike the other factors, discharge rates can be easily controlled without altering other
factors. If the effects of reservoir release patterns on the downstream flow conditions and,
consequently, riverbank stability are known, the operation of the reservoir can be
managed to minimize the potential negative impacts on the river while at the same time

supporting the other purposes of reservoir operations.

The unique contributions of this study are: 1) riverbank stability analysis that takes
into account actual reservoir operations and downstream conditions is performed, ii)
unsaturated soil properties are considered for the transient seepage and slope stability
analysis, and iii) the riverbank stability is predicted taking fluvial erosion into account,

using actual erosion rates monitored by the U.S. Geological Survey (USGS).



1.2 Characteristics of riverbanks under the influence of dam operations

Transient seepage analysis

Although the fundamental concepts of slope stability analysis are similar for
different structures such as levees, embankments, reservoirs, or excavated slopes, the
riverbank is distinct due to the fact that the water surface elevation changes continuously.
Riverbanks, especially those downstream from a dam, are exposed to frequent changes in
the water surface elevation due to reservoir releases. Changes in the WSE also affect the
phreatic surface and, thus, the pore water pressure distribution in the riverbanks. These
changes may occur simultaneously and all affect the stability of a slope, indicating that
transient seepage analysis is required to estimate the pore water pressure distribution for

slope stability analysis.
Slope stability analysis taking into account the unsaturated shear strength

As riverbanks remain partially saturated except in the case of continuous and
prolonged high flows, it is appropriate to analyze the riverbank stability by applying the
concepts of unsaturated soil mechanics. The shear strength of unsaturated soils is
presented in terms of independent stress state variables (Fredlund et al., 1978), and can
take into account the increase of shear strength due to matric suction. This approach
using unsaturated shear strength has been successfully adapted for riverbank stability

analysis (Dapporto et al., 2001, Rinaldi and Casagli, 1999, Rinaldi et al., 2004).
Fluvial erosion

Bank erosion as a micro-scale failure is primarily affected by the river flow

characteristics. Fluvial erosion alters the bank geometry and may ultimately affect the



riverbank stability. Erosion of the riverbank is frequently estimated using the effective
stress equation (Hanson and Cook, 1997), and jet erosion test devices are often employed
to determine the required parameters experimentally. However, although the consistency
of the test results has been demonstrated on carefully prepared laboratory samples
(Charonko, 2010) , the test results for natural riverbank soils have shown a wide range of
values. These differences are typically thought to be due to the spatial and temporal
variability of the soils as well as the complexity of inter-particle forces. In addition, it is
difficult to estimate the shear stress applied on the riverbank by the flow experimentally
or using numerical analysis. Erosion rates can be estimated directly by measuring how
much erosion has occurred during a specific period of time. The U.S. Geological Survey
(USGS) installed erosion pins along the lower Roanoke River, and the study sites for this
study were selected to coincide with the USGS erosion pin locations in order to take

advantage of the availability of this data.
1.3 Study sites information

This study was designed to assess the role of reservoir release patterns on
downstream riverbank stability and erosion. Field data, laboratory tests, numerical
modeling, and analytical modeling were used to gain insight into the processes involved
in bank retreat. The field data used in this study was obtained for a study reach on the
lower Roanoke River downstream of the Roanoke Rapids Dam, as shown in Figure 1.
The Roanoke Rapids Hydropower dam is located at Roanoke Rapids, North Carolina, and

Dominion is in charge of its operation.
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Figure 1 Location of study area. (a) the United States and the location of the lower
Roanoke River watershed in N.C., (b) the Roanoke River watershed below the Roanoke

Rapids Dam, and (c) the study sites on the lower Roanoke River.

As Figure 2 illustrates, the riverbanks in the study reach experience different
types of bank retreat. The slopes tend to be steep and consist mainly of cohesive soils,
and some local failures are observable. The surface of the bank slope usually remains dry
and very firm, but easily turns slippery when wet. Different shapes of the riverbanks
along the stretch of the river indicate the need to carefully select representative sites
within the study reach. The five study sites shown in Figure 1 were selected for further

investigation.



Figure 2 Severe erosion and bank failures near study sites in the lower Roanoke River,

NC.

1.4 Research objectives

The study presented here investigated the effects of reservoir releases on bank
stability and erosion on the lower Roanoke River. It focused primarily on the
geotechnical aspects, including transient seepage analysis and slope stability analysis
taking into account the concept of the shear strength of unsaturated soils. The ultimate
goal of this study was to analyze riverbank stability exposed to representative

hydropower dam operations including peaking and drawdown.



Brief summaries of the research objectives and tasks are as follows:

(1) Determine the representative flow scenarios

- Reservoir release data for 2005-2009 was analyzed and representative flow
patterns were selected based on the basic operational modes as well as
continuous peaking, drawdown, and step down scenarios.

(2) Investigate soil properties required for modeling using both laboratory and in situ
tests

- Soil water characteristic curves were determined using six different
techniques and the results compared to existing mathematical models.

- Hydraulic conductivity was estimated using laboratory and in situ tests, and
then used for transient seepage modeling. The modeling results were
compared to the actual ground water table measured in the field.

- A suction controllable direct shear test box was constructed and the multistage
direct shear test technique was validated. The shear strengths of unsaturated
soils were determined using multistage suction controlled direct shear tests.

(3) Determine the stability of riverbanks exposed to periodic changes in the WSE
due to dam operations

- Laboratory and field measurements, applying associated boundary conditions
that took into account representative flow rates and patterns including peaking,
drawdown and step-down scenarios, were utilized for transient seepage
analyses and slope stability analyses performed using the SLIDE software
package.

- Perform transient seepage and slope stability analyses



1.5 Organization of the dissertation

The dissertation consists of six chapters, including four main chapters submitted
or about to be submitted to journals. Chapter 1 has introduced the research, providing an
overview and discussing the study objectives. This is followed by Chapter 2,
“Comparison of testing techniques and models for establishing the soil water
characteristic curves (SWCC) of riverbank soils”, which has already been published in
Engineering Geology. Chapter 3, “Multistage direct shear test for unsaturated shear
strength of riverbank soils”, has been reviewed and is to be resubmitted to Engineering
Geology. Chapter 4, “Laboratory and in-situ determination of hydraulic conductivity and
the implications for transient seepage analysis”, is being prepared for submission to the
Journal of Hydraulics. Chapter 5, “Effect of reservoir releases on riverbank stability”,
will also be submitted to a journal. Chapter 6 summarizes the research findings and
integrated conclusions of this study. Following Chapter 6, supplemental data and
analyses of riverbank erosion including a manuscript “Effects of spatial variability on the
estimation of erosion rates for cohesive riverbanks” presented in the peer reviewed
conference “River Flow 20107, are provided in the Appendix. All the chapters prepared
for publication are co-authored with Dr. Diplas, Dr. Gutierrez, and John Petrie, a Ph.D.
candidate whose research focuses on the hydraulic aspects of the study. However, all the
work presented in this dissertation has been planned, executed, and analyzed primarily by

myself as the first author.
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CHAPTER 2. Comparison of Testing Techniques and Models
for Establishing the SWCC of Riverbank Soils

ABSTRACT

The soil water characteristic curve (SWCC), also known as soil water retention
curve (SWRC), describes the relationship between water content and soil suction in
unsaturated soils. Water content and suction affect the permeability, shear strength,
volume change and deformability of unsaturated soils. This paper presents results of the
laboratory determination of the SWCC for soil samples obtained from the riverbank of
the Lower Roanoke River in North Carolina. Six different testing methods were used to
establish the SWCC including the filter paper, dewpoint potentiameter, vapor
equilibrium, pressure plate, Tempe cell and osmotic methods. It is concluded that each
suction measurement technique provides different measurable ranges of suction values,
and the combined results from the different tests provide continuous SWCCs. Three
widely available models were also shown to adequately fit the experimental SWCC data,
particularly for matric suction values under 1,500 kPa. These results will be valuable to
practitioners in deciding which methods to use to establish the SWCC, and which

empirical relationship to use for modeling the SWCC of riverbank soils.

Keywords: soil suction; soil water characteristic curve; unsaturated soils; riverbank;

laboratory investigation, experimental techniques

' This manuscript was published in Engineering Geology, and is co-authored by Soonkie Nam,
Marte Gutierrez, Panayiotis Diplas, John Petrie, Alexandria Wayllace, Ning Lu, and Juan Jorge
Mufioz
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2.1 Introduction

The soil water characteristic curve (SWCC) defines the relationship between
water content and suction in unsaturated soils. Soil suction and water content are
important parameters that control many geotechnical properties of unsaturated soils
including permeability, volume change, deformability and shear strength (Barbour,
1998). Due to its importance, several test methods have been developed to establish the
SWCC in Soil Science and Geotechnical Engineering. At the same time, several models
have been developed to analytically describe the SWCC. The most well-known and
widely used model is that of van Genuchten (1980) and its several modifications and

extensions.

From a practical perspective, methods for establishing the SWCC should be
simple, easy to perform, inexpensive, quick and reliable. Since soil suction can vary
tremendously depending on the soil type, with a theoretical maximum value of up to 10°
kPa, several test methods have been developed to establish the SWCC (Lu and Likos,
2004). The different methods have different ranges of applicability, and only the use of
electrical resistance and capacitance sensors appears to be capable of determining the full
range of potential suction values. Test procedures vary in terms of complexity, accuracy,
repeatability, and more importantly, cost and required duration of testing. Most methods
require much longer testing periods compared to other soil tests. Thus, it is essential to

select the most appropriate methods to establish the SWCC.

There have been numerous studies on the different laboratory testing techniques
to establish the SWCC. At the same time, newer techniques and testing equipment are

continuously being developed and introduced. It is not possible to evaluate all the
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different available techniques and procedures, and, thus, this paper focuses on some of
the most commonly used methods. There have also been a few studies that were
specifically performed to compare the different methods. For instance, Agus and Schanz
(2007) compared four methods (noncontact filter paper method, psychrometer technique,
relative humidity (RH) sensor, and chilled-mirror hygrometer technique) in determining
the suction of a bentonite-sand mixture. Patrick et al. (2007) compared chilled-mirror and
filter paper measurements of total soil suction. Most of the available studies show
comparable suction data from the different test procedures provided the tests are

conducted under careful and controlled conditions.

While studies have been performed to evaluate and compare different testing
methods, these studies appear to have used single soil types and a subset of the currently
available techniques. Typically, granular soils ranging from sands to silts, or artificial soil
mixtures are used to study the performance of testing procedures. Relatively fewer data
are available for natural clayey soils. This is primarily due to the relative difficulty of
establishing the SWCC for clayey materials in comparison to granular soils. This paper
deals with the SWCC of natural riverbank soils and the applicability of different
commonly used SWCC testing methods for typical materials found in riverbanks, which
range from sandy and silty to clayey soils. Changes in water content and suction affect
the shear strength of the riverbank soils and seepage in riverbanks due to changes in river
water level and rainfall. The seepage forces and the variation in soil shear strength due to
changing soil suction affect soil erosion and bank stability, and are critical parameters
controlling the stability of riverbanks. The mechanisms responsible for riverbank erosion

and instability and the development of methodologies for studying them have received
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wide attention recently (e.g., Dapporto et al., 2003, Piegay et al., 2005, Rinaldi et al.,
2004, Simon et al., 2002). All these studies point to the importance of unsaturated soil

behavior in the understanding of riverbank erosion and instability.

