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ABSTRACT

Streambank instability and failure have been widely known to result in increased
sediment load to streams, loss of riparian properties and livelihood, and damage to
hydraulic structures. One cause of streambank instability is seepage @ocesse
Subsurface flow or seepage can cause instability and failure by rgdadiistrength,
exerting seepage forces, and creating seepage erosion undercukiengant where
water exists the bank. However, seepage driven erosion and failure have not been fully
studied or modeled, despite its potential role in streambank instability.

Some of the complexity regarding seepage stems from the unavailability of
seepage field measurements, the heterogeneity and variabiligy pdithus media, the
three-dimensional nature of the seepage erosion undercut, and the lack of undgrstandin
of the different bank failure mechanisms. In addition to this, discrete eleroeleisrhat
can effectively simulate seepage particle mobilization, undercutting, and the
corresponding mass wasting are unavailable and thus slope stability models do not
include the dynamic effects of ground water or seepage in their analysesudis st
incorporated seepage processes in bank stability analyses in an attemptto predi
streambank failure. It is divided into four independent but interrelated sections:

e A procedure for incorporating seepage erosion undercutting into bank stability
models was developed to address the question of whether seepage particle
mobilization can lead to distances of undercutting that are a significant cause of

bank instability. A numerical finite element model, SEEP/W, and a genmial li
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equilibrium bank stability model, SLOPE/W, were used to simulate flow and
stability, respectively, of a two-dimensional prototype streambank. Resul
showed that stability decreased between 42 and 91% as the depth of undercutting
increased, dependent upon the initial stability of the bank. The probability of
failure reached 100% when the depth of the undercutting reached approximately
30 to 50 mm under the two-dimensional lysimeter conditions.

The hydraulic conditions producing seepage failure mechanisms were
investigated using a three-dimensional soil box. A 25-cm tall, 50-cm wide, and
20-cm long soil block with a focused inflow reservoir was constructed to
investigate seepage gradient forces and the three-dimensional natuggagesee
particle mobilization (i.e., seepage erosion) and undercutting. Two sodsused

in the experiments (sand and loamy sand) packed in the block at different bulk
densities (1.30 to 1.70 Mghand with an outflow face at various angles (90, 75,
and 6(degrees). Constant heads of 15 cm, 25 cm, and 35 cm were imposed on the
soil to induce flow. Seepage erosion undercutting was monitored in time using a
three-dimensional digital laser scanner. The bulk density of the two diffeient s
types controlled which seepage failure mechanism occurred: (1) tension or “pop-
out” failures due to the seepage force exceeding the soil shear strength, (2)
particle mobilization and undercutting when the initial seepage forceegtadas

less than the resistance of the soil block. For cases experiencing particle
mobilization and undercutting, seepage erosion initiated as unimodal (i.e.,
concentrated at one point) or as multimodal (i.e., initiating at several locations

across the bank face), and this result was largely controlled by the bank angle
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The shape of the seepage undercut can be represented by a five parameter
Gaussian function. This function can be used to predict the dimensions of the
seepage erosion undercut.

An empirical sediment transport function that can predict seepage erosion and
undercutting with time was developed based on the three-dimensional soil block
experiments covering a wide range of hydraulic, soil type, slope and bulkydensit
combinations. The transport function was represented by an excess gradient
equation B = 0.54), where the critical gradient was predicted by the soil

cohesion based on laboratory experiments. The geometric relationships between
the maximum distance and lateral and vertical dimensions of the undercut were
then derived using a three-dimensional Gaussian function. The proposed
empirical relationships were able to predict the observed time at whigkra gi
amount of undercut develope & 0.79). Using the flow gradient and the

seepage layer’s cohesion, the proposed sediment transport function can predict the
dimension of the seepage erosion undercut. These dimensions can then be used to
predict the impact of seepage erosion undercutting on streambank stability.
Seepage processes (i.e., seepage gradient forces and seepage erosion
undercutting) were incorporated into the Bank Stability and Toe Erosion Model
(BSTEM) and their importance on bank stability was evaluated. Thes@ttie
seepage force were incorporated into BSTEM by modifying the force lealanc
Seepage erosion undercutting was simulated using a recently proposed sediment
transport function. The modified BSTEM was then used to evaluate the stability

of a streambank along Little Topashaw Creek under different scenarios: (1)
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without seepage forces and undercutting, (2) with seepage forces onlyth(3) wi
seepage undercutting only, and (4) with both seepage forces and undercutting.
Stability was evaluated by computing the factor of safe®yFor a condition
where the bank was fully saturated, the FS decreased by as much as 66% from
that of a dry condition due to the decrease in the frictional strength of the soil as
the pore-water pressure increased. Incorporating the effects of gagederce
resulted in an average decrease3of approximately 30 to 50% for all water
table depths. Seepage erosion undercutting reduced the FS by approximately 6%
for a 5 cm undercut (i.e., 2% BH) and 11% for a 10 cm undercut (i.e., 3.3% of
BH) due to the loss of supporting material in the conductive layer. Seepage
erosion undercutting required 15 to 20 cm of seepage undercut to become the
dominant failure mechanism over seepage forces and pore-water prefesiise ef
The cumulative effects of seepage reduced this streamid@®@kis up to 63%
when the water table reached the entire bank height.
Incorporating seepage processes in bank stability analyses was neicessder
to better understand site-specific failure mechanisms. The results stiuthysare
indispensable when assessing the stability of streambanks for design purpdsadi¢hy
structures), river restoration, and sediment transport studies. Prireeayale remaining
to be investigated include investigating the link between fluvial erosion apdge
processes, improving the proposed sediment transport function, and evaluatingdhe eff

of seepage on soil cohesion.
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CHAPTER 1
Numerical Modeling of Bank Instability by Seepage
Erosion Undercutting of Layered Streambank
1.1 ABSTRACT
Undercutting, primarily considered due to fluvial mechanisms, has been reported
to have a major impact on slope failure. Predicting bank collapse specificaliy due
seepage erosion undercutting by particle mobilization on layered streambamicd ha
been fully studied or modeled, even though its role in streambank erosion may be
important. The limitation originates from limited field measurementslaboratory
experiments, as well as the unavailability of discrete element modetsathaftfectively
simulate seepage particle mobilization, undercutting, and the correspondsg mas
wasting. The objective of this research was to demonstrate a procedure for etoogpor
seepage undercutting into bank stability models and to investigate the rolpaijesee
undercutting on bank instability. The specific question to be addressed is whether
seepage particle mobilization can lead to distances of undercutting thadigraficant
cause of bank instability. A numerical finite element model, SEEP/Wus&s to model
soil-water pressure variations during seepage observed in laboratory exysnwth

two-dimensional soil lysimeters. Flow parameters were calibrated mseasured soil-

! Published in Journal of Hydrologic Engineering, 2008
Chu-Agor, M.L., G.V. Wilson, G.A. Fox, 2008. Numerical Modeling of Bank Instability by
Seepage Erosion. J. Hydrol. Eng. 13(12), 1133-1145
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water pressure and cumulative discharge. A general limit equilibriumsbaipikty
model (SLOPE/W) was used to simulate bank stability with and without seeqpsien
undercutting by comparing the computed factor of safetyat different stages of the
seepage erosion process with regard to input parameter uncertainty usiegdddat
analysis. The percentage decrease in the feemged between 42 and 91% as the
depth of undercutting increased, dependent upon the initial stability of the bank. A stable
bank (i.e.Fs>1) can quickly become unstable (iles<l) when seepage undercutting is
considered. For stable banks, the probability of failure reached 100% when the depth of
the undercutting reached approximately 30 to 50 mm under these experimental
conditions. The results derived are specific to the streambank simulated byiente@
to be comparable for similar layered streambank lithologies reported toioccur
numerous geographical locations. This research also highlights the needporaeo
the dynamic process of seepage erosion undercutting into integrated subsomfaaoelfl
streambank stability models.
1.2 INTRODUCTION

Streambanks are one of the most vulnerable geologic structures on earth.
Riverbank erosion and associated sedimentation and land loss hazards are a resource
management problem of global significance (Darby et al., 2000). Issueasuc
streambank stability and sediment load to streams have been major coocdatatles
and billions of dollars have been spent on streambank protection and restoration. Aside
from being one of the major sources of fine sediment loads to streams (i.e.?75.9 m
annual yield in the Bush River, UK which drains an area of 340skm runs a distance

of 60 km as reported by Evans et al., 2006), bank erosion and deposition processes lie at



the center of understanding fluvial geomorphological processes (Lawler, 200K). Ba
erosion is one of the fundamental processes involved in channel migration and formation
of flood plains (Hooke, 1979). This is because the most important mechanisms in fluvial
geomorphology are the hydraulic forces exerted by the flow (Hardy, 2006).

The erosion of sediment from streambanks can be overwhelmingly dominated by
mass wasting (Simon and Darby, 1997). Subsurface erosion is often regarded as a
process of limited importance confined to certain soils and streambank aplateg
(Bryan and Jones, 1997). The effect of seepage or subsurface flow is usually considered
to be limited to the production of surface runoff and the reduction of the soil shear
strength, thereby underestimating the potential effects of seepage @m é@soputi
and Stolte, 2001). Due to the lack of knowledge and the general opinion that seepage
effects are small, especially compared to other processes and forcesdnsebage
effects are generally neglected in stream channel designs (Burgaaaki,KL971). The
significance of seepage erosion has not been widely recognized or understodtiespi
documentation of its occurrence in numerous geographical locations (Hagerty, 1991,
Wilson et al., 2007; Fox et al., 2007).

It is widely recognized that seepage reduces the cohesive strength ame thus t
bank stability by increasing soil-water pressure (Abam, 1993; Darby and Thorne, 1996;
Crosta and Prisco, 1999; Rinaldi and Casagli, 1999; Simon et al., 1999). Burgi and
Karaki (1971) developed an empirical relationship between the seepage faragem@ct
the side slope of a channel and the stability of the channel with various flow aosaditi
They confirmed that side slopes with seepage were less stable than €hatiroelt

seepage. Crosta and di Prisco (1999) studied seepage erosion causing liquefaction and



rapid slope failures by comparing observed field failure mechanisms anebtbgan of

the saturated domain using a numerical model. They reported that failure waslinguce

the three dimensional development of the saturated domain from a localized source.

Hagerty et al. (1981) investigated bank erosion in the Ohio River and concluded that one

of the principal erosion mechanisms is internal erosion of bank materials byrgescha

following floods. Kusakabe et al. (1987) carried out a series of centrifadelrests to

study river bank failures due to seepage flow and found that clay and silt conteet of ri

bank material have significant effect on the importance of seepage flow. Rappat.

(2003) investigated the mechanisms of failure and retreat of Arno Rivenjmusialg

numerical models to predict changes in soil-water pressure and to ahalyalility of

the banks due to variation in the river stage. They demonstrated that the complex

interaction between soil-water pressure and the stabilizing confiningupessof river

stage plays the primary role in triggering mass failures. However, ndhesaf studies

included particle mobilization and undercutting of banks due to seepage erosion.
According to Rockwell (2002), the greatest weakness of both seepage and soil-

water pressure studies has been the lack of direct, local and precise ingtioment

Quantitative data are not available at the point of erosion, and quantitativeexiste

seepage is only known indirectly. This limitation could be due to the difficulty of

conducting field studies during wet periods when seepage is active (Huhhgféen,

1996; Wilson et al. 2007). Study of failure due to seepage flow requires accumulated data

of close observations on the phenomena in the field as well as laboratory reproduction of

these phenomena. This is hecessary to understand such physical events and deduce



physical models and analytical methods to predict the risk of failure (Kosakaal.,
1987).

A few studies in the literature have begun to study seepage erosion in the
laboratory and field with the detail suggested by Rockwell (2002). Lourenco et al. (2006)
examined the relation between soil-water pressure and the failure modenétiaee of
two soil layers of different permeability. Although their experiments did not stmyw
clear relation between soil-water pressure and the failure mode, it desbedhshat
seepage strongly controlled the failure mechanisms. Fox et al. (2006) and Wd&on e
(2007) conducted lysimeter experiments of the undercutting of streambankpbagesee
flow indicating that seepage undercutting, independent of the loss of negativetsoil-wa
pressure, could result in bank collapse. Wilson et al. (2007) documented the first in-situ
detailed measurements of seepage flow, erosion, and bank undercutting and desdonstrat
that streambank stratigraphy and layering were important factorspaEgeeerosion
(Figure 1.1). Fox et al. (2007) demonstrated that undercutting occurs not only due to
seepage through a conductive, noncohesive streambank layer as observed by Wilson et a
(2007), but can also occur when seepage erosion undercuts less cohesive layers
underneath the conductive layer.