In summary, the objectives of the research described in this paper are to: 1)
compare the results of six widely used laboratory methods of establishing the desorption
SWCC for natural riverbank soils, 2) compare the validity of the most widely used
SWCC models against the experimental data, and 3) provide SWCC data for typical
natural riverbank soils. The study used undisturbed and disturbed soil samples obtained
from the riverbank of the Lower Roanoke River near Scotland Neck, North Carolina. The
desorption SWCCs were established using the filter paper, dewpoint potentiameter, vapor
equilibrium, pressure plate, Tempe cell and osmotic methods. The results were then
modeled using SWCC equations proposed by van Genuchten (1980), Fredlund and Xing

(1994), and Houston et al. (2006).

2.2 Background

2.2.1 Soil suction

Water in soil is represented by both the amount of water present and by its energy
state. The energy is typically assumed to be in the form of kinetic and potential energies.
Generally, kinetic energy due to water flow in soil is neglected in geotechnical
engineering due to slow fluid velocities. Thus, potential energy is the primary component
that determines the water condition in soil. As shown below, the potential energy is the
algebraic sum of the component potentials: matric potential, osmotic potential, pressure

potential, and gravitational potential (Campbell, 1988, Or and Wraith, 1999).
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Vi =Vn tVo +tVp tV; (D

where y; =total potential, y,, =matric potential, y,=osmotic potential, y, =pressure

potential, and , =gravitational potential.

Matric potential is often the largest component of the total potential in unsaturated soils,
resulting from combined effects of capillarity and adsorptive forces within the soil
matrix. The capillarity effect can be explained by surface tension forces at the air—water-
soil interface and the adsorptive forces arise mainly from electrical and van der Waals
force fields. Osmotic potential is due to the solutes in soil water, and pressure potential is
the hydrostatic pressure exerted by water above a point. Gravitational potential is
determined by the elevation of a point relative to a reference point. Typically in
unsaturated soils, pressure potential is zero, and gravitational potential is also assumed
zero as it is a relative value from an arbitrary reference level (Or and Wraith, 1999).
Thus, the total potential primarily consists of two components, matric potential and
osmotic potential. The term “suction” is also widely used instead of “potential.” The
individual components are generally expressed in terms of pressure and given by the

equation below.
Vi =V¥Yu Vo (2)

Based on the thermodynamic relationship between the total suction yr (in kPa) and the

partial pressure of the pore water vapor, the total suction can be written as follows

(Fredlund and Rahardjo, 1993, Miller and Nelson, 1993):

Yy = ln[ “Vj ()
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where R=universal gas constant (J/(mol-K)), T=absolute temperature (°K), v, =specific
volume of water (m’/kg), which is the inverse of the density of water, ®, =molecular
mass of water vapor (g/mol), U, =partial pressure of pore-water vapor (kPa), and u ,
=saturation pressure of water vapor (kPa). The ratio u,/u,, is equal to the relative

humidity (RH). For constant temperature at T=20°C, Eq. (3) becomes a simple

logarithmic equation with relative humidity as shown in Eq. (4):

y; =—135055In(RH) (4)
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Figure 1 Typical elements of soil water characteristic curves (modified from Sillers et al.
(2001)).

Figure 1 shows the main elements of a typical SWCC obtained from a continuous
curve fit through experimental data points. The horizontal axis can be expressed as

gravimetric water content W, volumetric water content 6, degree of saturation S, or
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normalized water content ® . The gravimetric water content is the ratio of the mass of

water to mass of soil, and the volumetric water content is the ratio of the volume of water
to the total volume. One measure can be converted to the others using the soil void ratio
and specific gravity. The normalized water content is the ratio of the difference of a water
content and residual water content to the difference of saturated and residual water

contents, and can be in either gravimetric or volumetric form.

There is a hysteresis in the SWCC due to the non-coincidence of the sorption and
desorption curves. Basic quantities required to establish the SWCC include: 1) the

residual volumetric water content 6, , 2) the saturation volumetric water content 0, and

3) the air entry value y,. The residual water content 0, is the water content where a

large suction change is required to remove additional water or the amount of water for

which continuity of the liquid phase is lost. The air entry value y, is the matric suction

where air starts to enter the largest pores in the soil (Fredlund and Xing, 1994). Typically,
soils with finer particles have higher air entry value and saturation water content.
Depending on the magnitude of suction, there are three zones of the SWCC
corresponding to: 1) the capillary suction zone for suction less than the air entry pressure,
2) the desaturation zone for suction above air entry pressure and water content below
residual value, and 3) the residual saturation zone for water contents above residual

value.

The complete SWCC consists of sorption and desorption curves (Figure 1). In
general, soil samples from the field are in between sorption and desorption conditions.
When the samples are saturated for laboratory tests, the samples follow the sorption curve

until it is fully saturated. After a test starts, water content changes are measured as air
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pressure increases, and the relationship is plotted as the desorption curve. Most laboratory
tests for the SWCC measure the desorption curve, including the results reported here.
However, it should be noted that the magnitude of soil suction at the same water content

may differ as much as 10 to 1,000 kPa between sorption and desorption (Fredlund, 2002).

A variety of experimental methods are available to determine the SWCC. A
tensiometer is a classic and widely used method for field measurements of soil suction,
but typically measures suction up to 100 kPa due to cavitation (Lu and Likos, 2004).
Recently high capacity tensiometers have been developed to enable suction
measurements above 100 kPa (Delage et al., 2008, Ridley and Burland, 1993, Toker,
1999). However, these high capacity tensiometers are still mostly used in research and
not yet widely used in routine SWCC determination. The axis translation technique is a
commonly used laboratory method with a typical suction range of 0 to 1,500 kPa.
Controlling and measuring relative humidity and temperature can provide total suction
information for any value of soil suction. Osmotic suction needs to be considered in arid
and near-shore areas where soluble salt content is expected to be high. Depending on the

suction type and range of suction values, the proper tests should be carefully selected.

2.2.2 Models for soil water characteristic curves (SWCC)

Along with the development of experimental methods to determine the SWCC,
numerous models have been proposed for fitting analytical functions through
experimental results. Many of these models are derived from the pore-size distribution
through micromechanical relationships between effective pore size and soil suction

(Sillers et al., 2001). One of the most frequently used models was proposed by van
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Genuchten (1980). The model is based on the same basic relationships for predicting

hydraulic conductivity of unsaturated soil proposed by Mualem (1976):

S= (5)

where S = degree of saturation, y = soil suction, and a,n and m = curve-fitting

parameters. Van Genuchten derived the equation as a particular case of the original
equations of Mualem (1976) and Burdine (1953), assuming m=(1-1/n) and m=(1-2/n). For
curve fitting purposes, a simpler two-parameter equation can be derived, although the
three parameter models provides more flexibility than the two parameter model (Sillers et

al., 2001).

Fredlund and Xing (1994) also proposed a similar three-parameter equation,
which requires fewer iterations for convergence of the curve fitting parameters than the

van Genuchten model (Sillers, 1997). The equation is given as:

S (6)

3 1
Ya)
ln{e + ( aj }
Fredlund and Xing (1994) presumed from previous experimental results that the
maximum soil suction reaches 10° kPa at zero water content. It is also thermodynamically
supported from Eq. (4) that the suction value approaches 10° kPa if the relative humidity

is as low as 0.01% (Leong and Rahardjo, 1997). The result is the following modified

equation with a correction function factor applied to Eq. (6):
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where C(v) is a correction factor equal to:

ln(l+%r)

Cly)=1-———% ®)

ln(1+107 )
v,

and y=suction corresponding to the residual water content.

The last model considered in this study was proposed by Houston et al. (2006).
This model extends the original equation of Fredlund and Xing (1994) by using fitting
parameters for both plastic and non-plastic soils based only on particle gradation and soil
plasticity. The SWCC equation is the same as Eq. (7). For non-plastic soils, empirical
relations are provided to determine the model parameters a, m and n from Dy, Dy, D3,
Do and Dy, where Dy, is the soil particle diameter in mm related to the percentage of soil
passing the corresponding sieve size. For plastic soils, the model parameters a, m and n
can be obtained empirically from the weighed plasticity index WPI, the plasticity index Pl

and P,, =percent passing the #200 (75um) sieve (expressed as decimal). Details of the

equations to determine the model parameters from soil index properties are available in

Houston et al. (2006) and are not repeated here.

In all the four models, the parameter a is a suction value related to the inflection
point on the SWCC, which is also related to the air entry value. The parameter n affects
the slope of the SWCC in the desaturation zone, and the parameter m is related to the

asymmetry of the curve about the inflection point (Sillers et al., 2001). Further details are
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available in Sillers et al. (2001), and Leong and Rahardjo (1997), and each provides

examples of the influence of the parameters in each model.

2.3 Experiments

2.3.1 Soil samples and properties

Soil samples were obtained from the riverbank of the Lower Roanoke River near
Scotland Neck, North Carolina in the eastern United States. The site where the soil
samples were obtained has undergone extensive levels of riverbank erosion and failure
(Hupp et al., 2009). Figure 2 shows the extent of riverbank erosion and failure at a typical
site along this river. The photograph clearly shows that the riverbank is actively
undergoing failure close to the toe. The site shown in the Figure 2 is one of the locations
where undisturbed soil samples were obtained using Shelby tubes. Disturbed soil samples
were also collected and tested for grain size distribution, Atterberg limits, and specific
gravity, and classified by the United Soil Classification System (USCS). A representative
soil profile of the riverbank along the river consists of silty sand SM (0-0.6 m), low
plasticity clay CL (0.6-2.5 m), high plasticity silt MH (2.5-3.8 m), and low plasticity clay
CL (3.8-4.5 m). The soil samples obtained were mostly silt and clay except those taken
from near the surface on the top of the bank which were mainly silty sand. Representative
grain size distribution curves and the Atterberg limits of soil samples are shown in
Figures 3 and 4, respectively. Table 1 summarizes the properties of the soil samples used

in the study.
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Figure 2 A segment of the riverbank along the Lower Roanoke River in North Carolina
that has undergone extensive erosion and bank instability. Soil samples from this site

were used in the present study.

Table 1 Properties of the riverbank soil samples used in the study.

uscs | Soil composition (%) . Number
) . Specific
Location Soil LL PI Gravit of
Type | Sand | Silt | Clay Y| samples
0-0.6m SM | 68-71 | 20-24 | 8-9 NP 2.69 2
0.6-25m | CL 4-24 | 28-58 | 30-48 | 39-52 | 16-20 2.72 7
25-38m | MH 5-14 | 41-48 | 42-50 | 50-57 | 18-24 2.73 6
38-45m | CL 4-18 | 50-66 | 23-43 | 37-43 | 15-20 2.72 6
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T
(@]
5
T
=
A
I I T M O T T
~
~
=
E E E 10
0o 0 XL ~ o] =
ccq oY °
= 5T 9 10 ® ~ =
<Doam M =
' ~
1 g o0
1
1 1
o o o o
< ™ N —

(%) xapu| Anonseld

40 60 80

Liquid Limit (%)

20

Figure 4 PI vs. LL values of the tested soil samples in the plasticity chart.