While studies quantifying the effects of seepage erosion on bank stability are
improving, bank stability analysis has not been developed to address the effects of bank
undercutting brought about by seepage erosion particle mobilization. Seepage for
have been incorporated into slope stability analyses for homogenous, isotropic banks to
predict cantilever or “pop-out” failures (Budhu and Gobin, 1996), but no slope stability

analyses have attempted to incorporate particle mobilization by segaalgents leading



to undercutting on layered bank profiles. Few, if any, studies on seepage havesdttempt
to incorporate bank instability by the combined forces of increased soilqwat=ure

and seepage undercutting. Wilson et al. (2007) acknowledged the need to incorporate a
subsurface flow model with a streambank stability model and suggested that thecdynami
process of seepage erosion and undercutting needs to be included in the combined
models. Undercutting, primarily considered at this time due to fluvial mexrhanhas

been reported as a major impact on slope failure. What is not known is whethgeseepa
undercutting can lead to distances of undercutting that are a significant cause of
instability. This research attempts to answer this question for thesemneepti

conditions to determine if future work should be aimed at incorporating this intgtabil

mechanism into streambank stability models.

Figure 1.1 Exml af'_'séepage erosion particleoblllzatin and undercutting on the

Little Topashaw Creek streambank in northern Mississippi

The objective of this research was to develop a procedure that will quantify the

effects of seepage undercutting on bank stability. The two-dimensional tgsime
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experiments of Fox et al. (2006) and Wilson et al. (2007) were simulated using a variably
saturated flow model integrated with a geotechnical bank stability model. fiablya
saturated flow model was calibrated based on measured cumulative dischargé and soi
pore-water pressure. Field measured geotechnical parameters wengthiset
calibration as estimates of lysimeter parameters in the banktgtaindel. Seepage
erosion was simulated by manually changing the geometry of the LSokEsed on
available data for the dimensions and shape of the undercutting. Therefore, a priori
information on undercutting was used in the model (i.e., no particle dynamics model was
used to estimate the headcut formation). This research evaluates bairtl dtaleh by
dynamic changes in the streambank face geometry due to seepage undercutting.
Undercutting by seepage particle mobilization is analogous to gullpernpsocesses in
that headcuts cause headward migration of internal gullies from the bank face.
1.3 MATERIALS AND METHODS
1.3.1 Lysimeter Experiments

Fourteen lysimeter experiments (1.0 m long, 0.15 m wide and either 0.5 m or 1.0
m tall) were performed by Fox et al. (2006) and Wilson et al. (2007) to simulgegsee
erosion at Little Topashaw Creek (LTC) in northern Mississippi. The sindulat€
streambanks consisted of a silt loam (SiL) top soil of varying bank height, a 0.10 m
conductive loamy sand (LS) layer, and a 0.05 m clay loam (CL) restrictivedbtjex
bottom (Figure 1.2). Flow through the lysimeter was controlled using constaid oe
0.3 and 0.6 m. The base of the lysimeter was tilted to simulate banks with 0%, 5%, and
10% slopes. Of the 14 lysimeter experiments perfomed, six were selected Be that t

modeling included various bank heighBH), heads in the water inflow reservai)(



and bank slopeSj: BH from 0.3 to 0.8 mH from 0.3 to 0.6 m, an8from 0 to 10%
(Table 1.1). The simulations also included an experiment where bank failure did not

occur despite significant seepage undercuttihg 0.3 m,BH = 0.4 m, ands= 0%).

y

N LOCATION OF TENSIOMETERS:
In the Clay Loam layer:
T1(0.85,0.025)
T2 (0.70, 0.025)
BH T3 (0.40, 0.025)
In the Loamy Sand layer:
T4 (0.85, 0.10)
H T5(0.70, 0.10)
T6 (0.40, 0.10)

In the Silt Loam layer:

Silt Loam oT9 o T8 oT7

Loamy Sand oT6 oTh oT4 0.1m

, Clay Loam °T3 o2 oTi $0.05m T7 (0.85, 0.30)
(; % Tom X T8(0.70, 0.30)
’ TS (0.40,0.30)

Figure 1.2 Lysimeter set-up showing the location of the tensiometers andithallty

controls of the experiment

Table 1.1 Boundary conditions for the two-dimensional seepage erosion lysimeter

experiments simulated using SEEP/W and SLOPE/W.

H BH S
(m) (m) (%)
0.3 0.4 0
0.3 0.8 0
0.6 0.8 0
0.6 0.5 5
0.6 0.5 10
0.6 0.8 10

Data from the lysimeter experiments included soil-water pressure raddsur

nine tensiometers (Figure 1.2) within the three streambank layers and ¢cuenulat



discharge measurements at specific times (Periketi, 2005; Wilson et al., 2DQihg

the lysimeter experiments, the depth of seepage undercutting, referseithéoharizontal
distance from the drainage face of the lysimeter into the bank, was measured. These
measurements were used to simulate seepage undercutting in the bamk statiél.
Examples of the undercutting by seepage particle mobilization and resutiing ba
collapses are shown in Figure 1.3.

H=0.3m,BH=0.8m, $=0% H=0.6m,BH=0.8m, S=10%
i — . - e

.
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Figure 1.3 Examples of undercutting by seepage particle mobilizatiorgriemack

formation, and bank collapse observed during the lysimeter experiments.

1.3.2 Variably Saturated Flow Modeling
The lysimeter experiment was modeled using SEEP/W to simulate theovesriat
in the soil-water pressure and cumulative dische8&&P/W is a finite element model of

Richards' equation for two-dimensional variably saturated flow (Krahn, 2004a)lovihe f
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domain was constructed to represent the geometry of the lysimeter with §ie or
internal material regions. The CL layer was considered as one region.. twecther
region and the conductive LS layer was divided into three or four regions to fachita
change in the flow domain geometry to account for seepage erosion undercutting the
streambank. The regions were then discretized into 25 by 25 mm elements.
Specifying and assigning material properties in SEEP/W involves defining the
water retention functionq(h), and the hydraulic conductivity functioki(h), where h is
the soil-water pressure (Krahn, 2004a). It is a common practice to uséaatiost

method to represemd{h)andK(h), such as the van Genuchten (1980) model:

Hs _Hr

0, +——+ h<O0
6(h) = [_u |ah|”]
0, h=0 (1.1)
1/mym 2
K(h) =K.S, i- @-s¥™)] m=1-1/n, n>1 (1.2)

where S, =(0-6,)/(6, -6, )is the effective saturatiom; (L) andn are empirical

parametersfs is the saturated water contefitjs the residual water content; adg({LT™)
is the saturated hydraulic conductivity.

Laboratory measurements of soil hydraulic properties from undisturbed sail core
were used to define the parameters of the van Genuchten (1980) model. Soil samples
were taken from LTC field sites where seepage was occurring througbrtiective LS
layer with a restrictive layer below (Fox et al., 2006; Wilson et al., 2007). Thesssval
were used as default soil hydraulic property values prior to calibration. @alibodthe
models was carried out in two ways to match the observed hydrologic respanse (i.e

cumulative discharge and soil pore-water pressure): (1) by adjistofghe LS layer

10



(due to the sensitivity of the model relative to this parameter) whereaartti@anuchten
parameterst, 6;, «, andn) andKs of other layers were not calibrated and (2) calibration
on theKsand van Genuchten parameters of all soil layers.

SEEP/W uses either Dirichlet or Neuman boundary conditions, in which the
hydraulic head or the discharge, respectively, is specified at a boundaeydi§tharge
is specified, SEEP/W will compute the soil-water pressure to maintaipeicdied
discharge and vice versa. The initial conditions of the models were derivethizom
initial measured soil-water pressure from the lysimeter experiménpotential seepage
review boundary condition for all the nodes was assigned at the drainage face. In
SEEP/W, a potential seepage review boundary condition is used when neither the
hydraulic head nor the discharge are known beforehand but instead must be computed by
the model (Krahn, 2004a), as in the case of the drainage from the lysimeter or bank face.
A hydraulic boundary function was used as the boundary condition at the inflow face and
a zero flux boundary condition was specified for the top and bottom boundaries.

The performance of the SEEP/W models was quantified by using an objective
function and by visual comparison of the simulated and measured soil-water pragsure a
cumulative discharge. Differences between the simulated and observed ctenulati
discharge values were minimized based on linear regression while also nmgithez
root mean square error (RMSE) of the simulated and measured soil-wateregaressur
1.3.3 Streambank Stability Modeling

SLOPE/W is a numerical slope stability model which uses the theory of limit
equilibrium of forces and moments to computeRk@against failure. It involves

discretizing a potential sliding mass into vertical slices and applyingiegsiatf statics
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(Krahn, 2004b). Asis defined as that factor by which the shear strength of the soil must
be reduced in order to bring the mass of soil into a state of limiting equilibrium along a

selected slip surface (Figure 1.4). THsis an index of the relative stability of a slope.

W W = Slice weight
L Xr N = Slice base normal force
‘ 7 = Slice base shear force
A E, ¢’ = Effective cohesion
¢ = Effective angle of friction

u = soil pore-water pressure

\ r=c'+(N=u)tan ¢

/ Xand E = interslice forces
N
Figure 1.4 Free-body diagram of a vertical slice within a potentiahgligiass and

definition of the critical variables.

SLOPE/W was used to analyze the stability of the streambank as simuyldbed b
lysimeter experiments. The stability modeling procedure had three compofig
definition of the geometry and shape of the potential slip surface, (2) definitioa sbil
strength properties, and (3) definition of the soil-water pressure. SEEP/W @REBLV
are integrated codes such that the geometry defined in SEEP/W is used in BLOPE/
Soil strength parameters in the lysimeter experiment were definegl@silomb’s
equation. For an effective stress analysis, the shear strength is defined a

S=C'+(o, —u)tang' 1.3)
wheres is the shear strengtdy, is the effective cohesion' is the effective angle of
internal friction,o,, is the total normal stress, ands the soil-water pressure (Krahn,

2004b).
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The Morgenstern-Price (1965) method was selected for comptgifdis
method satisfies both the moment and force equilibrium equations and can givesaccurat
results for all practical conditions (Duncan and Wright, 1980; Krahn, 2004b). The general
limit equilibrium method uses the relationship proposed by Morgenstern aed F365)
which is:

X = EAf (X) (1.4)
wheref(x) is the specified functior, is the percentage of the specified functiéims the
interslice normal force, ankk andX, is the interslice shear forces on either side of a
slice. The general limit equilibrium method then uses the following equaifcstatics to
solve for the~s, whereW is the slice weightD is the line loadp, R, X, f, d, andw is the
geometric parameters; andis the inclination of the base:

The summation of forces in a horizontal direction for each slice is used to
compute the interslice normal forde(equation 1.4). This equation is applied in an
integration manner across the sliding mass (i.e., from left to right).

The summation of forces in a vertical direction for each slice is used to compute
the normal force at the base of the sIdgwhereF is either the moment or force
equilibrium factor of safety:

c'fsina’+ugsina’ tang'

W+(XR_XL)_

N = _____F (1.5)
, Sina'tang
cosa'+————"

The summation of moments about a common point for all slices can be rearranged

and solved for the moment equilibrium factor of safety,

_— > (¢'AR+(N —u)Rtang') (1.6)

> W->Nf+) Dd
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The summation of forces in a horizontal direction for all sligeges rise to a

force equilibrium factor of safet¥s:

Z((C'ﬂCOSa' + (N - uﬁ)tan¢'c05a’)

Fs= Y Nsina'-> Dcosw

(1.7)

whereF is FmwhenN is substituted into equation (1.6) aads Fs whenN is substituted
into equation (1.7). The relationship between the intersliomaldorce E) and the
interslice shear forceXj were both considered and the interslice function was dkrive
from a half-sine function.

The soil-water pressure distribution generated from SEBRA8input into
SLOPE/W. The model was then run using the soil-water presd every time step to
determine the effect of the changes on the stability of theifpce. The auto-search
option was chosen for defining the potential slip surfacthidnmethod, SLOPE/W
generated 1000 trial slip surfaces to find the most prolmaiplienum slip surface based
on the problem’s geometry by identifying the most probabtey and exit areas of the
slip surface. This method can result in unrealistic slip outputisad comparison of the
generated slip surface with the actual appearance obtlagpsed bank is necessary.

For each lysimeter experiment, a probabilistic slope stabilgyogeh of solving
theFswas adopted by considering the variability of the soil strepgthmeters of the
SiL and LS layers. SLOPE/W can perform a probabilisticeskipbility analysis which
allows for the consideration of variability in input parame{grahn, 2004b). The user
can assign a probability density function (pdf) to inputipeeters (Caviness et al., 2006).
Using the specified pdf, SLOPE/W derives the cumulative disioibdunction by
integrating the area under the pdf. The cumulative distributiioctibn is then inverted to

produce the sampling function. Each time a random numigenisrated from Monte
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Carlo method, the parameter is “sampled” using this funciiba.randomly generated
parameter is then fed into the deterministic model to computesthe

Field measurements of cohesion, angle of internal frictiasht@tal unit weight
from the LTC streambank site where the lysimeter soil waxpkeal were carried out
using a borehole shear test at two field locations. Averagstsmgth values (Table
1.2), were used to define the material properties of theddgethe slope stability
model. The variability in these soil strength parameters ssasw@ed to follow a normal
probability density function similar to most geotechnical eragiing material properties
(Krahn, 2004b). A standard deviation equal to 2.0 waserhand 2000 Monte Carlo

trials were simulated as suggested by Krahn (2004b).

Table 1.2 Soil strength parameters of Little Topashaw GiteBR) streambank based on
measurements at two sites where seepage erosion waseobs¥alues for
cohesion and angle of internal friction are average valsed in the SLOPE/W

model. Parameter values in parentheses are valuegfdmsite.

Total Unit
Depth Cohesion  Angle of Internal weight
Layer (m) (kPa) Friction ©) (kN/m?®)
7.5 30.0
Silt loam (SiL) 0.5 (5.0, 10.0) (25.0, 35.0) 16.0
1.0 25.5
Loamy sand (LS) 15 (1.0, 1.0) (22.0, 29.0) 19.0
15.0 35.0
Clay Loam (CL) 2.0 -15.0 -35.0 21.0
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The unavailability of models to simulate undercutting, whichifrexithe flow
domain with time, makes it difficult to quantify the importancee#smge erosion in
slope stability analysis. SEEP/W uses a finite element methimth wéquires the
elements to be connected at the corners by nodes whohrspresentative of an
undercutting process where the elements tend to “break-&waythe adjacent
elements. SLOPE/W on the other hand, being a limit equilibrragram, cannot model
over hanging walls or undercut slopes where the basent slices are exposed to the
air. This is the case of undercutting brought about by geeg@sion. In order to
overcome these limitations, a procedure was developeddporate the effects of
undercutting into the variably saturated flow stability models.

For the lysimeter experiments, seepage erosion was sichblateanually
changing the geometry of the LS layer based on availatddatethe dimensions and
shape of the undercutting. The shape, dimensions and tihinglercutting were
measured during the lysimeter experiment as reporteetikef (2005) and Wilson et
al. (2007). From this information, seepage erosion watehad by dividing the LS layer
into segments. Changes in the geometry of the domainéctréfe shape and location of
the undercutting (e.g., Figure 1.5) was accomplishedhbgging the material properties
of segments. SLOPE/W'’s limitation regarding undercutting weseaded by covering
the cut with a null region without specifying any soil strengtpprties. In SEEP/W, this
region was treated as a void in the flow domain by not @misgj@ material property
(Figure 1.5). This will exclude the weight of the null regiothe analysis. The

performance of the SLOPE/W models in predicting the sbaphe critical slip surface
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was evaluated by comparing the measured dimensions obitbpsed bank against the

critical slip surface generated by the model.

(a)
100 mm
l 30 mm 40 mm
| \ | | \
SEGMENT 1 (0-195 s) SEGMENT 2 (210-225 s) SEGMENT 3 (240-345 s)
f 70 mm 90 mm <140 —
| | [ | ‘
SEGMENT 4 (360-435 s) SEGMENT 4 (450465 s) SEGMENT 5 (480-570 s)
(b)
n
140 mm Null region used
100 mm < > to cover the
undercutting
. v

SEGMENT 5 (480-570 s)
Figure 1.5 (a) Change in the geometry in the SLOPE/W hmgdef the loamy sand

(LS) layer experiencing undercutting by seepage erosidiilgmull region used in place
of the seepage undercut in the SLOPE/W model. Figumeensare for experiment with
H=0.6 mBH = 0.8 m, anc= 0%.
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1.4 RESULTS AND DISCUSSION

Calibrated values of LS lay# (i.e., 180.0 to 632.0 cm/d) in each SEEP/W
lysimeter model varied from the field-measured averagesak!, 1453.1 cm/d)
reported by Fox et al. (2006) and Wilson et al. (2007blgra.3). RMSEs between
observed and predicted soil-water pressure are outlinEahie 1.4 and results of the
linear regression between predicted and measured cumulstiy@arge are outlined in
Table 1.5 for two cases: (1) prior to calibration and {@y&alibration on the L&
Tensiometer 8 in the SiL layer of the 0.8, 0% S and 0.3 and 0.6 i experiments
did not operate properly during the experiments and wasomsidered in the calibration
process. Simply calibrating on the KSprovided a reasonable fit (i.e., maximum RMSE
of 0.13) in terms of soil pore-water pressure comparedlibration orks and water
retention parameters of all soil layers (i.e., maximum RMSEIf). It is this pore-water
pressure distribution which is critical for the SLOPE/W stabilitijvgare. The benefit of
calibration on thé; of other layers and water retention parameters was and ¢g
prediction of cumulative discharge as quantified throughltdpesnd? of the linear
regression (Table 1.5, Figure 1.6). However, this imptditeequired the use of

unrealistic values for the van Genuchten parameters inShayer.
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Figure 1.6 Observed versus SEEP/W predicted cumulative digehar six lysimete

experiments after calibration Ks. and soilwater retention parameteids, a, andn)

were not calibrated forther soil layers.
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Table 1.3 Field measured hydraulic conductivity,and soil-water retention parameters
of Little Topashaw Creek streambank sediment and compaadsmaiibrated LS
layerKs, for lysimeter experiments; SEEP/W model was most sensititres

parameter, therefore all other parameters were not parvaél calibration.

Soil Ks Os ¢

Layer (cm/day) (cmicm®  (kPa) n

Field Measured Parameters

SiL 63.9 0.39 4.9 35

LS 1453.1 0.40 2.5 3.0

CL 5.4 0.44 9.8 1.7
Calibrated Parameters for Lysimeter Experiments
H=0.3 m, BH=0.4 m, S=0% LS 180.0  ---
H=0.3 m, BH=0.8 m, S=0% LS 628.0 ---
H=0.6 m, BH=0.8 m, S=0% LS 632.0 ---
H=0.6 m, BH=0.5 m, S=5% LS 556.0 -
H=0.6 m, BH=0.5 m, S=10% LS 363.0 ---
H=0.6 m, BH=0.8 m, S=10% LS 603.0  ---

Note: f. = Saturated water content; am@ndn are emprical parameters.
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Table 1.4 Root mean square error (RMSE) of measanmé&EEP/W simulated soil-

water pressure for tensiometers in each lysimeter expdrleére calibration

and after calibration ol{s of LS layer.

Lysimeter
Experiment Tensiometers
H BH S
(m) (m) () 1 2 3 4 5 6 7 8 9
(a) Prior to calibration
0.3 0.4 0 0.170.08 0.08 0.07 0.08 0.11 0.08 0.060.01
0.3 0.8 0 0.060.06 0.07 0.01 0.01 0.04 0.03 -- 0.04
0.6 0.8 0 0.110.07 0.21 0.02 0.02 0.06 0.05 -- 0.09
0.6 0.5 5 0.040.06 0.21 0.04 0.04 0.04 0.03 0.060.08
0.6 0.5 10 0.030.01 0.21 0.06 0.06 0.05 0.05 0.080.10
0.6 0.8 10 0.030.01 0.15 0.04 0.06 0.06 0.04 0.090.09
(b) Calibration orKsof LS
0.3 0.4 0O 0.040.02 0.03 0.06 0.02 0.10 0.03 0.020.03
0.3 0.8 0 0.040.03 0.04 0.03 0.04 0.03 0.03 -- 0.06
0.6 0.8 0O 0.070.01 0.13 0.04 0.07 0.05 004 -- 0121
0.6 0.5 5 0.030.02 0.10 0.05 0.10 0.10 0.02 0.060.08
0.6 0.5 10 0.030.03 0.05 0.06 0.10 0.11 0.02 0.030.08
0.6 0.8 10 0.030.03 0.04 0.05 0.11 0.12 0.03 0.050.07

Note: The location of tensiometers Nos. 1-9 is depicted iné&ibd
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Table 1.5 Regression between measured and SEEP/MWatgthaumulative discharge in
each lysimeter experiment prior to calibration and after caiior@anKs of LS

layer.

H BH S Regression Regression Line Intercept

(m) (m) (%) Line Slope (m°) R
(a) Prior to calibration
03 04 0 25.02 1.11E-03 0.98
03 0.8 0 5.17 2.17E-04 0.91
06 0.8 0 5.52 1.07E-04 0.97
06 05 5 5.02 3.13E-04 0.99
06 05 10 9.92 3.88E-04 0.99
06 08 10 5.51 1.23E-04 0.99
(b) Calibration orK of LS

03 04 0 1.00 -8.01E-05 0.82
03 0.8 0 1.12 -3.21E-05 0.99
06 0.8 0 1.13 -6.72E-05 0.97
06 05 5 1.08 -1.62E-04 0.95
06 05 10 1.05 -1.46E-04 0.91
06 08 10 1.08 -1.13E-04 0.88

Soil-water pressure generated from SEEP/W at specific teps sere used to
define the input soil-water pressure in SLOPE/W. The piedlienean Fs when
undercutting was not considered, Figure 1.7, did not signifig change during any of
the lysimeter simulations. Changes in soil-water pressuneadigufficiently affect soll
strength in these experiments and therefore did not redectability of the bank. Yet it
is the impact of soil-water pressure on soil strength thabst often attributed to bank
failure (e.g., Burgi and Karaki, 1971; Edil and Vallejo, @9Barby and Thorne, 1996;
Abam, 1993; Crosta and Prisco, 1999; Rinaldi and Casa§®; B®imon et al., 1999;
Dapporto et al., 2003). In contrast to the impact of soil-watessure, thEs decreased
approximately 42% (from a mean value of 1.06 to 0.68)%56% (from a mean value of

1.05 to 0.47) for experiments with 0.3 and 0.61r(0.8 mBH and 0%S), respectively,
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when seepage particle mobilization and undercutting was coadi(feigure 1.7). This
resulted in an unstable bank (ifes<1.0) at the end of the simulation. Experiments with
greater than 0% slope were predicted to be unstable la¢girening of the simulation
based on the medts (Fs<1.0). TheFs for these experiments decreased 50 to 91%
between simulations when seepage undercutting was included.

For stable banks with sufficient undercutting measuremeatsi8 mBH, 0%
S), the change in the probability of failure, or risk of ib8ity, predicted by the
modeling, increased from 35.2% to 100%Hbx 0.3 m, and from 36.5% to 100% fdr
= 0.6 m when seepage undercutting became active (Fidd)e The probability of
failure is determined by counting the numbeFs#alues less than 1.0 with respect to
the total number of converged slip surfaces. It is equivébethie percentage of slopes
that would fail if a slope were to be constructed repeatedligrobability of failure equal
to 100% was reached when the depth of undercuttingedagproximately 30 to 50 mm
into the bank for this specific streambank profile. Since #rarpeters used in the
simulation with and without seepage erosion were the sami@ctiease in the
probability of failure and decrease in thgcan be attributed to the change in the
geometry of the LS layer due to simulated undercutting éyegge erosion. The results
also show that a stable bank (ifes>1.0) can become significantly unstable when

seepage erosion is considered.
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Figure 1.7 Mean factor of safetlyd) versus time as predicted by SLOPE/W Monte
Carlo analysis for lysimeter experiments (a) without consigeseepage undercutting

and (b) with seepage undercutting.
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The SLOPE/W model consistently predicted failure ahead afliberved bank
collapse (i.e., a 100% probability of failure was reactefdrie the actual collapse
observed during the lysimeter experiments). For exarSjp@PE/W predicted collapse
approximately 300 to 500 s before actual bank collapstaéolysimeter experiments
with 0.3 and 0.64 (0.8 mBH and 0%S). For the experiment where bank failure did not
occur due to seepage undercuttiiig<0.3 m,BH = 0.4 m, ands = 0%), the model
predicted a bank collapse of 0.08.nThis is an indication that the lysimeter setup is
more stable than the bank simulated by the model. This candaio be due to three
factors. First, the geotechnical parameters were simulatad field measurements as
opposed to soil testing of the repacked lysimeter soil. Setoa walls of the lysimeter
(only separated by 15 cm) may have induced compeegsiges to counteract stresses
produced by the soil weight. Also, uniform packing of diséar soil samples can add
extra strength to the bank relative to natural field heteroger&iten with these
experimental conditions, the model predictions of bank collapses generally within

33% of the measured volume of bank collapse (Table=igGre 1.9).

Table 1.6 Comparison of observed versus SLOPE/W peeimlume of bank collapse.

H BH S Volume of Collapsed Bank (th Percent
Under/Over

(m) (m) (%) Measured Simulated Estimated
0.3 0.4 0 0.00 0.05
0.3 0.8 0 0.12 0.14 15.2
0.6 0.8 0 0.17 0.17 4.3
0.6 0.5 5 0.16 0.11 -33.2
0.6 0.5 10 0.17 0.17 1.1
0.6 0.8 10 0.26 0.18 -33.8
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Figure 1.9 Comparison of the actual bank collapse (solijiding the SLOPE/W

predicted critical slip surface (dotted line) generated foctimstant heady = 0.3 m,
bank heightBH = 0.8 m, and slop& = 0%, lysimeter experiment. The observed bank
collapse was 0.12 hwhile the SLOPE/W predicted bank collapse was 0.14\Nute that

the inflow reservoir is on the opposite side to that indicatédgares 1.2 and 1.5.