22



2.3.2 Testing methods

Soil suction can be obtained either by direct or indirect methods. The direct
method measures the negative pore water pressure due to suction directly, whereas the
indirect method requires the measurement of other parameters such as relative humidity,
resistivity, conductivity or water content and then relates the results to the suction
through calibration (Agus and Schanz, 2007, Ridley and Wray, 1995). The direct method
typically requires good contact between the suction sensor and the soil, and measures
only matric suction. The indirect method can measure both total and matric suctions, and
requires isothermal equilibrium between the sensor, soil and the vapor space around the
sample (Agus and Schanz, 2005, Ridley et al., 2003). Direct methods include
tensiometers and the axis translations technique. Examples of the indirect methods are
filter paper technique, thermal conductivity sensor technique, chilled-mirror hygrometer

technique, and use of capacitance sensors that measure water content.

2.3.3 Filter paper method

Due to its simple testing setup, procedures and data analysis, the filter paper
method has been widely used to evaluate soil suction. The filter paper method uses a
filter paper to reach vapor equilibrium with the soil. Typically, one filter paper is in
contact with the soil sample and another is placed at a small distance above the sample.
Water from the soil sample migrates to the filter paper in contact with the soil by
capillary flow due to imbalance in matric suction. Water is transferred to the filter paper
above the sample by vapor transfer, measuring total suction. The most commonly used

filter papers are the Whatman No. 42, and the Schleicher and Schuell No. 589 papers,
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both of which have known ASTM calibration curves (ASTM D 5298, 2003). A minimum

of seven days is required to reach equilibrium.

One of the major drawbacks of the filter paper method is that one test is required
to generate one data point in the SWCC, which means that a lot of time and effort are
required to construct the entire SWCC. Also, when a soil sample is dry, with a suction
value typically higher than 500 kPa, it becomes very difficult to establish good contact
between the soil and the filter paper which causes errors (Bulut et al., 2001, Bulut and
Wray, 2005, Leong et al., 2002). The current study followed testing procedures from the
ASTM standard D5298 and calibration curves for the Whatman No. 42 filter paper. Both
measurements for the total and matric suction of the undisturbed soil samples were
performed. The differences between the total and matric suction values are compared

below with the osmotic suctions estimated by the electrical conductivity measurement.

2.3.4 Axis translation technique (Pressure plate method and Tempe cell

method)

The pressure plate test and Tempe cell test are based on the axis translation
technique, which directly controls matric suction by increasing air pressure while
maintaining pore water pressure equal to atmospheric pressure. It prevents cavitation in
the water, but still can create higher matric suction conditions. Typically, this technique
uses high air entry (HAE) ceramic discs, and a matric suction of up to 1,500 kPa can be
generated. It has been widely adapted in conjunction with conventional soil testing
equipment since the HAE ceramic disc can easily substitute for the porous stone in the

equipment as long as pressurized conditions are maintained.
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The HAE ceramic disc is placed in the pressure chamber. The bottom of the HAE
ceramic disc is sealed with rubber and connected to the outside, which provides
atmospheric pressure for pore water. A pressure chamber can handle several soil samples
simultaneously. Water contents are measured after each test, and new soil samples are
saturated and used for different pressures. The limitation of the applicable suction
depends on the maximum bubbling pressure of the HAE ceramic disc, and it can be

increased by using special cellulose membranes instead of the HAE ceramic disc.

The Tempe cell is typically smaller than the pressure plate apparatus and one soil
sample is placed in one cell. Although one Tempe cell can hold one soil sample per test,
testing can typically be performed continuously from lower to higher matric suction by
measuring the water expelled from the sample. The change in water draining from the
soil sample is recorded. When the sample reaches equilibrium, the test proceeds to the
next pressure level continuously. Once the air pressure reaches the maximum, the final
water content of the soil sample is measured and used for back calculation of water

content for each matric suction measurement.

The soil samples for the tests were extruded from Shelby tubes. The samples for
the pressure plate test were prepared by using copper retaining rings similar to the one
used for direct shear tests but smaller. The samples with the copper rings were placed on
the HAE ceramic disc in the pressure plate test chamber. The soil samples for the Tempe
cell test were also prepared with an acrylic retaining ring and pushed into the retaining
cells. The pressure plate tests were performed under matric suction between 10 and 1,500

kPa and the Tempe cell tests were limited to between 10 and 300 kPa, due to the strength
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of the acrylic retaining ring. Stress state changes during the sampling, saturating, and

testing were assumed to be negligible.

2.3.5 Dewpoint potentiameter method

Axis translation is limited by the applicable suction due to the bubbling pressure
of the HAE ceramic disc. The typical limit of the method is 1,500 kPa, and suction above
this value must be measured using another method. As shown in Eq. (3), total suction can
be derived from relative humidity thermodynamically. Although the relative humidity
method is very sensitive to temperature changes, representing a major drawback, it is still
preferable because of its simplicity and relatively short testing duration. The dewpoint
potentiameter, also known as a chilled-mirror hygrometer, measures dewpoint and
temperature very accurately in a closed space above the soil sample. The sealed chamber
has a mirror and condensation detector with precise temperature control. At equilibrium,
the relative humidity of the air in the chamber is the same as the relative humidity of the
soil sample. When the first condensation appears on the mirror, the vapor pressure is
measured and total suction can be calculated (Decagon Devices Inc., 2003, Leong et al.,

2002, Patrick et al., 2007, Petry and Jiang, 2003, Thakur et al., 2006).

The WP4-T dewpoint potentiameter manufactured by Decagon Device Inc. was
used in this research. It has an internal temperature control function to minimize the
effects of changes in temperature. However, the temperature of the soil samples must be
maintained close to that of the equipment to minimize the fluctuation of readings. The
typical accuracy of the equipment is 0.1 MPa for suction from 0 to 10 MPa, and +1%
for values from 10 to 300 MPa. However, due to the accuracy of the equipment and the

rapid suction increase with decreasing relative humidity at low suctions, a significant
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increase in data scatter data can be observed below about 1,000 kPa (Lu and Likos,
2004). Thus, the typical operational range for dewpoint potentiameter seems to be above
1,000 kPa. Recent research demonstrated successful use of the equipment for total
suction measurement when compared with other suction measurement methods, and
recommended factors to be considered during testing (Bulut and Leong, 2008, Decagon
Devices Inc., 2003, Petry and Jiang, 2003, Shah et al., 2006, Sreedeep and Singh, 2006a,

Sreedeep and Singh, 2006b, Thakur et al., 2005, Thakur et al., 2006, Thakur et al., 2007).

The WP4-T dewpoint potentiameter was calibrated with 0.5 M KCI standard
solution before the tests, and the testing procedures provided in the WP4-T manual and
ASTM D6836 were followed. A single undisturbed soil sample was prepared and placed
into a sample container, and the initial water content of the soil sample was measured.
The container was covered and sealed with a cap and left for 24 hours in a constant
temperature environment to achieve water vapor equilibrium. Then the sample was
placed in the equipment for measurement. Several readings were taken to confirm
equilibrium in the chamber. Once the suction was recorded, the sample weight was
measured and left with the cover opened. When a certain weight change was observed,
the sample container was covered and left for equilibrium. After one hour, the sample
was then placed into the equipment for another measurement. This procedure was
repeated several times. After the final reading, the final water content was measured and
the water contents for each step were back calculated with the measured weight changes.
As temperature affects relative humidity, it is important to maintain a constant

temperature and wait for equilibrium to reduce errors.
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2.3.6 Vapor equilibrium and osmotic techniques

The vapor equilibrium technique uses a chemical solution, and constant total
suction conditions can be created in a closed space. The osmotic potential of the chemical
solution forces the closed space and soil samples to reach equilibrium. Typically there are
two different types of chemical solutions for the constant suction environment: saturated
salt solutions and unsaturated acid solutions. The advantage of using the saturated salt
solutions is the consistency of the concentration of the osmotic solution during the
equilibrium period. However, the controlled suction is influenced by the specific salt
type, and the purity of the chemicals and water (Blatz et al., 2008). The typical range of
the suction is also limited to as low as 0 to 10 MPa. The unsaturated acid solutions can
create and control much higher suctions. However, unlike the saturated salt solutions,
water exchanges which cause changes in osmotic solution concentrations occur during
equilibrium. The test does not require any special equipment and is very easy to set up.
However, long periods of equilibrium time and strict temperature control are required

(Blatz et al., 2008).

Unlike the vapor equilibrium method, water transfer in the osmotic technique is
created by the process of osmosis. Since the water transfer takes place in the liquid phase
and ion transfer is also allowed through the semi-permeable membrane, the osmotic
technique controls the matric suction of a soil (Blatz et al., 2008). The soil samples are
placed inside a semi-permeable membrane, then the soil sample and membrane are
submerged in a polyethyleneglycol (PEG) solution, which is a polymeric substance made
up of large sized molecules (Delage and Cui, 2008). The benefits of using the osmotic

technique are that it is simple, safe, and inexpensive, since no air pressure is required.
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Similar to the vapor equilibrium technique, the suction is generated under null stress.
However, good contact is also required between the sample and the membrane, and an
equilibrium period is required. The fragility of the membrane is also a consideration in

the osmotic technique (Blatz et al., 2008).

The vapor equilibrium test and osmotic technique test were performed using
undisturbed soil samples of the CL soil from 3.8-4.5 m at Ecole Nationale des Ponts et
Chaussées. Each soil sample was kept in a closed, temperature controlled space under
different suctions for 13 days to reach equilibrium. Each suction level was controlled by
the concentration of the PEG and water solution. A magnetic stirrer is used to mix the
solution to ensure uniform solution concentration. To calculate the porosity of each
sample at each step, the weight of the sample was measured to three decimal places and

the volume was measured from the dimensions of the cylindrical sample using a caliper.

2.3.7 Osmotic suction measurements

When total suction is measured, matric suction can be calculated by subtracting
osmotic suction from the total suction. As the osmotic suction in soils is due to the
presence of soluble salt in the pore water, quantifying the amount of soluble salt is
required. Ions of the soluble salts carry electric current, which is measured in terms of
electrical conductivity (EC). The EC is measured from the soil water, which requires
extraction of the soluble salt using dilution or saturation, leaching, centrifuging, gas
extraction or mechanical squeezing (Iyer, 1990). One of the common methods in soil
science is to use dilution or saturation of soil with water. Air dried soil is mixed with a
certain amount of de-ionized water, and the soil water is extracted by filtering with a low

vacuum.
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Two equations are used to convert the osmotic suction from the EC of the
saturated soil paste. The first equation is from the US Salinity Laboratory (1954) and uses

the units of atm for y , and mS/cm for EC:
vy, =0.36EC )

The second equation is from Romero et al. (1999), cited in Peroni and Tarantino (2003),

and uses the units of kPa for vy, and pS/cm for EC:

¥, =0.0240EC " (10)

In the tests, the soil samples were prepared as a saturated paste, and the pore water of the
soil samples was extracted by vacuum suction method using a Buchner funnel. The EC
was measured with a Cole-Parmer Instrument Co. conductivity meter 1481-60. Results

using both Egs. (9) and (10) indicate minimal values of osmotic suction.

2.4 Test results and discussions

The results of the experiments described above are compared by soil type and test
method. In addition, the experimental results were compared with the different SWCC
models presented above. Figure 5 presents the matric suctions measured by the axis
translation technique using disturbed and undisturbed soil samples. As the porosities of
the disturbed samples were not available, the results were compared using gravimetric
water content. For the SM and CL soils, suction values for disturbed samples are
consistently much lower than those for undisturbed soil samples. The experimental
results shown in Figure 5 for disturbed and undisturbed samples strongly suggest that

suction is dependent on the soil structure. However, at lower suction values the soil
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suction is less sensitive to the structure of soil as observed by Romero et al. (1999). For
the silty sand (SM) soil, the water content of the undisturbed soil was higher than that of
the disturbed soil when the applied suction was the same, which makes the measured
suction points move laterally depending on the degree of soil disturbance. For silt and
clay, the results for the disturbed soils show a linear increase of matric suction with water
content with a logarithmic y-axis, whereas those of the undisturbed soils show a bilinear
or steeper increase in suction as the water content decreases. The higher water content of
the disturbed soil samples at lower matric suction also indicates that loosened and
disturbed soils have more pores filled with water. The disturbed soils lost water as matric
suction increased. This also indicates that disturbed soil has a lower air entry value than

the undisturbed soil samples.

The SWCC of each soil type and testing method are presented in Figure 6. As
expected, silt and clay have much higher air entry values and suction than the sandy soil.
In turn, the CL soils show higher values of suction than the MH soil. For the CL soil at
0.6-2.5 m, and the MH soil, the matric suction values appear to be slightly lower than the
total suction. Although the results from the six different tests do not show perfect
agreement for different suctions and degree of saturation, the results appear to be
comparable and the scatter in the results appears to be within the range expected from the
sample variability. The calibrated van Genuchten's models for the SWCC are also shown
and appear to provide good fit with the experimental results, which also supports the
validity of the different tests results. Table 2 summarizes the best-fit van Genuchten

model parameters for each soil type.
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Figure 5 SWCCs from the axis translation technique for disturbed samples (open

symbols) and undisturbed samples (solid symbols).

Typically, the direct methods can measure suction up to 1,500 kPa, although in

many cases the total suction may need to be measured above that. In this study, the axis
translation technique provided results up to 1,500 kPa, and the osmotic technique gave
suction values of up to 2,150 kPa. The total suction above 1,500 kPa was measured using
the dewpoint potentiameter and the vapor equilibrium methods. It is shown in Figure 6
that both osmotic and axis translation methods produced very similar results, although the
suctions from the dewpoint potentiameter and axis translation technique were slightly
lower than the osmotic and vapor pressure techniques. This seems to be due to the

volume change measurement during the tests. Although the volume change is an
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important factor in suction calculations, the porosity of the samples in the axis translation
technique was not recorded during testing, and assumed to be constant and equal to the
initial porosity, whereas the porosity in the vapor and osmotic techniques was monitored
and found to decrease during the equilibrium period especially at higher suction. As the
y-axis of the SWCC uses a logarithmic scale, the actual suction differences by not
accounting for volume changes may not be small enough to be negligible. However,
considering possible errors from the test procedures and equipment, and from natural

sample variability and quality, the results appear to be in comparable ranges.
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Figure 6 SWCCs for undisturbed soil samples from different testing methods. Open

symbols are for matric suction, and solid symbols are for total suction.
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Table 2 Model parameters and best-fit R? values according to model type for all soil types

(the units used are kPa for S and a, and water content is in decimal numbers).

Parameters
Model
SM (0-0.6 m) | CL (0.6-2.5m) | MH (2.5-3.8 m) | CL (3.8-4.5 m)
van Genuchten | a=17.2,m=027, | a=3439.1,m=0.79, | a=1978.4, m=0.57, | a=3684.3, m=0.95,
(1980) n=1.12, R*=0.93 n=0.65, R*=0.86 n=0.85, R*=0.97 n=0.74, R*=0.95
Fredlund & a=29.4, m=1.00, | a=2663.8, m=1.80, | a=2332.6, m=1.63, | a=3112.7, m=2.22,
Xing (1994) n=0.94, R*=0.93 n=0.65, R*=0.86 n=0.82, R*=0.97 n=0.75, R*=0.95
Fredlund & a=22.1,m=0.81, | a=3375.7,m=1.90, | a=2393.8, m=1.55, | a=3709.5, m=2.40,
Xing (1994) n=1.04, y,=10°, n=0.60, y,=10°, n=0.76, y,~10°, n=0.72, y,=10°,
with correction R*=0.93 R*=0.87 R*=0.98 R*=0.95
D;=0.003, PI=19.7%, PI=21.6%, PI=16.6%,
D5=0.023, % passing % passing % passing
D3,=0.08, 200=0.90, 200=0.88, 200=0.92,
HOLES;(‘)’S 6§t al. Dgy=0.13, WPI=17.7%, WwPI=19.0%, WPI=15.2%,
Dgy=0.23 v,=500,a=126.9 | y,=500,a=129.1, | v,=500,a=121.9,
a=9.1, m=2.78, m=0.57, n=0.09, m=0.56, n=0.08, m=0.60, n=0.13,
n=0.39, R*=0.75 R*=0.75 R=0.91 R*=0.83

The filter paper method may not be practical in constructing the SWCC due to

long equilibrium periods, as well as the size and number of the sample required.

However, it has the benefit that the total and matric suctions can be measured at the same

time in a single test. The filter paper results show that the method provides good data for

the SWCC construction. The results are also relatively consistent with the other total

suction data. Even though the data for the silty sand soil seems to be far from the

predicted curve, the actual difference between the total and matric suctions is smaller

than for other soils due to the logarithmic scale. However, the osmotic suctions calculated

by subtracting the matric suctions from total suctions obtained from the filter paper tests

do not agree to those estimated from the EC measurement. The EC measurement
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estimated that the osmotic suctions are only 5 to 10 kPa, whereas the osmotic suction
calculated from the filter paper results varied from 60 to 380 kPa. No significant reasons
were found, but one possible reason is that the EC was measured using the water
extracted from the saturated paste, which has a water content much higher than the
natural water content. Krahn and Fredlund (1972) measured the osmotic suctions of a low
and a high plasticity clays by the EC measurement using the squeezing technique, and
found that the measured osmotic suctions from the squeezing technique closely agree
with suction values calculated from the total and matric suctions measured by a
psychrometer and axis translation technique, respectively, whereas the suctions measured
from the saturated paste differed significantly. EC measurements for osmotic suction
performed at the natural water content are expected to be larger than the measured values
using the saturated paste. Another reason could be the measurement sensitivity associated
with filter paper method. As the method requires a weight measurement resolution of
0.0001 g, any factor that can affect the balance or the weight of filter paper can cause
error. Using inappropriate calibration curves for the filter paper method could also be a

source of the differences.

Figure 7 shows the results of all soils for suction values above and below 1,500
kPa. Both results show no significant differences between each soil type except for the
silty sand, and the range of data can again be due to sample variability. The similarity in
the SWCC’s of the CL (from 0.6 to 2.5 m), MH and CL (from 3.8 to 4.5 m) soils can be
due to the similarity in the grain size distribution curves and the Atterberg limits of the

different soils.
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Figure 7 SWCCs for different soils at suction values above and below 1,500 kPa.

The models with fitting parameters proposed by van Genuchten (1980), and
Fredlund and Xing (1994) with and without a correction factor, and the modified model
from Houston et al. (2006) are compared with experimental data in Figure 8 for the four

soil types. Both the van Genuchten, and Fredlund and Xing models use three parameters
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(i.e., a, n, and m). The Houston et al. model uses the same parameters but determines
them not by data fitting but by correlations using plasticity index, gradation information,
and water content. Table 2 presents the parameters and R” values for the four models for
all four soil types. The parameters for the van Genuchten, and Fredlund and Xing (1994)
(with and without correction) models were obtained by nonlinear regression, while the
parameters for the Houston et al. model were taken directly from the results of the soil
index tests. The van Genuchten, and the uncorrected and corrected Fredlund and Xing
models are fitted adequately over the entire range of available experimental data. The van
Genuchten, and Fredlund and Xing models predict almost identical SWCCs, and
differences can only be observed at high suction values. For the SM soil, the uncorrected
Fredlund and Xing model significantly deviates from the other models for saturation
values less than 20%. The differences between the three models are less significant for

the other three soil types.

The model of Houston et al. gives reasonable results for matric suction values
below 1,500 kPa, and generally deviates from the experimental data for suction values
above 1,500 kPa. In general, the Houston et al. model provide worse fit of the
experimental than the other three models as can be seen in Figure 8 and the R* values
from Table 2. For the SM soil type, the Houston et al. model yield lower suction values
than the three models for suction values above 1,500 kPa. For the other three soil types,
the Houston et al. model shows linear relationship between the logarithm of suction and
water content, and higher suction values than the data from the experiments and the other
three models, for suction values above 1,500 kPa. The original family of desorption

curves from Houston et al. have very mild curvatures, with no significant inflections after
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the air entry value, when the WPI<5. Perera et al. (2005) state that the SWCCs in the
Houston et al. were constructed using pressure plate tests, which are limited to suction
values under 1,500 kPa. This may explain the relatively reduced performance of the
Houston et al. model for suction values over 1,500 kPa. Nevertheless, the Houston et al.
model for establishing the SWCC appears to be suitable for the lower suction range, and

it has the convenience of requiring parameters that are easy to determine to establish the

SWCC.
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Figure 8 Comparisons of SWCC models against experimental data for all soil types and

test procedures.
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2.5 Conclusions

The desorption branch of the SWCCs of natural soils from the riverbank of the
Lower Roanoke River in North Carolina were established using six different methods.
The tested soil samples represent a typical soil profile along the riverbank of the Lower
Roanoke River in North Carolina, and consisted of silty sand, low plasticity clay, high
plasticity silt, and another layer of low plasticity clay. For total suction measurement, the
dewpoint potentiameter, filter paper, and vapor equilibrium methods were used. For
direct matric suction measurement, the pressure plate, Tempe cell, and the osmotic
methods were used. The osmotic suction was indirectly estimated by measuring electrical
conductivity of the pore water, and was found to be negligible for the tested soil samples.
Except for silty sand, the differences in SWCCs between the soil samples were not
significant due to the similar physical properties of the soils (i.e., grain size distribution
and Atterberg limits). The results indicate that the six different measuring techniques
used in the study provide comparable results. The differences in results from the different
test methods appear to be less significant than the expected scatter from soil sample
variability.