The depth of undercutting and the corresponding reavere evaluated by
grouping the six experiments into four categories. The minimodnmaximum values of
theFswere also determined. The first category consists ofrempets with the samBH
andSbut differentH. As theoretically expected, these experiments possesartie

initial stability. However, as time increased, the bank with highkad lowerFs at a
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given time due to the highét resulted in more rapid undercutting of the bank by seepage
erosion. However, the same depth of undercutting resul@gproximately the same

bank stability or meaks (Figure 1.10).
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Figure 1.10 Factor of safetls) versus depth of undercutting for two experiments with

same bank heighBH = 0.8 m) and slopeS(= 0%) but different constant headts £ 0.3
m and 0.6 m). Error bars represent minimum and maxifsifrom 2000 Monte Carlo

simulations

The second category consists of experiments with the HeeneS but different
BH, which possess different initial bank stabilities: the bank Bith= 0.4 m was
initially 39% more stable thaBH = 0.8 m. As undercutting progressed, the stability of
both banks converged to approximately the same rangeyéa by the lower bankBH
= 0.4 m) being less stable than the higher b&tk=£ 0.8 m) for undercutting depths

greater than 50 cm (Figure 1.11). This crossover ifrsheas hypothesized to be due to
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the difference in initial conditions between Bid = 0.4 m (i.e., initially lower soil water
content) andBH = 0.8 m (i.e., initially at field capacity) experiments. Flawnal at the
bank face was delayed for tB&l = 0.4 m experiment as compared toBhe= 0.8 m
experiment and the experiment duration was greater (i@0, 2&s opposed to 1000 s),
as demonstrated in Figure 1.6. A longer experimental daraticesponded to greater
soil water movement into the upper topsoil layer (i.e., 8itjheBH = 0.4 m
experiment, which reduced ths more quickly than in thBH = 0.8 m experiment

relative to the depth of undercutting.
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Figure 1.11 Factor of safetlfs) versus depth of undercutting for two experiments with

same constant head € 0.3 m) and slope (S = 0%) but different bank hei@Bits= 0.4
m and 0.8 m). Error bars represent minimum and maxifsifrom 2000 Monte Carlo

simulations.
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The third and fourth categories consist of experimentstivtlisaméd andBH
but differentS, with the differences i affecting the initial stability of the banks. Banks
with a 5% and 109 were initially unstableRs<1.0). The difference in the me&s was
approximately the same for all depths of undercutting. Kewehe difference between
the minimum and maximum values tended to decrease as plearstoeased (Figure
1.12).

Comparison of the different hydraulic controls of the lysimeiperiments
showed that the initial stability of the bank was controlletheyBH and theS of the
bank. This reflects the basis of the equations used fordopitibrium; i.e., bank stability
when undercutting is not considered is a function of the gagrof the bank and the soll
strength parameters. The size of undercutting and thgehathe meafs resulting
from seepage was controlled Hy Regardless of the initial stability of the bank, stability
quickly converged as undercutting progressed. Thisergence made it possible to fit a
curve to the model predictée for all six lysimeter experiments that suggested an
exponential relationship between the depth of undercutting andelan factor of safety
(Figure 1.13). The regression parameters are spaxifiese lysimeter streambank
profiles; however, the observed exponential relationshigpsthesized to occur for
comparable streambank profiles influenced by seepagaauiting: theFs decreases

exponentially with distance of undercutting by seepage pantiol@lization.
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lysimeter experiments modeled with SLOPE/W.

1.5 SUMMARY AND CONCLUSIONS

This research demonstrated a procedure for incorpgragiepage particle
mobilization and undercutting into bank stability models using fdaa two-
dimensional soil lysimeter experiments of layered streanthaBGkanges in soil-water
pressure were simulated using SEEP/W, a variably saturateerical flow model,
while bank stability was analyzed using SLOPE/W basddronequilibrium.
Undercutting was mimicked by manually changing the geonoétitye flow domain for
the conductive layer based on the measured dimensiopg, ahd timing of the
undercutting due to seepage erosion. The rReavas used as an index of bank stability

for all experiments.
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Changes in soil strength, in response to soil-water pressarges during
seepage, were not sufficient to contribute to bank instabjbtythe meaifrs decreased
significantly as the depth of undercutting increased. Theedse in the medfs due to
undercutting was in the range of 42 to 91% depending onitiee stability of the bank.
Regardless of the initial stability of the bank, instability coged as undercutting
progressed. This means that a stable bank can quictdyreeunstable when seepage
undercutting is considered. For stable banks, the probatiiligjlure reached 100%
when the depth of the undercutting reached approximatety 30 mm for these
experimental conditions. Bank height and bank slope dtedrthe initial stability of the
bank, while the established constant head controlled the depitidercutting and the
meankFs as undercutting progressed. Based on the results lystheeter experiments,
the mearfsis exponentially related to the depth of undercutting.

Prior to this work, undercutting was primarily considerednfiefluvial process
perspective. In situ measurements of seepage erosiomeotad that undercutting
occurs by seepage erosion independent of fluvial pro€asse findings, along with
measurements of streambank physical properties, guidedhtalty experiments of
seepage erosion for a range of hydrologic conditions.Waiik is unique in that these
experiments were used to calibrate a variably saturatedhilodel integrated with a
geotechnical slope stability model that simulated undercuttingodseepage erosion
based upon field measurements of the geotechnical prepeitieut calibration but
with stochastic sampling of the properties probability densitgtion. The numerical
modeling showed that seepage erosion can lead to distzngsdercutting that are a

significant cause of bank instability. The loss of supportiatenml brought about by
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seepage particle mobilization and undercutting can be a oajee of slope instability
and may be of equal or greater importance than the irpautreased soil-water
pressure on soil strength for such streambank conditions.

Future work should be aimed at incorporating this instabilitghaeism into
streambank stability models. The difficulty with current modelhe need to know a
priori the distance of seepage undercutting. Future worklglestablish relationships
between the volume and shape of undercutting with seelpagedlocity under a variety
of hydrologic conditions and soil properties such that arsst transport equation can
be added into the bank stability model to provide predictipaluéities without a priori

knowledge of the undercutting.
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CHAPTER 2
Seepage Caused Tension Failures and Erosion
Undercutting of Hillslopes
2.1 ABSTRACT
Seepage has been suggested as an important factor iamuifiver bank
erosion. This study investigated the underlying mechani$imstability by seepage in
laboratory studies. A 25-cm tall, 50-cm wide, and 20-cng kwil block with a focused
inflow reservoir was constructed to investigate seepagkegtaforces and the three-
dimensional nature of seepage particle mobilization (i.e., geggrasion) and
undercutting. Experiments included sand and loamy sandlsoiishpacked at prescribed
bulk densities (1.30 to 1.70 Mghand with an outflow face at various angles (90, 75,
and 6Qdegrees). Constant heads of 15 cm, 25 cm, and 35ecenimposed on the soil to
induce flow. A laser scanner was utilized to obtain the thieestsional coordinates of
the bank and undercut surfaces at approximately 15 sar@@rvals. The bulk density of
the two soils controlled which seepage failure mechanismrged: (1) tension or “pop-
out” failures due to the seepage force exceeding thehsal strength that was being
concurrently reduced by increased soil pore-water pressu(2) particle entrainment in

the seepage flow, particle mobilization, bank undercuttingbamk collapse when the

2 published in Journal of Hydrology, 2008
Chu-Agor, M.L., G.A. Fox, R. Cancienne, G.V. Wilson. 2008. Seepage Caused Tension
Failures and Erosion Undercutting of Hillslopes, J. Hydrol. 359, 247-259.
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initial seepage force gradient was less than the resistatioe @il block. For cases
experiencing particle mobilization and undercutting, seepag®armitiated as
unimodal (i.e., concentrated at one point) or as multimaal ipitiating at several
locations across the bank face), and this result was lazgetyolled by the bank angle.
A five parameter Gaussian function was fitted to the meashred-dimensional
undercut shapes to derive parameters for the maximpth déundercutting, position of
the center of the peak, and the vertical and lateral spoédias undercut. The
parameters of this distribution can be useful in the developofiémproved sediment
transport functions and the incorporation of this failurelraatsm into hillslope stability
models.

2.2 INTRODUCTION

Seepage has been suggested to potentially play a pronotesimt gully and
streambank erosion (Abam, 1993; Darby and Thornes;1@fbsta and Prisco, 1999;
Rinaldi and Casagli, 1999; Simon et al., 1999). Seepagevisocepted, especially in
Europe, as a critically important process in rill and gullystigement (Faulkner, 2006;
Sultan et al, 2003). This research, and its correspotitBrature review, are placed in
the context of streambank failure but is equally applicabldlstdpe failure and gully
development in its assessment of seepage mechanisms.

The complex interaction between seepage and other bénlkys&nd instability
mechanisms (i.e., fluvial erosion, confining pressure vagetation) makes it difficult to
fully understand the role of seepage on bank instabiitscording to Crosta and Prisco
(1999), in order to understand the onset of streambatabiliy due to seepage, it is

important to point out that the collapse is the final result of gpt®athain of events
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taking place during a certain time period. They added thitsasigs complex because of
the partial saturation of the materials, the three-dimensionatefey of the problem, and
the heterogeneity of materials. Hooke (1978) suggestedtira detailed work is
needed on the effects of soil moisture, the pattern of§andhe bank and the changes
in shear strength of the bank material. The ASCE Task Gieenon Hydraulics, Bank
Mechanics, and Modeling of River Adjustments (1998) suggdesat methods capable
of predicting the stability of streambanks with respect toigaaf possible failure
mechanisms must be developed.
Some of the complexity regarding seepage stems fronathéhfat seepage can
cause hillslope instability through three different but interrelatedhanisms: (1)
increased soil pore-water pressure reducing the sheagtstref the soil, (2) seepage
gradient forces, and (3) seepage particle mobilization atercutting. Most research to
date has focused specifically on one of these threeanisrhs.
2.2.1 Increased Soil Pore-Water Pressure
Soil strength or the resisting force which is responsiblédok stability is

usually defined using Mohr-Coulomb’s equation:

s=c¢'+(o, —u,)tang’ (2.1)
wheres is the shear strengtbjs the effective cohesio,is the effective angle of
internal friction,oy, is the total normal stress, anglis the soil pore-water pressure
(Whitlow, 1983; Fredlund and Rahardjo, 1993). In uns&tdraoils, decreasing matric
suction has the effect of increasing the apparent cohektbe soil, as described by
Fredlund and Rahardjo (1993):

s=c'+(o, —u,)tang’ + (u, —u, )tang” (2.2)
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whereu, is the soil pore-air pressure agblis the angle indicating the rate of increase in

the shear strength relative to matric suction and is genéetilyeen 10 and 20 degrees
(Fredlund and Rahardjo, 1993; Simon et al., 1999). Thexehn increase in pore-water
pressure decreases the effective stress of the soil whiginidecreases the shear
strength.

Sultan et al. (2003) analyzed the different slope failuemisvfrom the COSTA
(Continental Slope Stability) target areas (Adriatic margin, Wiestkediterranean
margin, and Northeast Atlantic margin). Their study identified-¢fetion between
triggering mechanisms and causal factors (e.g. slope ag@)e hand and the stress
state and geotechnical parameters on the other hand. dingyaed that excess pore
water pressure was a key parameter for the assesshséopie stability. Rinaldi et al.
(2003) monitored and modeled the pore water pressungeband river bank stability
during flow in the Sieve River in Italy. Simulations showed thatdevelopment of
relatively limited pore water pressure and the disappeatdraggarent cohesion were
sufficient conditions to trigger a mass failure in a streamlsanikposed predominantly of
fine-grained, weakly cohesive soil (silt and sand). Lowezical. (2006) investigated the
influence of permeability variations on slope behavior lpeexental means. Their
results revealed no clear link between the failure modeemwded pore water pressure.
Failure was not confined to a single failure mode, but ramggead from retrogressive
slides and lateral spreads.

2.2.2 Seepage Gradient Forces and Tension Failures

Seepage forces act on grains of sediment and are pooabto the hydraulic

. .0 : . : . .
gradlent%, wherey is the matric suction angdis a distance:
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wherezis the seepage stregsis the density of the fluidy is gravity, andl is the grain

diameter (Lobkovsky et al., 2004). Budhu and Gobin (198&lied cohesionless slope
instability due to ground-water seepage in order to provadeds on the seepage
direction that provoked slope failures, referred to in tégarch as tension or “pop-out”
failures. They concluded that slope failures resulting froepage forces were
progressive and the minimum stable seepage direction wadsettarhen seepage was
parallel to the cohesionless bank slopes. They also showieitiéhseepage direction that
initiates static liquefaction depends on the slope angle andithmisaveight.
2.2.3 Seepage Particle Mobilization and Undercutting (Seepage B)osio

Despite the research conducted on bank instability by isedesoil pore-water
pressure and tension or “pop-out” failure by seepage$oour ability to predict bank
failure due to seepage particle mobilization (i.e., entrainmeheiseepage flow or
seepage erosion) remains limited. Although seepage erasdrelen observed to occur
before massive bank slumping (Bradford and Piest, 1&74%)not until recently that it
has been highlighted as a potential failure mechanismeafrsbyanks particularly on the
recession limb of the streamflow hydrographs (Fox eR@0ya; Wilson et al., 2007).