The filter paper test is the only test that could provide both matric and total
suction at the same time. It is simple and low cost testing method, and does not require
special equipment. However, it is sensitive to small differences in weight, and there are
still controversies related to the calibration method and the length of the required
equilibrium period. The dewpoint potentiameter also provides a wide range of suction
measurement, but it yields larger variation for low suction values. Vapor pressure and

osmotic techniques generally require long equilibrium periods, but they are relatively

39



easier and safer to use for high suctions. Axis translation technique is one of the most
common methods and the procedure is simple. However, it requires long equilibrium
period and is applicable only to narrow range of suction values.

It is recommended that separate techniques be employed for determining total and
matric suction. The dewpoint potentiameter method is recommended for total suction
measurement. The method is simple and required the shortest time among the six tests
that were evaluated. The suction is measured continuously with a single soil sample and
the results can be monitored instantaneously. For matric suction, either the axis
translation technique or osmotic technique is recommended. The axis translation
technique has been widely used, has proven accurate and reliable, and the required
equipment is readily available. However, when the equipment is not accessible, the
osmotic technique could be an alternative, which can be easily setup and performed. The
most favorable attribute of the osmotic technique is that it can generate higher suction
than the axis translation technique. It is also safe as it does not require high air pressure.
If none of these methods are available, the filter paper technique is still an option.

The experimental data were compared to the mathematical models proposed by
van Genuchten (1980), Fredlund and Xing (1994), and Houston et al. (2006). The
comparison confirmed that the Fredlund and Xing, and van Genuchten models, which are
both based on pore-size distribution functions and use three fitting parameters, provide
almost identical results, except at very high suction values, and yield good fits with the
experimental data. The model by Houston et al., using parameters based only on particle
gradation and soil plasticity, showed good agreement only for suction below 1,500 kPa.

At suction values higher than 1,500 kPa, the Houston et al. model deviated significantly
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from experimental data and showed a linear change in the logarithmic value of suction as
function of water saturation. Model parameters for the four different tested soils types,
and the SWCC models were presented, which can be used as representative parameters

for the riverbank soils in the study.
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Figure 2 Hydrograph before and after the construction of Roanoke Rapids Dam, NC
(modified from Hupp et al. (2009)).

5.2.2 Soil properties

After selecting the study reach and five study sites, disturbed and undisturbed soil
samples were collected during the field trips. The soil samples were then analyzed for
basic physical properties, hydraulic conductivity, and shear strength for both saturated
and unsaturated conditions. The shear stress parameters for the saturated and unsaturated
soils were determined by conventional and suction controlled multistage direct shear
tests. The hydraulic conductivity was determined after comparing the results from the
experimental measurements, transient seepage analysis, and ground water table
observation. The soil water characteristic curves (SWCC) were obtained from Tempe cell

tests and pressure plate tests to characterize the relationship between suction and water
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content. The SWCC from the study sites were reported previously in Nam et al. (2010a).
Some additional in situ tests, including the borehole shear test, Guelph permeameter test,
and auger hole test, were also performed to provide additional in situ values. Due to the
restricted site access and limited availability of samples and testing apparatus, some of

the input parameters for modeling were assumed. All values used for the modeling are

listed in Table 1, and the assumed values are marked with an asterisk.

Table 1 Soil properties for seepage and riverbank stability modeling.

Site USSOCHS Y, ¢' ¢ |AEV | ¢ |VWC| ki Kauger
Type (kNm’)| (¢) | (kPa) | (kPa) | () | (%) (m/s) (m/s)
SM 16.4 33 54 10 133 | 46.1 | 5.09E-07 | 1.84E-04
CL 17.7 283 | 133 120 | 10.2 | 50.3 | 1.65E-08* | 2.64E-05
> MH 18 32.1 | 184 | 160 | 13.5 | 48.3 | 4.99E-09 | 1.35E-05
CL 18.5 28.1 | 18.8 | 200 9 47.8 | 1.26E-09 | 2.58E-05
CL 18.2 29.5 7.5 120* | 10.2* | 48.5 | 1.65E-08* | 2.64E-05*
> CL 19.1 34.1 | 12.8 | 180* | 11.3* | 47.7 | 3.13E-09* | 1.97E-05*
ML 17.6 28.8 6.3 120* | 10.2* | 52.5 | 1.65E-08 | 2.13E-05
> CL 18.7 33.7 87 | 180* | 11.3* | 49.7 | 8.30E-09 |1.97 E-05*
ML 17.9 28.2 9.5 120* | 10.2* | 49.5 | 1.72E-08 | 2.13E-05*
> CL 18.3 34.5 89 | 180* | 11.3* | 48.1 | 3.13E-09* | 1.97E-05*
ML 17.4 32.9 8.2 120* | 10.2* | 48.5 | 5.90E-09 | 3.15E-05
> CL 17.9 31.6 10 180* | 11.3* | 47.3 | 5.13E-09 | 1.97E-05*
31- Imper
S5 vious 22 37 200 0 0 26 | 1.26E-10* | 1.26E-07*
layer

*assumed based on the values from other sites.
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occur during the hottest and coldest days in the year and on a daily basis in the morning
and late afternoon (Bob Graham, personal communication, July 7, 2008). During the
monitored period between 2005 and 2009, the prolonged peaking event shown in Figure
6(a) was selected as an example of a regular peaking discharge pattern. This event
occurred between February 13 and 28, 2007. Prior to the peaking period, the discharge
rate was maintained at around 70 m’/s for 7 days (Feb. 6-12, 2007). Then, repetitive
peaks ranging from 57 m’/s to 566 m’/s were observed over the next 16 days. The
discharge rate generally reached 566 m’/s and dropped instantly, resulting in a typical
peaking cycle of about 6 hours. However, the discharge often remained at the highest rate
for several hours, extending the cycle to up to 12 hours. On a daily basis, the monitored
peaking events typically occurred twice a day, once starting in the morning around 6 AM

and again in the early evening around 6 PM.
5.4.3 Transient condition — drawdown

In general, drawdown of the external water surface level in a slope may lead to
one of the most critical conditions affecting slope stability. Especially in a slope with
cohesive soils, poor drainage causes slow changes in the pore water pressures in the
slope. When the WSE drops, the external force that works as a stabilizing factor is lost
while excess pore pressures in the riverbank are slow to dissipate, leaving the slope in a
critical condition. Thus, estimating changes in the pore water pressures during transient
flow releases is essential for checking the critical conditions of riverbank stability. The
drawdown rate selected from the historical records between January 19 and 27, 2009
presented in Figure 6(b) represents the fastest drawdown rate that occurred between 2005

and 2009.
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5.4.4 Transient condition — step-down

The step-down release is a kind of drawdown pattern that includes buffer periods
to minimize the environmental impacts induced by drastic changes of flow rate. In
general, after a prolonged high flow, drawdown is performed with several buffer stages,
as shown in Figure 6(c), instead of reducing the discharge to base flow instantly. The
step-down rates and stages are predetermined and take into account the anticipated inflow
and outflow of the dam, and the ecological and environmental impacts. The step-down
scenario presented in this study occurred between June 20 and July 9, 2009. Prior to the
step-down event, the release rate was around 580 m’/s and the downstream WSE had
maintained a bankfull condition for 12 consecutive days, providing the initial steady state
condition. The release rate was then dropped to 85 m*/s via 4 buffer stages. At each stage,
the release rate was maintained for about 4 days on average as a buffer period. The buffer
period was longer at the higher rate (4.7 days at 430 m’/s) and shorter at the lower rate

(2.8 days at 147m’/s).
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Figure 6 Actual discharge patterns and corresponding changes of WSE at Site 1.
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5.4.5 Fluvial erosion

Fluvial erosion was estimated by interpreting the USGS erosion pin data. The
average annual erosion rate was calculated from the data for the 4 years from 2005 to
2009 gathered by (Schenk et al., 2010). As presented in Table 4, the maximum erosion
was measured at the lowest part of the riverbanks, while the minimum erosion, or
deposition in a few locations, occurred in the middle or upper part of the banks. Using the
current bank geometry and the average annual erosion rate, the eroded bank geometry
after 10 years was predicted as shown in Figure 7. The slope stability of the riverbank
with the new geometry was analyzed for two steady state, one peaking and one step-

down conditions, for a total of four scenarios.

Table 4 Erosion rate calculated from USGS erosion pin data.

Maximum erosion Minimum erosion
) Bank
Site .
Location . .
Rate (cm/year) Location Rate (cm/year) Location
Site 1 Outside -23.0 Pin 1 -3.0 Pin 6
Site 2 Straight -5.4 Pin 2 +3.5 Pin 3
Site 3 Inside -5.9 Pin 2 -0.2 Pin 4
Site 5 Straight -8.1 Pin 1 -0.05 Pin 6

No erosion pins near Site 4
+: deposition, -: erosion
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5.5 Results and discussion

Transient seepage analysis was applied to calculate the pore water pressures in the
riverbanks. The stability of the riverbanks was then analyzed using the pore water
pressures for different flow scenarios that represent the field conditions under the
different dam operations. As the stability depends directly on the hydraulic conductivity
of the soils, the riverbanks were also reviewed for critical cases that used the lowest

values determined by either constant head permeability tests or consolidation tests.

5.5.1 Steady state

Riverbank stability at all five sites was analyzed for the steady state flow
conditions listed in Table 3, representing typical operational modes in different seasons
including one overbank flow condition. Examples of the slip surface at Site 1 and Site 4
are presented in Figure 8, indicating different depths of failures. Figure 9 illustrates the
relationship between discharge rates and riverbank stability under steady state flow
conditions. All slopes were found to be stable, and generally became more stable as the
water surface elevation (WSE) rose. The WSE was confirmed to be the dominant factor
governing riverbank stability under steady state conditions. A few cases showed slightly
larger values of the factor of safety at the lowest WSE (Site 1, Site 2 and Site 4), which
seems to be due to the effect of negative values of effective normal stress on the slices.
The factor of safety estimated by both saturated and unsaturated shear strengths are
compared in Figure 10, indicating that the actual riverbank stability in the field would be
safer than the numerical model due to the unsaturated soil conditions. The influence of
unsaturated soil shear strength appeared to be larger for a steeper slope (Site 4) than for a

gentle slope (Site 1).
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5.5.2 Peaking

The riverbank at Site 1 was found to be stable during the peaking events, as
shown in Figure 11(a). The values of the factor of safety varied, responding directly to
changes in the WSE, and this variation was larger when lower hydraulic conductivity was
taken into account. The FS was lower when hydraulic conductivity of the soil was larger,
indicating more water seeped into the soils as the WSE rose and the area where matric
suction has been eliminated became larger, thus decreasing the shear strength of the soil.
However, if peaking started when the initial steady state condition was assumed to be
higher, as presented in Figure 11(b), the FS dropped more rapidly in the model with
lower hydraulic conductivity (k;4). This can be attributed to the fact that pore water
pressure dissipation in poorly drained soils takes longer. As the rate and magnitude of the
WSE changes during peaking events are smaller than those in a drawdown event, it is
reasonable to assume that the peaking is less critical than drawdown in terms of slope
stability. This transient drawdown 1is effectively a mild case of rapid drawdown, which
will be discussed next, but it is not expected to create an instantaneous rise of

downstream WSE.
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5.5.3 Drawdown

For the drawdown event studied here, which occurred in January 2009, the
riverbanks at all five study sites experienced a reduction in their factor of safety, as
shown in Figure 12. However, the values remained above 1.0 for all sites, indicating
stable conditions. This finding seems to be due to the relatively high hydraulic
conductivity values of the soil used for the model, which allow the pore pressure to
dissipate. The lower hydraulic conductivities suggested by laboratory tests indicate a

much higher sensitivity to WSE changes, but the FS could not be quantified due to

several numerical issues. These will be discussed later in more detail.
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Figure 12 Changes in factor of safety over time during a transient drawdown event.
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5.5.4 Step-down

Similar to the results of the drawdown analysis, the step-down scenario (Figure
13) resulted in a decreasing factor of safety as the WSE decreased. However, while the
factor of safety did decrease during step-down releases, the banks were found to remain
stable. The amount of time at each discharge rate seems to have been sufficient to allow
the pore water pressure to dissipate. Larger values of the hydraulic conductivity measured
by in situ auger hole tests appear to be responsible for the nearly instantaneous changes in
factor of safety. Excess pore pressure dissipates faster in easily drainable soils, and thus
the factor of safety is directly related to the magnitude of confining pressure by the river.
Additionally, the drawdown rate of the WSE during the step-down scenario was lower
than that of the drawdown case, resulting in a more stable riverbank. Therefore, the
riverbank appears to be relatively insensitive to step-down rate when considering large-

scale instability.
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Figure 13 Factor of safety at each site for step-down flow conditions.
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5.5.5 Bank stability with fluvial erosion

Erosion rates were determined for all study sites except Site 4, where no erosion
pin data was available. The highest annual average erosion rate was 230 mm/year,
monitored at the lowest pin at Site 1. However, this seems to be largely due to mass
failures, as 750 mm out of the 920 mm erosion at the pin was measured between 2006
and 2008 by Schenk et al (2010). The average of the highest erosion rates at the other
sites were 64 mm/year, which were mostly observed at the lowest pins as well. Some
deposits were also measured at upper pins in Site 2. Using the mean erosion rate and
erosion profile estimated by the USGS erosion pin data shown in Figure 7 as an example,
the bank geometry after 10 years was predicted and the stability of the predicted
riverbanks was analyzed for 57 m’/s steady state flow. This flow rate was selected
because it produced the lowest factor of safety in the steady state modeling. As the results
in Table 5 show, Site 1, Site 3 and Site 4 are predicted to become more unstable as
erosion progresses, mainly due to the initial bank geometry and predicted erosion, which
mostly originates from the lower sections of the slopes. In contrast, Site 2 and Site 5 are
predicted to maintain a similar FS, primarily due to their mild slopes and very low

erosion rates.
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Table 5 Factor of safety changes after ten years of erosion estimated by USGS erosion

pin data.
Current After 10 years
Site Maximum Cumulative
erosion (m) FS at 57 m’/s . FS at 57 m’/s
(2005 — 2009) erosion (m)
Site 1 0.92 1.92 23 1.58
Site 2 0.22 1.84 0.55 1.83
Site 3 0.2* 2.07 1.0 1.83
Site 4 N/A 1.74 1.2 1.61
(assumed)
Site 5 0.33 1.80 0.83 1.81
*2007-2009.

5.5.6 Discussion

Although most slope stability analyses provided reasonable results in terms of
factor of safety, a few issues such as inconsistent test results, unrealistic body force
estimates from equilibrium equations, or unrealistic values of factor of safety were
identified when lower values of hydraulic conductivity were applied.

Both transient drawdown and step-down scenarios using the lowest hydraulic
conductivity values resulted in less stable conditions. Most of the failure envelopes seem
to be located within the range of normal stresses in the direct shear tests. However, some
of the calculated factor of safety values appear to be invalid, containing numerical errors
that imply a rapid drop in the factor of safety that may not represent the actual stability of

slopes. These errors may occur when the calculated effective normal stress is negative.
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Among the potential causes for these errors are high pore pressure in the soil due to the
lower hydraulic conductivity and a steep base angle of the slices in the limit equilibrium
method (LEM) (Rocscience Inc., 2010b). Poor drainage of the soils with lower hydraulic
conductivity means that they experience larger excess pore water pressure for some time
after a drawdown event, resulting in negative values of normal stress calculated at the
bottom of each slice. Consequently, the factor of safety becomes unrealistically low.

Another possible source of error is the development of tensile strength due to
cohesion. In cohesive soils, as the tension develops it induces negative normal forces and
the reversal of interslice normal and shear forces as a result of the cohesion, which is
large in comparison with the magnitude of the other forces. These negative interslice
forces also produce discontinuities in the line of the thrust. This seems to be especially
true for relatively shallow slices in soils, where cohesion dominates the shear strength of
soils (Ching and Fredlund, 1983).

Typically, it is recommended that a tension crack be created to eliminate such
negative values. However, negative normal forces may be calculated even below the
tension zone and this situation frequently occurs with relatively shallow slip surfaces and
high cohesion. In addition, matric suction in unsaturated soil also increases tensile
strength values, which ultimately increases the depth of the assumed tension cracks
(Ching and Fredlund, 1983). In low profile slopes like riverbanks, deep tension cracks
may not be feasible, as increasing the crack depth decreases the factor of safety
significantly, shortening the length of resistible slip lines and increasing the weight of the
soil mass. Dry tension cracks may reduce the rate at which FS decreases, but it may still

be necessary to eliminate portions of the slip line.
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This may be avoided by adopting a different method to calculate slope stability
under rapid drawdown, as suggested by Duncan et al. (1990). However, due to the
different parameters required for their analysis, Duncan, Wright, and Wong’s method

could not be applied in the current study.
5.6 Conclusions

The actual reservoir release rates of a hydropower dam were first analyzed to
identify representative flow patterns and then transient seepage and slope stability
analyses were performed to highlight the influence of dam operations on downstream
riverbank stability using input parameters determined by laboratory tests, in situ tests, and
empirical methods. The seven steady state flow rates modeled represented the range of
seasonal and operational modes throughout a typical year and included one overbank
flow case. The model provided a useful picture of the influence of water surface elevation
(WSE), unsaturated shear strength parameters, and hydraulic conductivity.

These analyses revealed that the riverbanks at the study sites were stable for all
their present flow conditions, including steady state, peaking, drawdown, and step-down
conditions. A flow rate of 991 m’/s would result in overbank flow throughout much of
the lower Roanoke River. Even here, though, the increase in confining pressure would
most likely result in the banks remaining stable. However, the banks were predicted to be
less stable if they consisted of less permeable soils due to the development of excess pore
water pressures. The hydraulic conductivity determined by laboratory tests tends to be
considerably lower than that determined by in situ tests. Although the lab values are close
to the typical values for similar types of soils, the in situ hydraulic conductivity seems to

represent the flow of water in the riverbanks better as seen from the GWT modeling
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results and can thus be used for modeling. However, as noted earlier, if low permeability
soils are present, this may create more unstable conditions, especially when the
riverbanks are exposed to transient drawdown or step-down flow conditions. Areas of
low permeability soil may exist in the riverbanks and this likely explains the occasional
small scale bank failures observed along the study reach.

Although the major analyses conducted for this study provided reasonable results,
several numerical issues were identified. These are related to the apparently unrealistic
values for the factor of safety, and are possibly due to the negative normal stress
calculated at the slip line. Cohesion seems to be responsible for the negative values and,
thus, the application of unsaturated shear strength may increase the possibility of such
errors, as the matric suction is regarded as a part of total cohesion. Further investigation
of the role and influence of unsaturated shear strength is required for limit equilibrium

slope stability analysis.
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CHAPTER 6. Conclusions

The main objective of this research was to investigate the effects of reservoir
releases on slope stability and bank erosion. Extensive field work and laboratory tests
were performed to estimate the hydraulic and geotechnical properties of the riverbank
soils. Actual release rates for the Roanoke Rapids hydropower dam between 2005 and
2009 were analyzed for four basic operational modes of the dam, including both peaking
and drawdown events. One extreme case of high flow condition was also analyzed in
order to predict riverbank stability for the overbank flow condition. The unsaturated soil
properties required for modeling were successfully identified. Seepage and slope stability
analyses using these results, taking into account the characteristics of unsaturated soil and
time dependent boundary conditions, were primarily performed using the SLIDE

software package.

Brief summaries of the research performed for each part of the study, along with

the major findings, are provided below.

Comparison of testing techniques and models for establishing the SWCC of riverbank

soils

The desorption branch of the SWCCs of the riverbank soils in the lower Roanoke
River, NC, were established using six different laboratory methods. Except for silty sand,
the differences in SWCCs between the soil samples were not significant as the physical
properties of the soils in the study area were broadly similar. Although the results
reported here indicate that the six different measuring techniques used in the study

provide comparable results, it is recommended that separate techniques be employed for

162



determining total and matric suction due to the different sensitivity and measurement
range of each test method. The experimental data were compared to the mathematical
models proposed by van Genuchten (1980), Fredlund and Xing (1994), and Houston et al.
(2006), confirming that the Fredlund and Xing, and van Genuchten models yield the best
fits with the experimental data. Although the model by Houston et al., which uses
parameters based only on particle gradation and soil plasticity, showed good agreement
for suction pressures below 1,500 kPa, above this level its use is not recommended as its
predictions deviated significantly from the experimental data, where the linear change in

the logarithmic value of suction as a function of water saturation.

Laboratory and in-situ determination of hydraulic conductivity and the implications

Sfor transient seepage analysis

The hydraulic conductivity was determined using two laboratory tests (the
modified constant head permeability test and the consolidation test) and two field tests
(the Guelph permeameter test and the auger hole test). The experimental results revealed
that the hydraulic conductivity measured for the same soils could vary by as much as 10*
m/sec. The laboratory measurements of hydraulic conductivity were closer to those
typically reported for the soils, whereas the in situ hydraulic conductivity appeared to be
towards the upper bound of the expected values. However, transient seepage analyses
using the experimental results and applying the actual water surface elevations as a
boundary condition indicated that the higher values measured by the auger hole tests
produced groundwater table predictions that were closest to those observed in the field.
These higher values for the in situ hydraulic conductivity can be attributed to the natural

factors that lead to preferential flows such as roots, cracks and structured soils, as well as
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the experimental factors that distinguish laboratory and in situ tests such as test methods,
anisotropy, sample size and disturbance. Thus, the use of a single evaluation method may
not adequately represent the actual permeability characteristics of soils, especially for
non-homogeneous cohesive soils, and it is recommended that additional factors be
considered, including visual inspection, information on the geological and
geomorphological background of the site, and numerical modeling, to increase reliability.
In addition, long term monitoring of the ground water table and numerical analysis of

seepage are recommended.