On banks with enough resistance to overcome seepagsftihe seepage
gradient can cause particle mobilization when the velocityabémexiting the bank
exceeds the critical shear stress leading to bank underc@éngral studies have
incorporated the seepage force given by equation (2.3gdntations for particle
mobilization, such as Lobkovsky et al. (2004) who modifiedShields number to
include this seepage force and Fox et al. (2006) whoeatka\seepage erosion sediment
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transport function with an excess critical discharge formulaBeepage particle
mobilization and undercutting was studied by Fox et al. (2008/a, 2007b) and Wilson
et al. (2007) in their two-dimensional lysimeter experimentsbamik stability modeling.
Wilson et al. (2007) and Chu-Agor et al. (2008) perfatrsiep-wise dynamic analysis of
the effect of changes in the hillslope geometry due toraotteng on stability. Their
work demonstrated that bank stability decreased exponersaillpdercutting increased.
However, a fully integrated variably saturated flow magi¢h a dynamic geometric and
geotechnical model to predict hillslope failure is still lacking. Wigalge on the three-
dimensional structure of seepage entrainment and underdsttiegded for this dynamic
hydraulic and geotechnical modeling.
2.2.4 Objectives

In this study, the hydraulic conditions producing seepagedanechanisms (i.e.,
reduced soil shear strength, seepage gradient foraeseapage particle mobilization
and undercutting) were evaluated. We established the limitimgjtaans for tension or
“pop-out” failures by seepage gradient forces as wet\asstigated the three-
dimensional nature of seepage particle mobilization and urtdegcurherefore, this
study was one of the first studies to consider multiple seepaghanisms
simultaneously.
2.3 MATERIALS AND METHODS
2.3.1 Experimental Setup and Data Collection

A three-dimensional soil block was constructed in a PlexiglagfEigure 2.1).
The box had two compartments: (1) a focused watervais€t0 cm high by 10 cm wide

centered at the bottom of the back face of the soil blockyava constant water head was
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maintained and (2) the soil compartment which simulated a saygieed hillslope, gully
sidewall, or streambank with varying bank angtés,Two different soil textures were
used for these experiments: sand and loamy sand. Eatypsovas packed in the box at
various bulk densities): 1.30, 1.45, and 1.60 Mg frfor the sand and 1.30, 1.45, 1.50,
1.60, and 1.70 Mg mfor the loamy sand. Dimensions of the soil block in all
experiments were 25 cm high, 50 cm wide and 20 cm Wisg, all experiments were
run in duplicate. This research did not evaluate differeimcesgard to bank height
because Chu-Agor et al. (2008b) demonstrated that bagkt lealy impacts initial
stability of the bank, not the seepage mechanisms. Therboftthe soil block was lined
with a 2.5 cm densely packed clay layer to serve astedative layer. The rest of the
block was packed with soil to the desigdn 2.5 cm lifts. All soil was packed when the
soil had reached near residual soil moisture content (I0&.t0.0.10 g water per g soil).
The soil was then cut to simulate various bank angle90, 75, and 68egrees) such
that the horizontal centerline for each bank remained 2évealy from the water inlet.
For the experiments, hydraulic healy ¢f 15, 25, or 35 cm were maintained in the

inflow reservoir using a Marriott-type infiltrometer.
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Figure 2.1 Three-dimensional soil block used to simulaesggeinstability of single-
layer, repacked soil banks. The inflow reservoir issbéoof producing seepage heads

up to 100 cm.

Data collected during the experiments included the flow arriva &tithe bank
face, the time of seepage erosion initiation, seepage eas@mifunction of time, and the
volume of bank collapse. During the experiment, seepagtoa particle mobilization
and undercutting was monitored over time using a three-dioreisaser scanner (3D
Digital Corporation, Sandy Hook, CT). This laser scanner avanedium range scanning
instrument with resolutions of 13b6n at a scanning distance of 300 mm or gidat a
scanning distance of 650 mm. The point density of the weas 255 by 1000. For the
laboratory experiments, all scans were captured within 68Mfihe bank face. Data

from the 3-D scanner were used to characterize the Ulydcantrols producing a given
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seepage mechanism. Scanned images were exported 8Cdhfife in terms of the XYZ
coordinates of the point cloud. The XYZ coordinates werne tised to create 2.0 mm
square grids using the inverse to distance power algoritprogram was developed to
compute the eroded volume by subtracting the scanneatewaf a given time from the
scanned surface of the initial time. An example of the ersdeface by seepage particle

mobilization is shown in Figure 2.2.

a b

25cm

[ 50cm |

‘ 50cm |

Figure 2.2 Example of the eroded surface by segpatiele mobilization captured
using the three-dimensional laser scanner. Each scaseafga different time during

the experiment: (a) original bank face, (b) and (c) illusttiae start of the seepage
particle mobilization and undercutting, (d) and (e) illustratdioaad undercut growth,

and (f) illustrates the bank after small-scale sapping fadlnrhe bank slope.

2.3.2 Analysis of Stability with Seepage Gradient Forces
Tension or “pop-out” failures, where the driving staticts exceed the resisting

static forces resulting in a block failure with tension crackfgion, have been analyzed

43



by various researchers (i.e., Budhu and Gobin, 1@@@arily by assuming the
sediment was non-cohesive. The factor of safegy for a cohesionless slope under a

steady-state regime was derived by Budhu and Gobin Y396

H 4 jcow'—sina'cotl} tang’
Fs= /v (2.4)

(}/ +1Jsina'
Vw

wherey’ is the submerged unit weight of the sgjlthe unit weight of water’ the bank

angle,¢' the friction angle, and the direction of the seepage vector measured clockwise

from the inward normal to the bank slope. The failure ptammsidered in this equation is
parallel to the bank slope. This equation was used to investigatension or “pop-out”
failure by seepage gradient forces observed in the thmesadional soil block
experiments. Since the direction of the seepage vectoreea®ed in the equation, an
uncalibrated two-dimensional seepage model (SEEP/W) wasaipeedict the direction
of the vector within the flow domain using laboratory meadwsoil hydraulic parameters
as functions of the sgik,. The two-dimensional model was assigned a constant head
boundary at the inlet and utilized the soil parameters for @quérimental setup
discussed later.

In general, the simulation showed two possible directionsecétéady-state
seepage vector90< 1 <180at the inlet and.80< A < 270at the drainage face (Figure
2.3). TheFSwas computed using these ranges foir the loamy sand and sand wih
equal to 1.50 Mg mand 1.30 Mg i, respectively. Equation (2.4) consistently predicted
failure (i.e.,FS< 1.0) for90< 4 <180(at inlet); however, fol80< A < 270at the

drainage face, it yielded negati¥& values which indicated that for cohesionless soil
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with 30< a'<90 and180< 4 <270, this equation did not apply; i.e., the failure plane

was not parallel to the slope as assumed for these conditions
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Figure 2.3 Seepage vectors as simulated by SEEP/\Wefbdagree sand bank with an

inflow reservoir head of 15 cm and a bulk densityof 1.30 Mg .

For cohesionless dry soil, the maximum stable slope with teorex load is its
angle of internal friction (Budhu and Gobin, 1996). In ldtgoratory experiments, the soil
block was able to hold the 90 degree slope becauseinéigmsed cohesion due to
packing, thereby acting as a cohesive soil mass. In twrdensider the effects of
cohesion, a new FS equation was derived for failure plaewgendicular and parallel to

the bank slope to take into account the two possible dinsctibthe seepage vector.
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TheFSis generally defined as the ratio of the resisting forcésetariving
forces. The driving forces were the vector componentiseo$eepage force and weight
perpendicular to the failure plane, while the resisting fonee equal to the shear
strength of the soil defined by Mohr-Coulomb equation.stiter a soil element (Figure

2.4) with unit width.

Figure 2.4 Free-body diagram of a soil element subjecteeleipage gradient forces
considering two possible failure planggandxx Wis the weight of the soil element,
is the effective normal force;is the shear stresi;is the seepage force on the element;
o' the bank angle; is the direction of the seepage vector measured clockmisethe
inward normal to the bank slopeis the width of the failure block; arxiis the height of

the failure block.
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At failure planey-y, theFS can be written as the ratio of the shear strength of the

soil (c'A, + o'tang’) divided by the sum of the weight and seepage foraeslel to the

failure plane ¥-y), i.e., Wsina'+f_sinA:

FS_ C'A + o'tang’
Wsina'+f_sini

(2.5)

wherec’ is the cohesiorhs is the sheared ared, is the effective normal force which is
the resultant of the forces acting perpendiculdahéofailure planeyty), Wis the weight
of the soil element anidis the seepage force on the element. For planehe effective

normal force is

o'=Wcosa'-f cosi (2.6)

whereW andfs are given by:
W = p'V (2.7)
f.=1yV (2.8)

wherei is the magnitude of the hydraulic gradient (istne'/sinA ) andV is the volume
of the soil element. Substituting equations (A3)7), and (2.8) into equation (2.5)

results in the following:

Fs_ CA+ ('V cosar'-i 7,V cosl )tang'
y'Vsina'+iy,Vsini

(2.9)

Dividing through by andy,, theFSequation along failure planeyis given by:

Yy \Tw

[7 +1Jsina'
Vw
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whereAs in a two-dimensional model is represented by itieal distance, which
corresponds to the distance from the bank facegddilure plane. Similarly, the factor

of safety along failure planex can be written as:

1 It 1
Fs=_CAtotang 2.11)
f,cosi-Wcosa'
whereo'=Wsina'+ f sind. TheFScan then be written as:
bC +[7/ +1jsina'tan¢'
Fo= 2w \w ) 2.12)
sina'cotA — - cosa’
Vw

whereAs in a two-dimensional model is represented by itieak distancé, which
corresponds to the height of the bank.

Equations (2.10) and (2.12) were used to comp@€ $at two sections in the
flow domain: close to the inlet wheBO< 4 <180and near the drainage face where
180< 4 <270. For equation (2.10xwas assumed to be 0.20 m because tension cracks
were observed to form at that section of the dothwhen tension or “pop-out” failure
occurred. For equation (2.1 was assumed equal to 0.20 m, which was where the
maximum seepage vector emerged from the bankF8lveas also computed for the
same hydraulic conditions (i.e. saeandc«’) but differentp,in order to explain the
occurrence of tension or “pop-out” failure.

2.3.3 Trends in Seepage Erosion and Undercutting

For cases with seepage particle mobilization arbroutting, the shape of the

eroded surface was investigated for each of theaggeundercut. A five parameter

Gaussian function was fitted to the data:
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z(x,y)=d, ex {[X;X"J +[y;y0]} (2.13)

wherez(x,y) is the measured seepage undercut from the origgmk faced, is the depth
or maximum distance of seepage erosigm@andy; is the center of the depth, aagand
oy are spreads of the seepage undercut. The varigbdesl o, are related to the full

width at half-maximum (FWHWM of the Gaussian function:
FWHM, =22In(2)o, (2.14)

wherej is eitherx ory (Weisstein, 1999). This function was selected bsedhe five
parameters could be estimated from measurableatbastics of the undercut.

Each image generated from the scanner was usddritfy the initial mode of
erosion: unimodal or multimodal. Unimodal erosiepnresents undercutting that is
focused at a single point on the bank face wharadmodal represents erosion that
initiated at more than one location. With this d#étands were investigated between the
depth and width of undercutting as functions of sgie, o, o, andH.

2.3.4 Soil Property Analysis

For the two soils investigated in this researclmas extracted from the soil
block setup (sampled in triplicate) were analyzethe laboratory to determine particle
size distribution and soil hydraulic propertiestsated hydraulic conductivitKs, and
the soil water retention curve parameters) relatye. Particle size analysis was
determined by sieve analysis for particles largant0.075 mm and the hydrometer
method for particles less than 0.075 NS TM Standardb422-63).

The saturated hydraulic conductivi, was determined on extracted soil cores

with bulk densities of 1.30, 1.45, and 1.60 M{ far the sand and 1.50, 1.60, and 1.70
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Mg for the loamy sand using a falling head permeamétheKs was computed by
fitting the measured head loss at tihte the following equation (McWhorter and

Sunada, 1977):

3L A
*T AL AR

(2.15)
wherelL is the length of the sampls. is the horizontal area of the soil colunagthe
horizontal area of the piezometat is the initial head (at= 0), andAh(t) is the head at
timet.

Water retention was determined on the extractddcemes using standard test
methods ASTM Standardd3152 and D2325). Water retention data were modsitd

RETention Curve (RETC) with the van Genuchten eguoaitsing the Mualem

assumption (van Genuchtenal, 1991):

g + 2= h<0
o =1 h+fan] (2.16)
0, h>0
K(h)=K.S, I- @-s'™)"[ (2.17)

whereS; is the effective saturatiom;(L™) andn are empirical parametensy= 1-1h; s
is the saturated water contefitjs the residual water content; amthe pressure head.
These soil hydraulic parameters were used in tHePS&E modeling for deriving the
seepage vector direction.

Samples were also analyzed to determine geotedipmagzerties: effective
cohesion¢’) and internal angle of frictionf(). The strength properties of the soil used
in the experiments were determined using a diteetstestASTM Standard®3080-

98). The shear strength was measured under uasatunoisture conditions mimicking
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the condition of the packed soil block. Sampleseny@epared by compacting the soil to a
given p,. Three test specimens for each soil type @andere tested under different
normal loads (4.0 kg, 6.0 kg, and 10.0 kg). Foivargnormal force, the maximum shear
stress was determined from the peak of shear steesss horizontal deformation curve.
The soil strength parameters and¢') were derived from Mohr’s failure envelope.
2.4 RESULTS AND DISCUSSION
2.4.1 Soil Physical, Hydraulic, and Geotechnical Chanazagion

Hydraulic and geotechnical characteristics are dmued in Tables 2.1-2.3 for
both the sand and loamy sand soils at the vagpussestigated in this research. The
entry pressure head, for the loamy sand was less thafor the sand (Table 2.2) and the
loamy sand soil possessed a one order of magruae K than the sand (Table 2.3).
The van-Genuchten curve fit parametgrs, and4 appeared independentaf while 6,
andKgsincreased with decreaspgl(Tables 2.2 and 2.3). For example, ikador the sand
soil atp, = 1.60 Mg i was almost four times less thigat p, = 1.30 Mg n? (Table
2.3). Thec and ¢ were both functions of the sail,: bothc and ¢ linearly increased
with increasegh, (Table 2.4). In fact, the “best-fit” linear tretides betweer’ andp,

for the sand and loamy sand soils hadRar 0.80 and 0.85, respectively.

Table 2.1 Particle size distribution and meanigarsize ¢so, mm) for the two soils

used in the soil block experiments.

Soil Texture % Sand % Silt % Clay dsp, Mm
Sand 99.3 0.7 0.0 0.33
Loamy Sand 84.5 13.4 2.1 0.24
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Table 2.2 Soil water retention curves estimatedguRETC based on pressure plate
experiments for the sand and loamy sand soilseabtitk densities used in the soil

block experiments.

Soil Type Db 0, Os a n R
Mgm?3 (emPcm®) (cnfem®)  (cm?)
Sand 1.60 (88?) (8238) (8:8%) (é:gi) 0.94
Sand 1.45 (8f8§) (8238) (8:832) (é:gg) 0.96
Sand 1.30 (8:82) (8283) (8:8‘112) (é:gg) 0.92
Loamy Sand  1.70 (882) (8238) (828(1)3) (é:i’g) 0.96
Loamy Sand  1.60 (8fgg) (8238) (828%2) (é:gg) 0.94
Loamy Sand  1.50 (8:83) (gﬁgf) (8:811) (3152) 0.90

Note: Reported values are averages of three régdi¢atandard deviations given in
(parenthesis)

Table 2.3 Saturated hydraulic conductivity)(measured using constant-head

permeameter test for varying bulk densities ofstwed and loamy sand soils.

Soil Type pp(Mg m®) K (cm s
1.60 0.0077

Sand 1.45 0.0176
1.30 0.0284

1.70 0.0006

Loamy Sand 1.60 0.0012
1.50 0.0034
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Table 2.4 Geotechnical properties (effective sadre and internal angle of friction) of

the sand and loamy sand soils.

Soil Type pp (Mg m®) ¢’ (kPa) ¢
1.60 3.4 40.6
Sand 1.45 2.0 38.4
1.30 0.5 26.5
1.70 7.4 41.9
Loamy Sand 1.60 4.9 39.1
1.50 2.5 36.2

2.4.2 Seepage Mechanisms: Erosion and Undercwgirsyis Tension/“Pop-

out” Failures

The p, for the two different soil types (i.e., sand aadrhy sand) controlled the
primary seepage mechanism of the failure processp&)e resulted in an eventual bank
collapse either through (1) tension or “pop-ouiiuiees when the force of the seepage
was greater than the resistance of the soil thiltdudecreased as a result of reduced
shear strength from increased soil pore-water presand (2) particle mobilization (i.e.,
seepage erosion) and bank undercutting when tipagedorce gradient was less than
the initial resisting force of the soil block wiélventual bank collapse due to the

combined forces from seepage and the buildup d-p@ter pressure (Table 2.5).
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Table 2.5 Observed seepage erosion voligg, (volume {gf) of soil loss by bank

failure, and depth or maximum distance of undemgtfd,) prior to bank

collapse, relative to experimental soil block coiotis (¢ = bank angleld =

inflow water reservoir head, ang = soil bulk density).

a

(degrees) (cm) (Mg m

H

90

90

90

75

75

75

60

60

60

15

25

35

15

25

35

15

25

35

Sand Loamy sand
Db dy Vse Ver Db dy Vse Ver
(cm) (cm) (cm’) (Msg m (cm) (cm) (cnT)
) )
1.60 4.9 592 6672 1.70 6.1 1448 6145
1.45 4.9 475 6465 1.60 2.3 130 5235
1.30 PO PO 5727 1.50 PO PO 4811
1.45 PO PO 6134
1.30 PO PO 4711
1.60 6.3 781 6354 1.70 3.0 221 3285
1.45 4.2 252 6560 1.60 3.4 282 2975
1.60 4.3 183 6609 1.70 1.5 26 3807
1.45 3.0 141 NA 1.60 3.1 180 5574
1.60 6.2 867 4870 1.70 5.2 937 4666
1.45 25 94 4185 1.60 3.4 305 4239
1.30 PO PO NA
1.60 6.2 800 5996 1.70 3.5 345 2856
1.45 2.9 177 3325 1.60 3.6 333 3693
1.60 5.8 577 5791 1.70 2.8 216 3429
1.45 2.8 143 2924 1.60 2.6 213 4409
1.60 6.5 1137 5842 1.70 6.7 1492 5348
1.45 4.4 437 4713 1.60 6.2 846 4966
1.60 6.6 814 5082 1.70 3.8 306 3366
1.45 6.0 744 5034 1.60 5.3 288 4117
1.60 5.6 508 4422 1.70 5.8 1191 4196
1.45 7.0 198 5170 1.60 4.4 626 3650

Values are averages of at least duplicate expetaneRO: Tension or “pop-out”
failure due to pore-water pressure gradient witlsegipage undercutting.
" Data not collected during the experiment.
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For these experimental conditions, changes impglted not significantly

influence the%’” in the soil profile and correspondingly the seepfgce, as will be

discussed below. However, decreasingdhdecreased the resistance of the soil by
reducing the total normal stregSand¢ as shown in Table 2.4. This reduction in the
resistance of the soil varied based on soil tymkadong with variability in the driving
forces controlled the critical point at which tleede of failure became greater than the
force of resistance. When the resistive forceegral to the driving forces without
undercutting, pop-out failure occurs. Thetercept in Figure 2.5 corresponded to ghe
(therefore the combination of and¢') at which the resistive forces became equal to the
driving forces without undercutting. Tension or [pout” failures due to seepage
gradient forces were observed for all experimerdalitions (i.e.H of 15, 25, and 35

cm ande’ of 90, 75, and 68egrees) when the ratio of the bulk density tosthiegrain
density,pv/ s (Whereps was assumed to be 2.65 Mg to provide a convenient way to
non-dimensionalize thg,), of the sand was less than 0.49. For the loamg,dhe

critical p/ ps between the two failure mechanisms was approxign@té8 (Figure 2.5).
Results were consistent among duplicate experinfientsach set of experimental
conditions. We hypothesize that greater partialysated weight (i.e., total weight) was
present along the failure plane in the loamy sandogcause of the greater residual
moisture content at packing, low€g, and lowena (i.e., higher entry pressure head). This
greater partially saturated or total weight in litemy sand soil led to higher driving
forces and less resistive strength as the padialation reduced the apparent cohesion.

Because the driving force and reduced apparentsaheere lower for the sand as
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compared to the loamy sand, the threshold for ekseseepage undercutting was

reached earlier in the sand (Figure 2.5).

Depth of Undercutting for
Collapse/Hydraulic Head, (d /H)

0.5

0.4

0.3 A

0.2

0.1 4

0.0

® Sand
A |oamy Sand

Loamy Sand

0.45

0.50

- T T

0.55 0.60 0.65

0.70 0.75

Ratio of Dry Bulk Density to Typical Particle Density, p,/p
Figure 2.5 Relationship between maximum depthnaieacuttingd,, required for a bank

failure and the bulk densityx) nondimensionalized by the particle densjty 6f the

soil. The symbols represent the averages relativarying bank slope and water head

for each soll type.

For higherp, and therefore higher resistive strength beyonddtiigal oo/ ps, the

amount of resistive force exceeded the drivingdand a stable bank developed. This

stable bank did not fail unless undercutting alscuored. Therefore, for these

experiments, particle mobilization and undercuttyegerally occurred under cases of

higher o, because of the increased initial bank resistamtieet seepage force. Chu-Agor

et al. (2008b) demonstrated that seepage undemgaxiponentially reduced the bank

stability with increased depth,, which in this research eventually led to canglev

failures due to seepage particle mobilization d&edimduced moment by undercutting. It
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is expected that for exceedingly higlie(i.e., greater than 35 cm), pop-out failure would
be observed at greataybecause of the overriding affect of seepage gratheces.

It is hypothesized that the critical/ os will increase for soil types with greater
clay content and therefore greaterdependent on changes in theelative to soil type.
Considering this hypothesis, the occurrence ofelmsnediate collapses, referred to as
tension or “pop-out” failures, precludes bank feelbby seepage erosion and undercutting
being observed in the field. For the noncohesiepage layers observed in the field by
Wilson et al. (2007), the, for the loamy sand was reported to be 1.50 Mire., p/ps
= 0.57), which occurred near the boundary of tensio‘pop-out” failures observed in
this research. They observed seepage undercuitingpbilization of soil particles but
did not observe the bank failures in progresstin Jihey did observe post-failure
evidence of undercutting by seepage erosion in Isitsipossible that these stream banks
also experienced tension or “pop-out” failures gitiee hydraulic gradients imposed on
the sediment. The stream restoration project regdsy Lindow et al. (2007) was
undermined due to bank collapses hypothesized timedo seepage. Due to the
cohesions of the banks (i.e., 10.7 to 17.7 kPajigemobilization by seepage flow was
probably limited. Instead, Lindow (2007) observedwo-dimensional lysimeter
experiments with a repacked bank (10-cm of sang at1.30 Mg ni underlying 15-cm
of sandy clay loam) that the tension or “pop-oailures of this underlying layer
eventually led to undermining of the entire bank.

For cases where seepage undercutting occurredefitk of undercutting
required for a bank collapse was most dependetiiesoilp, as compared te’ orH

for these experimental conditions (Figure 2.5). €hver bars shown in Figure 2.5
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represent variability due to the imposed inflevand«’ . For experiments with the same
soil type,«’ andH, the required,, which generally fell within the range of 2.0 t®7
cm, decreased as tpgdecreased (Table 2.5) due to the correspondingase in the
bank’s resistive force (i.ec;) (Table 2.4). Correspondingly, the cumulativewoke of
seepage erosion required to cause bank failureased as the, decreased (Table 2.5).
The loamy sand soil generally required equivalerslightly lower depths of
undercutting for bank collapse than the sand expart based on experiments with the
samep, (i.e, 1.60 Mg 1Y), & (90, 75, and 66egrees)andH (15, 25 and 35 cm). This
effect was most likely due to the approximatelyiegientc’ for the two soils when
packed to the sams (i.e, 1.60 Mg rit). Therefore, sediment transport models for
seepage erosion should include an explicit consiaber for thep, of the noncohesive
sediment. The sediment transport functions of Hdveard McLane (1988) and Fox et al.
(2006) include an empirical packing coefficiengrad with theKs, that implicitly account
for pn.

As expected due to the lowgy, the time for bank failure in experiments with
tension or “pop-out” failures was shorter thantihee of failure for experiments with
seepage particle mobilization. For experimentshenseme soil with equivalent and
Po, @n increase iRl generally resulted in less seepage erosion andsmowndingly lower
amplitudes required for bank failure (Table 2.9)eTncrease#i theoretically resulted in
greater soil pore-water pressures in the overlyapgoil which reduced the shear strength
of the soil. These results mimic those of Fox (2006, 2007a, 2007b) and Wilson et al.
(2007) in that seepage particle mobilization amtldased soil pore-water pressure were
both important processes leading to bank failuAs o decreased for a particulag and
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H, the amplitude of the seepage undercut requineldaok collapse increased. This result
was fundamentally obvious since lowgrresulted in initially more stable banks (higher
factor of safety), requiring a greater amplitudse¢page undercut to cause a failure
(Chu-Agor et al., 2008b).

No significant differences (significance level 00B) were observed between the
mass and volumes of collapsed banks for tensidpap-out” failures as compared to
seepage undercutting (Table 2.5). For the sangteeiaverage volume of bank collapse
by tension or “pop-out” failure (i.e., three expeeints withp, equal to 1.30 Mg i) was
5727 cm compared to 5373 chior the seepage undercut banks (P-value = 0.7@). T
mass of collapsed sand banks by tension or “popfaliires was 7.5 kg compared to
8.3 kg for seepage undercut banks (P-value = OF@0)the loamy sand, the average
volume of tension or “pop-out” failures (i.e., foexperiments withp, less than 1.50 Mg
m®) was 5092 crhcompared to 4220 ctfor seepage particle mobilization and
undercutting (P-value = 0.11). The average massnsion or “pop-out” failures was 7.1
kg compared to 7.0 kg for seepage particle mobitiraand undercutting (P-value =
0.88).