Unsaturated shear strength of riverbank soils using multistage direct shear tests

The validity of multistate direct shear tests was studied, and the saturated and
unsaturated shear strength parameters were obtained. The multistage direct shear test
yielded similar results to those obtained using conventional direct shear tests, with
negligible differences for engineering practice. However, some precautions are
recommended: it is important to ensure there is no excessive shearing of the soil sample
beyond the peak shear stress to the strain softening region, and no shearing occurring
before equilibrium has been achieved for every new matric suction. The suction
controlled test results confirmed the non-linear relationship between the unsaturated shear
strength and matric suction, which fits both an empirical power function and the square-
root function proposed by Abramento and Carvalho (1989). The unsaturated shear
strength was also compared to estimated values found by applying the saturated shear
strength parameters, soil water characteristic curves, and a fitting parameter k. The
estimated shear strength was a good fit for the experimental data over a limited range of

suction, while the estimated fitting parameter x varied with applied suction ranges,

164



indicating that further clarification is required regarding the applied suction range and the

correlation between the fitting parameter k and the plasticity index.

Effect of reservoir releases on riverbank stability

Riverbank stability was analyzed for both steady state and changing water surface
elevation conditions using transient seepage analysis and the limit equilibrium method.
Seven constant release rates were applied to represent steady state conditions, and two
drawdown events and one continuous peaking event were also considered. The
unsaturated soil properties determined in earlier parts of the study were used for the
modeling, and bank erosion was estimated using USGS erosion pin data. The modeling
results indicated that the riverbanks at the study sites were indeed stable for all their
present flow conditions and would remain stable for the next 10 years assuming the same
erosion rates although factor of safety decreases at most sites. Higher water surface
elevation leads to more stable conditions although it causes loss of matric suction,
indicating that the role of water surface elevation seems to be more important than that of
unsaturated soil properties. It also may cause more fluvial erosion; only average annual
erosion rates were considered in this study. The factor of safety fluctuates depending on
the changes in water surface elevation during peaking and drawdown events, although the
riverbanks remain stable (FS>1). However, if the presence of low permeability soils is
assumed, using the lower hydraulic conductivity obtained from the laboratory tests, the
stability of the riverbanks becomes very sensitive to the rate of drawdown of water
surface elevation due to the excess pore water pressure. Areas of less permeable soil may
exist in the riverbanks and this likely explains the occasional small scale bank failures

observed along the study reach.
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Interestingly, several numerical issues were identified for cases where the
hydraulic conductivity in the models is low. Unrealistic values for the factor of safety
were observed, probably as a result of the negative normal stress calculated at the bottom
of each slice due to the large excess pore water pressure and relatively high cohesion,
even with matric suction. Although the limit equilibrium method is generally regarded as
the simplest and most reliable method for slope stability analysis, when combined with
transient seepage analysis the results should be treated with caution, especially when low

permeability soils are involved.

166



APPENDICES



Appendix A: Effects of Spatial Variability on the Estimation of

Erosion Rates for Cohesive Riverbanks!

ABSTRACT

Human activities, such as dam construction, can cause excessive erosion of a
riverbank due to alteration of the natural flow regime. This erosion can lead to
degradation in water quality and aquatic habitat as well as loss of land and damage to
riparian structures. Accurate estimation of erosion rates for cohesive riverbanks is a
difficult task owing to the complex nature of cohesive soils and their interaction with the
river flow. Past work has attempted to correlate physical and chemical soil properties
with erosion rates, however the wide range of soil properties has made it difficult to
produce a general model for cohesive soil erosion. The erodibility of riverbank soil on the
lower Roanoke River, North Carolina USA, was estimated in situ employing the jet
erosion test (JET) apparatus. The JET applies a water jet of uniform velocity directly to
the soil and measures the resulting scour depth evolution over time. The measured data
are then used to determine two empirical parameters, the erodibility coefficient and
critical shear stress. Several JETs were performed on different soil layers at sites with
bank materials composed primarily of silts and clays. The physical properties of each soil
layer were determined through laboratory analysis. Using boundary shear stress
calculations from a simple analytical model, erosion rates are calculated assuming a
linear excess shear stress model, and the effects of the spatial variability of soil properties

on calculated erosion are investigated. While previous research has shown that the JET

' This manuscript was published in River Flow 2010, and is co-authored by Soonkie Nam, John
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produces consistent results under controlled environments, results here demonstrate the

importance of considering spatial variability of soil types when estimating erosion rates.

Keywords: jet erosion test, erodibility, critical shear stress, river bank erosion

A.1 Introduction

Various types of human activities can cause excessive erosion of a riverbank due
to alteration of the natural flow regime. Some problems due to erosion include loss of
land, damage to riparian structures, transport of pollutants, and degradation in water
quality and aquatic habitat. Erosion causes not only financial losses but also
environmental problems. Therefore, active controls are beneficial in an effort to reduce
erosion.

To quantify the effects of erosion, proper estimation of erosion induced by the
activities and controls of human-induced activities are required. However, estimation of
soil erodibility and flow characteristics in a river necessarily involve great uncertainty
and variability due to the complex nature of soils and their interactions with the river
flow.

Riverbank soils can be simply classified as non-cohesive or cohesive. Non-
cohesive soils, including sand and gravel, are typically granular and coarser than cohesive
soils causing the properties of individual soil particles to dominate the characteristics of
the soils. In contrast, cohesive soils, such as silt and clay, are finer and the soil minerals,
structure, chemicals and interacting forces are typically more important to the overall soil

characteristics than the physical properties of soil particles.
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Erodibility of non-cohesive soils is determined by gravitational forces and soil
parameters such as particle size, shape, and unit weight of soil (Graf, 1971), whereas that
of cohesive soils is much more difficult to estimate. As summarized by Grissinger
(1982), correlations of erosion rates with combinations of plasticity, percentage of clay
particles, soil mineralogy, cation exchange capacity (CEC), and many other physical and
chemical soil properties have been investigated, but the wide range of soil properties and
complexity of interactions of different parameters have made it difficult to produce a
general model for cohesive soil erosion.

This paper presents a study of the variability of erodibility parameters of cohesive
soils in the riverbank of the lower Roanoke River near Roanoke Rapids, North Carolina,
USA, estimated by the in situ submerged jet erosion test, and their influences on erosion

rate calculations.

Estimation of erosion rate

Due to the complexity of cohesive soil erosion, empirical methods have been
widely employed and accepted for cohesive soils for several decades. The linear excess
shear stress equation is often used to estimate erosion and is commonly presented with
three parameters: the erodibility coefficient (kq) and applied and critical shear stresses ( T,

and t_), which imply the rate of erosion when a given hydraulic shear stress is applied

and the ease of initiating erosion, respectively (Hanson and Cook, 2004, Wan and Fell,

2004).

e=k,(t,—1.) for (z, > t,) (1)

e=0 for (t, <t.)
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where, ¢ = erosion rate (m/s), kg = erodibility coefficient (m*/N-s), t, = applied shear
stress by flow (Pa), T, = critical shear stress of soil, and a is a constant commonly

assumed to 1.

The applied shear stress (1) is related to the flow conditions, whereas the other
two parameters, erodibility coefficient (kq) and critical shear stress ( t, ), are soil

characteristics that typically are determined by experiments. Erosion is considered to
occur when the applied shear stress is greater than the critical shear stress of the soil

(ro > rc), and the total erosion is proportional to the erosion rate and time interval over

which erosion occurs.

Jet erosion test

There are several available methods for measuring soil erodibility, including
flume tests, jet erosion tests, rotating cylinder tests, soil dispersion tests, hole or crack
tests, and the erosion function apparatus (Wan and Fell, 2004). In this study, a submerged
jet test device was used on riverbanks in the field.

The submerged jet test device was proposed by Hanson (1990a, 1990b, 1991) as
an in-situ test technique to determine the erodibility coefficient and critical shear stress of
soils (Figure 1). This test evaluates the erodibility of cohesive soils by measuring the
depth scoured by a water jet over time. A jet of water is discharged directly to the soil
and the depth of the hole produced and duration are measured. Theoretically, the
maximum scour depth at equilibrium is required to estimate the erosion parameters.
However, it may take hours or even days to reach equilibrium. Hanson & Cook (1997)

determined the two empirical erodibility parameters (k¢ and t,) by adapting analytical
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procedures to estimate scour depth and critical shear stress at equilibrium proposed by
Stein et al. (1993) and Stein & Nett (1997). The principles and procedures of the test are
described in detail in Hanson & Cook (2004). The jet test device has been applied in
several studies due to its numerous advantages; it is simple, relatively inexpensive, can be
performed in the field even on steep slopes, and the erosion parameters are easily
calculated using a spreadsheet developed by Hanson and Cook (1997) (Clark and Wynn,

2007, Wahl et al., 2008, Walowsky Jr. et al., 2008, Wynn and Mostaghimi, 2006).

Figure 1 Jet erosion test device.

A few studies have confirmed the accuracy and consistency of the jet test results
under a controlled environment (Hanson and Cook, 1997, Hanson and Cook, 2004, Wahl
et al., 2008) while others have reported a wide range of results in nature (Hanson and

Simon, 2001, Shugar et al., 2007, Simon and Thomas, 2002, Thoman and Niezgoda,
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2008, Wynn and Mostaghimi, 2006). However, in practice, most studies with the jet test
have utilized it as a single experimental method to obtain the erodibility parameters due
to limitations such as the availability of other tests and field conditions. In addition, the

results are typically limited to a small number of tests.

Applied shear stress by flow

The applied shear stress by flow also needs to be determined in addition to the
soil-related parameters for erosion rate calculations. Several analytical and numerical
methods are available for 2D and 3D, and straight and curved channels. The current study
employed a simple analytical equation to estimate the distribution of boundary shear
stress. While more advanced techniques exist (e.g. Kean et al., 2009, Shiono & Knight,
1991) the simplified technique presented here allows general trends to be identified even

if the magnitudes are not precise.

Boundary shear stress on trapezoidal channels

A simple equation for the boundary shear stress in trapezoidal channel was
adapted to estimate maximum shear stress on the slope.

Ty = YRS (2)
where, t, = average shear stress on the boundary (Pa), y = unit weight of water (N/m), R
= hydraulic radius (m), and S = channel slope (m/m).
Equation (2) is based on the assumption of one dimensional flow and that the boundary
shear stress is averaged over the wetted perimeter, whereas the actual shear stress

distribution on a riverbank will not be uniform due to the channel slope and curvature.

Ty =1.1-7RS (3)
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Thus, Equation (2) can be updated to Equation (3) to calculate the maximum boundary
shear stress on the slope (1, ),estimated using the figures suggested by Anderson et al.

(1970) as described in Chang (2002).

A.2 Laboratory and in situ experiments

Soil properties

Soil properties were determined from laboratory tests using disturbed soil samples
obtained randomly from the sites, and the sampling locations were recorded to correlate
with jet test locations. Grain size distributions and Atterberg test results for the soils are

shown in Figure 2 and Figure 3, respectively.

100
90
80
70
60
50
40
30
20 .o
104"

0
0.001 0.01 0.1 1 10

Particle size (mm)

II—

Percentfiner (%)

Figure 2 Grain size distribution curves.
As shown in Figure 3, the soils are classified as low and high plasticity silts (ML

and MH) and low plasticity clay (CL) by the unified soil classification system (USCS).

The overall results are summarized in Table 1 with soil types.
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Figure 3 Atterberg test and soil classification.

Table 1 Soil properties.