The phase diagram of Lobkovsky et al. (2004) deyedidfor smally’ (i.e., o <
12degrees) suggests thdtgreater than 1@egrees will always experience slumping.
This was also verified by our laboratory experinseiiihe uniqueness of this research
was that the mechanism of the slumping (i.e., glartnobilization and undercutting
versus tension or “pop-out” failure) was highlightelative to the soil characteristics.
Existing slope stability equations for Coulomb diadl of noncohesive slopes should be

able to predict failures by seepage forces if bankg behave as noncohesive and bank
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angles are less than the angle of internal frictibmwever, bank stability analyses
capable of modeling seepage particle mobilizatimh@ndercutting due to seepage
erosion are limited. Some work has been done e@effiect of the change in the
geometry of the bank due to undercutting on barlréasuch as the static analyses
reported by Wilson et al. (2007) and the step-wiggamic analysis by Chu-Agor et al.
(2008b). However, fully integrated variably satedchflow model with a dynamic
geometric and geotechnical model to predict barréais still lacking.
2.4.3 Analysis of Stability with Seepage Gradient Forces

The theoreticaFSfor non-cohesive and cohesive banks verified #peemental
observations in Figure 2.5. Tension or “pop-outluf@s occurred when a critical failure
plane withFS< 1.0 developed within the flow domain. In thel ®bock experiments, the
critical failure plane was located close to thetm/here the seepage force was directed
upward. Upward seepage force reduced the effestumal force on the soil, resulting in
lower soil shear strength. The magnitude of thpage force and the reduced cohesion
due to lowepy, were the reasons for the tension or “pop-outiufailobserved in the soil
block experiments.

Table 2.6 shows the computE8 with and without cohesion at two different
locations in the flow domain. When cohesion wasawouisidered, the banks were
unstable for most values afHowever, the soil used in the experiment was siobe

because of packing effects. The measugiethd ¢' were found to be dependent on the

pp- Therefore, a cohesionless assumption did noesept the condition of the soil used

in this experiment.
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Table 2.6 Factor of safeti#$ for the sand (S) and loamy sand (LS) banks coetpat
two different locations in the flow domain. Closethe inlet, the seepage vector is

directed at 9& 4 < 180 and the valid failure planeyisy (see Figure 2.4).

FSat Inlet— FSat Outlet —
Observed Equation Equation
Seepage (2.10) (2.12)
Db a' c o' Mechanis (Maximumi, (Maximum4,
Bank (Mgm®) (°) (kPa) (°) m degrees) degrees)
1.3 90 0.0 265 PO 0.23 (130) 0.52 (210)
S 1.3 75 00 265 PO 0.38 (140) 0.61 (210)
145 90 00 384 SU 0.35 (130) 0.87 (210)
1.6 90 0.0 40.6 SuU 0.36 (130) 0.99 (210)
1.3 90 05 265 PO 0.38 (130) 0.68 (210)
S 1.3 75 0.5 26.5 PO 0.52 (140) 0.78 (210)
1.45 90 2.0 384 SuU 0.89 (130) 1.47 (210)
1.6 90 3.4 40.6 SU 1.22 (130) 1.98 (210)
15 90 0.0 36.2 PO 0.32 (130) 0.83 (210)
LS 1.6 90 0.0 391 SuU 0.34 (140) 0.94 (210)
1.7 90 0.0 419 SuU 0.37 (130) 1.06 (210)
15 90 25 36.2 PO 0.98 (130) 1.56 (210)
LS 1.6 90 49 391 SuU 1.60 (140) 2.36 (210)
1.7 90 7.4 419 SuU 2.20 (130) 3.24 (210)

Close to the drainage face, the seepage vectod&0& . < 270 and the valid failure
plane isx-x (see Figure 2.4). Lambdd) (s approximated from maximum seepage

vector simulated by the two-dimensional seepageem@EEP/W).
* PO = Tension or “pop-out” failure.
** SU = Failure included seepage particle mobili@gatand undercutting.
When cohesion was considered, sanghat1.30 Mg nt® was unstable close to
the inlet but stable close to the drainage face.imbtability close to the inlet caused the
tension or “pop-out” failures observed during tkperiments. The bank collapsed before

seepage erosion undercutting could initiateoy/& 1.45 Mg n, there were some values

of A which could also result in tension or “pop-outildee. However, during the
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experiment, the gradient may have been lower thatiriting value ofi for instability,
causing the bank to hold until the initiation oépage erosion.

The loamy sand showed consistent stability at toathtions except fgs, = 1.50
Mg m® close to the inlet which could be unstablé f 130degrees. Simulations from
the two-dimensional model predicted af approximately 13@egrees for the maximum
seepage vector close to the inlet. Banks p4#qual to 1.60 Mg fiand 1.70 Mg i on
the other hand were stable at both locations cgubmbank to hold until seepage
erosion undercutting initiated.
2.4.4 Unimodal versus Multimodal Seepage Erosion Undsrcut

For cases in which the seepage process was bygseepmsion and undercutting,
it was observed during the experiments that seepagon could initiate as a unimodal
undercut in which erosion was concentrated at ocation on the bank face or as a
multimodal undercut in which erosion initiated &fetent locations on the bank face.
Results were consistent among duplicate experinientsach set of experimental
conditions. A typical time sequence demonstratiregdhanges in the seepage undercut as
seepage erosion progressed is shown in Figur@@thd case of a unimodal undercut.
Also shown is the Gaussian fit for these specifidarcuts. The strength of the fit,
quantified through calculation of the coefficiefitdetermination, oR?, was greater in

cases where the seepage erosion undercuts iniaatet location on the bank face.
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Figure 2.6 Typical time sequence of seepage arasidercut formation. Note that tke
y plane is the bank face. Example shown is for #s® ©f a 9degree sand bank, 35 cm
water head wittn, = 1.60 Mg nit’. (a)t = 108 s after flow arrival, (b) Gaussian fit for

108 s R = 0.80), (cX = 125 s after flow arrival, (d) Gaussian fit for 125 s & = 0.77),

(e)t = 149 s after flow arrival, and (f) Gaussian it = 149 s R = 0.78).
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It was hypothesized that multimodal undercuts wdafdh in experiments with
lower o, lower p,, and lower inflowH. However, for these experimental conditions, the
mode of initial seepage erosion undercutting warotled bya’'. A 90degree bank,
regardless of thEl, p,, and soil type, started with unimodal erosion winanks withy
of less than 9@egrees (i.e., 75 and @6grees) started with multimodal erosion. The 90
degree banks manifested in initial unimodal undeisrborizontally centered along the
bank face while the 75 and 60 degree banks staitadnultimodal undercuts which
initiated at random locations within the seepageidFigure 2.7), with the locations

potentially corresponding to micro-scale preferaritow features created during

packing.

Seepage Amplitude (m)
Seepage Amplitude (m)

y (cm)

Figure 2.7 Example of (a) unimodal and (b) multitaloseepage erosion undercuts. Note
that the x-y plane is the bank face. The unimoidairé is for the case of loamy sand with
90degree bank, 35 cm head, and 1.60 Mytulk density. The bimodal figure is for the

loamy sand with 78egree bank, 15 cm head, and 1.70 Mybulk density.

The multimodal undercuts generally converged imtion@dal undercuts, with this
convergence time hypothesized to depend on sa@l pyp ', and inflowH. For«' less

than 9Qdegrees, convergence was identified from the schimages and was verified
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using the regression coefficient from the fit of tBaussian function to the three-
dimensional undercut shape. Rhof at least 0.70 was used as an identifier for
convergence. The time for the multimodal undertutsonverge to a concentrated
unimodal erosion undercut was prominently contcbblg the inflowH. The higher théd
the less time it took for convergence to occurioth soil types at different, (Figure
2.8). Contrary to initial hypotheses, convergetime was more dependent ehthanp,
for the range opy, investigated in this research. Convergence timesfanction oH

were approximately equivalent for the same soihwlifferentp, but the samer’. Once
converged, the resulting unimodal undercut posseg®ater lateral spreads (i.e., larger

ox), sometimes extending the entire width of the backe

05 0.16
@ < — e p,=170gkm’, S=75 (b) —e— p,=160g/lcm’, S =75
\ o py =1.70 glem’, S = 60° 0149 ;‘ o py = 1.60 glem®, S = 60°
0.4 1 o N\ -~ p, =160 glcm’, S = 75° 012 ] \ oy p, =1.45g/cm’,§ = 75°
\ — g — p, =160 glcm’, S = 60° \ ——g—- p, =1.45g/cm’, S = 60°
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Unimodal Headcut, tK /H
Unimodal Headcut, tK /H

0.04
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Dimensionless Time Required to Converge to a
Dimensionless Time Required to Converge to a
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Ratio of Inflow Water Reservoir Head to Bank Height, H/BH

Figure 2.8 Time required for multimodal seepaggigda mobilization undercuts for (a)
sand and (b) loamy sand soils to reach unimodatnent, nondimensionalized by the

saturated hydraulic conductivitils, and the water inflow reservoir head,

2.4.5 Trends in Seepage Erosion Undercut Shapes
For a given undercut deptt,f, the width of the undercut (i.ex) was

approximately an order of magnitude greater tharhtight (i.e.oy) of the undercut
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(Figure 2.9). At a gived,, slightly largeroy andoy were observed for the loamy sand as
compared to the sand soil due to the cohesivegttrari the materials. Regression curves
through theoy- d, data demonstrated similar power-curve relatiorssfop the sand and
loamy sand soils. Statistical tests based on neatianalysis of covariance (Hinds and
Milliken, 1987) suggested no significant differermsween thel,- oy relationships for

the two soil typesH-value of 2.00, P-value of 0.16 at a significareesl of 0.05).
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Figure 2.9 Observed relationship between the dgh}lof the undercut and the (a)
height as quantified by the spread (i§),and (b) width of the undercu,j for the sand
and loamy sand soils. Note that the regressios Bhewn fowy, versugd, are ford, less

than 4 cm.

The ox- d, relationships consisted of greater scatter butdstihonstrated a fairly
uniform pattern between the two soil types. In féoe sand soils typically followed a
strong linear relationship before experiencing dattter fod, > 4 cm. The outliers in
ox- d, (Figure 2.9b) corresponded to measurements of Ergditude undercutting just
prior to failure during those experiments with gegatability (i.e., highep, and lower

o). The scatter from a linear trend line startesnaallerd, for the loamy sand soil (i.e.,
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d, > 1 cm). Differences in tha, -ox relationships for the sand and loamy sand soils
were less apparent at lowayr Statistical tests using analysis of covariancéheral- o
relationships suggested significant differences/ben the two soil types (P-value less
than 0.001 at significance level of 0.05); howeWem a stability perspective, the
differences in the predicted widths (i.e., on théeo of cm) would not be significant for
d, less than 10 cm.

These common relationships, especially indfed,, were most likely functions
of the similarc’ (i.e., less than 7.5 kPa) amt(i.e., between 2and 4(degrees) between
the two soils. No apparent dependency ofdhel, and ox- d, relationships om, was
observed when analyzing the data. These resulgestthat it may be possible to use
such generalized relationships as a first appratkamdor inclusion of seepage patrticle
mobilization and undercutting in stability models.

2.5 SUMMARY AND CONCLUSIONS

Seepage mechanisms of hillslope, gully, and streakmstability include: (1)
tension or “pop-out” failure and (2) particle mabdltion (i.e., entrainment in seepage
flow) and bank undercutting. The former occurrecewkhe seepage forces are greater
than the soll resistance as well as reduced sheaigth from increased soil pore-water
pressure. The latter was due to the seepage fomdeegt being less than the resisting
force of the soil block which resulted to bank apBe due to the combined forces from
seepage undercutting, seepage forces, and theipwfgpore-water pressure. The first
type of failures (tension or “pop-out”) have beemlszed from a geotechnical point of
view where the driving static forces exceed théstieg static forces resulting in a block

failure with tension crack formation, with the nssiy of considering cohesion effects
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due to packing. The later mechanism occurred wheiank’s shear strength was great
enough to resist initial tension or “pop-out” faduof the bank. Seepage velocities
became greater than critical velocities necessarpdrticle mobilization leading to
particle entrainment in the seepage flow, undaeraytnd bank collapse. The
undercutting acted in conjunction with reduced slst@ngth due to increased soil pore-
water pressure and the seepage force due to thautigdgradient. Within a specific soil
type, the occurrence of these mechanisms was Yacgatrolled by the soil’s bulk
density, which directly influenced the hydraulidaoictivity, effective cohesion, internal
angle of friction, and critical shear stress.

For banks experiencing seepage particle entrainemehtindercutting, the slope
of the bank predominately influenced the undemgttormation. For these experimental
conditions, unimodal undercuts were observed througthe experiment for banks with
90degree slopes. On banks with smaller slopes, teraats generally initiated as
multimodal, eventually converting to a unimodal erait sometime before bank failure
and controlled largely by the hydraulic gradiend #me bulk density.