USCS | Sand% | Silt% | Clay % LL PI No. of
Samples
16.6 50.2 332 41.8 18.6
CcL 26
10.9 8.1 73 5.8 3.9
25.8 47.9 26.3 41.0 13.8
ML 10 (3)*
18.4 10.9 9.5 11.9 72
9.2 44.7 46.2 52,7 21.6
MH 7
33 2.9 2.8 2.4 2.4

* 10 samples for grain size distribution and 3 samples for Atterberg tests.
**Upper rows present average value, lower rows present standard deviation.
***] L=Liquid Limit, PI=Plasticity Index.

Jet erosion test
Eleven in situ jet tests were performed on the riverbank at different locations in

different soils: 5 from CL, 2 from ML, and 4 from MH. The test locations were randomly
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selected within those soil layers where the properties were known. The detailed

procedures for the jet erosion tests are available in Hanson & Cook (2004).

A.3 Results

Erodibility parameters for soils

The results of the jet tests are shown in Figure 4 and Table 2. A wide range of

both erodibility coefficients (kq) and critical shear stress (t,.) was observed with no clear

relationship between the two parameters. The variations of each parameter are also large

within the same soil type. Based on the same erosion criteria used by Hanson and Simon

(2001), shown with dotted lines in Figure 4, the soils can be classified as moderately

resistant to very erodible soils.

Table 2 Jet test results.

Erodibility Critical
USCS coefficient shear stress | No. of Samples
(kg, m*/N"s) (t,,Pa)
2.0x10° 38
CL 5
2.4x10° 27
1.2x10° 52
ML )
1.5x10° 57
1.0x10® 926
MH 4
1.1x10° 6.3

*Upper rows present average value, lower rows present standard deviation.
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Figure 4 Jet test results from the lower Roanoke River with the classifications of Hanson
& Simon (2001).

Although Hanson and Simon (2001) observed a relatively linear relationship
between the two parameters after performing 63 jet tests, with increasing critical shear
stress corresponding to decreasing erodibility coefficient on a log-log scale, they also
observed very erodible to very resistant soils with a wide variation spanning four orders

and six orders of magnitude for k4 and t_, respectively. Similar relationships and wide

variations were also observed by Shugar et al. (2007) and Thoman and Niezgoda (2008).

Estimation of applied shear stress

The boundary shear stress on the bank slope by flow was estimated using a simple
analytical method. As a hydropower dam is located about 77 river kilometers upstream
from the field, it is assumed that a constant discharge with bankfull flow, which

corresponds to 566 m’/s discharge rate from the dam, could be a critical condition leading
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to erosion in the field. Thus, the applied shear stress at this condition was calculated to
estimate the maximum erosion on the riverbank.

In the analytical method, the maximum shear stress was assumed to develop at 2/3
of the flow depth and decrease to zero linearly at the top and bottom of the bank. Bed
load movement in the river channel was not considered in this study. As shown in Figure
5, the maximum shear stresses were estimated to be 4.1 Pa for the 566 m’/s discharge

condition.

Channel Width (m)
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é 4 1 1 1
» Flow rate= 566 m3/s
S 5
®
g 0 v ~
S | et
T To max ANL™
& 2 -
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[]
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™
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Figure 5 Assumed shear stress distributions by analytical method

Variability of erosion rate
As the erosion rates are determined by three different parameters (kq, 7, , and 1, ),
soils may have higher predicted erosion rates even though one or two of the parameters

are lower. This is due to the fact that the erosion rate is determined as a product of

erodibility term and shear stress term, as shown in Equation (1).
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Table 3 shows the ratios of the maximum and minimum values of each parameter
for the study soils. The ratios indicate how the parameters vary within each soil, and how
they change after multiplication. In Table 4, the erosion rates for all combinations of the
required parameters under the 566 m’/s flow condition are compared. Each column in
Table 4 includes a series of data under the same applied shear stress. Each calculated
erosion rate in the same column has a different erodibility coefficient and critical shear
stress but the same applied shear stress. The results in each row are calculated using the

same erodibility parameters but different applied shear stresses.

Table 3 Variations of each parameter

Soil g o Te max (ka X7.)
Type k, . T, (kyxz.)
CL 6.5 15.3 45
ML 7.8 12.9 1.7
MH 27.9 14 35

Case 3 is for the field conditions where the applied shear stress was obtained from
calculations. In the other cases, the applied shear stress was increased from 1 to 10, which
represent flow conditions other than the bankfull discharge. In Case 3, outlined in bold in
Table 4, no erosion was predicted for 6 out of the 11 samples due to the large measured
critical shear stress. The other 5 samples (three CL, one ML and one MH soil) were
found to be eroded, with the predicted maximum erosion rates of 0.26 m/day, 0.56 m/day,
and 0.43 m/day, for the CL, ML and MH soils, respectively. It also shows that the

estimated maximum erosion rates in the clayey soils range from 2.3 times (when 7,=4.1)
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to 58 times (when 7,=8) larger than the minimum erosion rates without considering the no

erosion cases.

Table 4 Erosion rates with different applied shear stresses.

Erosion rate (&, m/day)

Soil

Type Case No 1 2 3 4 5
T (Pa) 1 2 4.1 8 10
k~0.40 (m’/N-s)
o0 e | 0000 | 0000 | 0000 | 0038 | 0.107
k=0.44 0.000 | 0032 | o112 | 0261 | 02338
t=1.18

CcL ki=6.13 0.000 | 0000 | 0147 | 2211 | 3270
1.=3.82
k=1.00 0.000 | 0080 | 0261 | 0597 | 0.769
t~1.07
ki=2.03 0.000 | 0.000 | 0000 | 0350 | o0.701
1.=6.02
k=0.17 0.000 | 0.000 | 0000 | 0000 | 0011
1.9.26

ML
k=223 0.000 | 0.156 | 0560 | 1311 | 1.695
t=1.19
k=0.17 0.000 | 0.000 | 0.000 | 0000 | 0.000
1~=12.13
k=0.24 0.000 | 0.000 | 0.000 | 0000 | 0.000
1~14.81

MH
k=1.39 0056 | 0.176 | 0427 | 0894 | 1.134
1.=0.53
k=2.39 0.000 | 0.000 | 0.000 | 0000 | 0.000
1.=10.79

Unit : kq (m*/N-s), 1. (Pa), and 1, (Pa)
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Figure 6 Eroded bank geometry after 10 days

Figure 6 shows an example of the erosion predicted from two different jet test
results for the same soil when the applied shear stress was assumed to be 4.1 Pa and the
flow continued for 10 days. With different values of the erodibility parameters, the total

erosion ranges from zero to 2.57 m.

A.4 Conclusion and discussion

Erosion rates are calculated using a linear excess shear stress equation with
erodibility parameters (k¢ and t_) determined by jet erosion tests, and the applied shear
stress obtained from an analytical method. A wide range of erodibility parameters was
observed from the jet erosion tests. The standard deviations were larger than the
averages, and, thus, larger differences in the calculated erosion rate were observed. Due

to the fact that the erosion rate is determined by the product of erodibility coefficient and
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shear stress differences, the calculated erosion rates are not proportional to the
parameters. The lowest erosion rate was determined to be zero for all three soil types, and
the largest erosion rates were 0.27, 0.56, and 0.43 m/day for CL, ML and MH soils,
respectively.

Assuming that the jet erosion tests were performed at a representative location for
that soil layer and that the other variables are obtained from reliable sources, the erosion
rate of clayey soils would be one of the values in the Case 3-CL, namely zero, 0.112,
0.147, and 0.261 m/day. For the overall period when the dam discharge is over 566 m’/s,
the predicted annual erosion from the four different erosion rates will be significantly
different.

The estimated erosion in practical cases may involve similar or worse uncertainty
in the results due to the fact that the typical number of tests performed in the field for
practical cases is also similar or even smaller (Wahl, 2008, Walowsky Jr. et al., 2008).
Thus, the variability of the test results should be reviewed before making erosion
estimations, using additional information such as statistical analysis with more test
results, other references for the erodibility of the similar type of soils, or other empirical

correlations using the other frequently available soil properties.
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Appendix B: Erodibility of the riverbank soils

B.1 Cumulative and predicted erosion pin data
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Figure B1 Cumulative and predicted erosion at Site 1 (USGS T61L).
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Figure B2 Cumulative and predicted erosion at Site 2 (USGS 11BR).
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Figure B3 Cumulative and predicted erosion at Site 3 (USGS 9BR).
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Figure B4 Cumulative and predicted erosion at Site 5 (USGS 8BL).
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B.2 Results of the submerged jet erosion test
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Figure B5 Jet test results by soil type
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Figure B6 Jet test results by site.
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Table B1 Jet erosion test results for CL.

Site Flow rate
Date & 3kd K

Soil type m’/s ft'/s (m/N-s) (Pa)

03/2007 S1-CL1 99 3500%* 4.00E-07 6.90
03/2007 S1-CL2 99 3500 4.43E-07 1.18
05/2010 S1-CL2 178 6300 5.96E-07 4.83
05/2008 S2-CL 340 12000 6.13E-06 3.82
05/2008 S2-CL 340 12000 9.96E-07 1.07
05/2008 S4-CL 283 10000 2.03E-06 6.01
Average 1.77E-06 3.97

Standard deviation 2.22E-06 2.44
Maximum 6.13E-06 6.899
Minimum 4.00E-07 1.068

*Previously has been peaking (20000 cfs) twice a day.
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Table B2 Jet erosion test results for ML.

Site Flow rate
Date & 3kd K

Soil type m’/s ft'/s (m/N-s) (Pa)

05/2008 S3-ML 272 9600 1.39E-06 0.53
05/2008 S3-ML 283 10000 2.39E-06 10.79
05/2010 S3-ML 178 6300 5.77E-07 10.57
05/2010 S3-ML 178 6300 1.12E-06 1.63
05/2010 S3-ML 178 6300 1.27E-06 0.36
05/2008 S4-ML 283 10000 1.73E-07 9.26
05/2008 S5-ML 283 10000 2.23E-06 1.19
05/2010 S5-ML 178 6300 7.36E-07 8.51
05/2010 S5-ML 178 6300 2.11E-07 10.86
Average 1.12E-06 5.97

Standard deviation 7.98E-07 4.85
Maximum 2.39E-06 10.86

Minimum 1.73E-07 0.36
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Table B3 Jet erosion test results for MH

Site Flow rate
Date & 3kd K

Soil type m’/s ft'/s (m/N-s) (Pa)
05/2007 S1-MH 99 3500 1.70E-07 12.13
05/2007 S1-MH 99 3500 2.35E-07 14.81
05/2010 S1-MH 178 6300 3.79E-07 19.54
05/2010 S1-MH 178 6300 3.18E-07 16.88
05/2010 S1-MH 178 6300 2.22E-07 2.48
05/2010 S1-MH 178 6300 4.16E-07 1.14
05/2010 S1-MH 178 6300 4.79E-07 6.11
05/2010 S1-MH 178 6300 7.28E-07 13.19
05/2010 S1-MH 178 6300 4.67E-07 3.42
Average 3.79E-07 9.97

Standard deviation 1.71E-07 6.80
Maximum 7.28E-07 19.54

Minimum 1.70E-07 1.14
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