Relationships were developed between the ampliwikh, and height of the
undercut for both the sand and loamy sand soilssinyated in this research. A power
law relationship was observed between amplitudehanght with the relationship fairly
equivalent for both soils. Differences in soil typere more prevalent in the relationships
between amplitude and width. While the differenges, on the order of cm) between
soil types were statistically significant, it isgothesized that they would not be
significant from a stability perspective. Thesegatized relationships could be used to

predict the width and height of the undercut based priori knowledge of the
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amplitude. The fact is important for the eventmarporation of this seepage

mechanism into stability models.
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CHAPTER 3
Sediment Transport Function Predicting Seepagedfros
Undercutting for Bank Failure Predictibn
3.1 ABSTRACT
Seepage erosion is an important factor in hillslogéability and failure.
However, predicting erosion by subsurface floweemage and incorporating its effects
into stability models remains a challenge. Limada#s exist with all existing seepage
erosion sediment transport functions, includingleetgng the three-dimensional
geometry of the seepage undercut and the cohesiueerof soils. The objective was to
develop an empirical sediment transport functiat tan predict seepage erosion and
undercutting with time based on three-dimensioogldock experiments covering a
wide range of hydraulic, soil type, slope and kilgksity combinations. The transport
function was represented by an excess gradientiequi’ = 0.54). The critical gradient
was predicted by the soil cohesion based on latiyrakperiments. Using a three-
dimensional Gaussian function, the geometric r@stips between the maximum
distance and lateral and vertical dimensions otithgercut were then derived. The

proposed empirical relationships were able to ptatie observed time at which a given

® Conference paper at the 2009 EWRI Technical Session, Kansas City, Kansas
Chu-Agor, M.L., G.A. Fox, G.V. and Wilson. 2009. Sediment Transport Function
Predicting Seepage Erosion Undercutting for Bank Failure Prediction.
Proceedings of the American Society of Civil Engineers Environmental and
Water Resources Congress 2009, May 17-21, 2009, Kansas City, MO
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amount of undercut developd&®(= 0.79). The flow gradient can be used with the
derived sediment transport function, the first edationship proposed for predicting the
dimensions and the geometry of the undercut, tdigréne impact of seepage erosion
undercutting on hillslope stability. Users only dee input the seepage layer’s cohesion,
bulk density, and the hydraulic gradient over timéhe near bank ground water system.
3.2 INTRODUCTION

One process that initiates mass failure of streakdas seepage erosion of
noncohesive sediment by ground water flow, whetatgral ground water emerges from
the bank and undercuts the bank by removing sdiicies (Fox et al., 2006; Fox et al.,
2007a, 2007b; Wilson et al., 2007). Predictiontcdambank undercutting by seepage
erosion (Figure 3.1) remains a challenge. The cexilyl results from the difficulty in
guantifying the soil, hydrologic, and geotechnicechanisms affecting this phenomenon
as well as understanding the interaction betweemtf o start with, measuring
subsurface flow and seepage erosion in the fiediffisult (Hagerty, 1991; Rockwell,
2002; Fox et al., 2007; Wilson et al., 2007). Ferthore, the variability and
heterogeneity of the porous media add uncertamsgepage flow and erosion estimation
(Hagerty, 1991). According to Sidorchuk (2005), tizure of soil erosion is determined
by the interaction between water flow and struatigeil. He added that this interaction is
stochastic in nature due to the complexity and osioopic scale of the geo-mechanical
and electro-chemical forces between particlesersthil and of the velocity oscillations

in water flow.
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Figure 3.1 Photograph of a seepage erosion uridenca stfé‘a

Goodwin Creek in northern Mississippi. This seepagsion undercut is one of the
largest undercuts observed during field experimezgsrted by Fox et al. (2007) and

Wilson et al. (2007).

Another aspect adding to the complexity of seemagsion analysis is its three-
dimensional nature (Crosta and di Prisco, 199%9ce&Sseepage erosion is not uniformly
distributed throughout the bank but is commonlyatad to the preferential flow path of
the seep (Figure 3.1), the dimensions of the seepadercut are important in
guantifying the amount of sediment eroded. Seepagg@on has not been as extensively

studied compared to fluvial erosion other thansepage influence on the soil pore-

72



water pressure (Darby and Thorne, 1996; CrostalaRdsco, 1999; Rinaldi and Casagli,
1999; Simon et al., 1999).

Seepage undercutting has been demonstrated toitvgpartant instability
mechanism (Chu-Agor et al., 2008b; Cancienne gP@08). Several studies to date have
developed relationships that predict sediment parisiue to seepage but they neglect
the cohesive nature of soils and/or are dependeatpirical coefficients that must be
measured in the laboratory for specific soil/pagktonditions. Seepage erosion has been
analyzed by different researchers as either dud Yondividual particle mobilization
(Lobskovsky et al., 2004; Dunne, 1990; and Howaudi llcLane, 1988), or (2) small
mass failure employing Coulomb’s failure mechan{&hu-Agor et al., 2008a,b; Budhu
and Gobin, 1996; and Dunne, 1990), again primé&oiiynoncohesive soils. Sediment
transport functions (i.e., Fox et al., 2006 and Hmhand McLane, 1988) have also been
developed based on laboratory experiments on spaciicohesive soils.

3.2.1 Initiation of Particle Mobilization

Equations for initiation of particle motion attentptpredict the limiting
conditions when the seepage force across the gxageds the shear strength of the
particle resulting in that particle detaching otiit® intergranular “pocket” (Dunne,

1990). The mechanics of particle entrainment ofcobesive sediment by seepage was
investigated by Howard and McLane (1988). Theyetteped a critical shear stress
equation based on the balance of the tractive fdueeto surface flow, the seepage force

and gravity (Figure 3.2). The balance of forcesiltes in the following equations:

T, _c Sln(ﬂ—oz)_Cb P

(ps—p)gd * cosp ps_p{1+tan,6tan@'+¢//)}sina- (3.1)
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C, = 2o (3.2)
12C,
C,= c (3.3)

wherez. is the critical shear stressis the grain diametep,is the density of the fluighs

is the density of the sedimentjs the porosityg is the gravitational acceleratiasi, is

the bank angley is the seepage exit angleis the angle that the particle makes with
another particle, coefficients;, C,, and C; are factors which take into account the grain
shape and packing effects, abgdandC, are constants which can be determined by
considering special cases previously analyzed étieally or experimentally. It is

unclear about the typical ranges for these coefiitsi.

According to Dunne (1990), seepage erosion canr@axtluid particulate
transport or mass transport. The former occurs vithefluid stresses cause the particles
to lose their frictional strength, and the latsedue to Coulomb failure when the driving
forces acting on a soil mass exceed the resistireg$. Dunne used the critical gradient
to define the conditions under which each one @duwr seepage erosion by particle
mobilization, he adopted the analysis of Howard lsictlane (1988) and others wherein
the interaction of surface runoff and exfiltratas evaluated in terms of the balances of
forces acting on a single particle (Figure 3.2)e Tinovement for a cohesionless particle

occurs when:

&(ps _p) Sin(ﬂ_al) (3 4)
C, p cos@+y-p) '

i >

wherei is the critical gradient.
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Figure 3.2 Force balance on a particle on a bank inclinechatraglea’. The particle
makes an anglé with another particle and is subjected to a seefige Fs) exiting
the bank at an anglg a tractivi force due to surface runoff\), and gravity Fg) (after

Howard and McLane, 1988).

Lobskovsky et al(2004) studied the threshold phenomena associatbdhve
onsetof erosion using noncohesive glass beads. Theyeatka critical slope equatic
with the rationale that slopes greater than the crisiicgde were unstable if there
seepage through it. This critical slope relatethéodimensionless Shield strez. )

which was modified to take into account the seepage:

{5
P ) (3.5)

a
wheres; is the critical slope, ana is the seepage reduction factor which deals wi!
fact that grains on the surface experience legsageeforce than those several lay
deep.
3.2.1 Mass Failur§CoulombFailure)

Mass failure analysis evaluates the balance oe®acting on a soil elemerf an
infinite slope. It attempts to predict the condisonvhen the resultant of the driving for
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exceeds the resultant of the stabilizing forcesicgusmall or large masses of soil to fail.
For example, an infinite slope approach was useugihu and Gobin (1996) to analyze
the minimum, stable seepage-slope angle for anii@finoncohesive slope under a
steady-state seepage regime. Their study showethtbader for static liquefaction to
occur, the vertical component of the seepage fonest be equal to or greater than the
weight of the soil. The seepage-slope angle relakip was given as:

(cosa' + cosAt) Sl_na :L:G—_lz(l— n)(G-1) (3.6)
sinA  y, 1l+e

wherel is the direction of the seepage vector measuakweise from the inward
normal to the bank slopg, is the saturated weight of the soj,is the unit weight of
water,G is the specific gravity of the soil, aeds the void ratio. Their results showed
that for most soils, static liquefaction occurs witlee seepage was directed vertically
upward.

Seepage erosion by liguefaction was evaluated mynB(1990) using balance of
forces acting on a volume of soil. For cohesivéssdiquefaction occurs when the
cohesive bonds in the soil are weakened considebgblveathering, gravity, or other
forces near the seepage face (Dunne, 1990). Thad®bf forces was given by Dunne
(1990) as:

CAXAy
AXAyAz

ipg>(ps —p)gL—n) + (3.7)

whereAx, Ay, andAz are the dimensions of the volume of soil undergairass failure.
Dunne (1990) points out the difficulty in usinggl@quation: it is large, realistic values

of the seepage gradient lead to unrealisticallgktfailed layers and the seepage gradient
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has to become unrealistically large to result epsge gradients to cause liquefaction at
the scale of soil fragments that commonly flow bgage.

Chu-Agor et al. (2008a) investigated tension omgyoait” failure due to seepage
force exceeding the soil strength by computingfélagor of safety of cohesive slopes

(Figure 3.3). They derived the factor of safdtf)(along theyy plane in Figure 3 to be:

¢ +(7/ cosw'—sina'cotﬂ]tanﬁ
z
Fo=Tu u__ (3.8)
(7/ +1jsina'
Vw
Similarly, FS along failure plan&xwas written as
¢ +(7 +1jsina'tan¢'
by, \ 7w
FS= , (3.9
sina'cotl - 7 cosa’
Vw

wherec’ is the effective cohesioh,andz are the dimensions of the soil block, agids
the effective angle of internal friction. In thexperiments conducted on a three-
dimensional soil block, tension or “pop-out” faduoccurred when the computé8 was
less than one. They observed seepage particleigailnih and undercutting when the

resistive strength of the bank was greater thass¢lepage gradient and weight forces.
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Figure 3.3 Free-body diagram of a soil elemenjesuiéd to seepage force considering
two possible failure planegy andxx The soil element has dimensiaandb and is

subjected to seepade) @nd gravity (V) forces.

3.2.2 Sediment Transport Functions

Sediment transport models for seepage attemptantify the amount of
sediment eroded, either by individual particle nimation or mass failure, at a given
time. Howard and McLane (1988) derived an averagg-term sediment transport
function for noncohesive soil. They found thathe sapping zone grains move partly by
individual grain motion but mostly by intermittemtass wasting. The amount of seepage-
induced mass wasting was assumed to depend omthenaby which the actual slope

angle ¢') exceeded the critical value given by the following equation:

Osm =€ { e }_1 (310)
wheregsmis the transport rate due to seepdges a constant, and . is the critical slope

angle given by the quadratic equation:
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tarf o', (1+ (C.+1) tant//j +tana', [(Cc +1{tany/ +
tang ta

1 D_CC =0 (3.11)
ng
wherey andp are angles defined in Figure 3.2, &hds

C, _Calps—p) (3.12)
Cop

The biggest challenge in using this sediment trartgpnction is the estimation
of the empirical coefficients;;, C,, andCs;, which take into account the packing and
particle shape effects.

Fox et al. (2006) derived a sediment transporsémpage erosion of noncohesive
streambank sediment based on two-dimensional lysimegperiments. Their seepage
erosion transport function was based on dimensssrdediment discharge and
dimensionless seepage flow shear stress. Thely shalved a power law relationship
between the dimensionless sediment transporggat@nd a dimensionless shear stréss
given as:

q. =alz ) (3.13)
wherea = 584 and = 1.04 for loamy sand soils packed within a smeaiige of bulk
densitiespp. Unlike that of Howard and McLane’s transport ftio, this transport
function related sediment flux to seepage dischaaye the bank. However, they were
concerned with the applicability of the proposediment erosion function for utilization
in natural field conditions because their functieas derived using two-dimensional
experiments where the width of the bank face wagdid. Seepage undercutting in the

field (Figure 3.1) has a three-dimensional geom@tox et al., 2007).
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3.2.3 Obijectives

Most studies on seepage erosion have focusedahelysis on one failure
mechanism, specific soil types, and/or specificidlynoncohesive soils limiting their
application to the conditions under which they weeeved. Furthermore, seepage
undercutting in the field has a three-dimensiomangetry not addressed in previous
studies. In this study, an empirical sediment fpansfunction that can predict sediment
mobilization (i.e., seepage erosion and underayjttnver time will be derived and
evaluated based on previously reported three-diimeaissoil block experiments (Chu-
Agor et al., 2008a) covering a wide range of hyticagoil type, and packing (i.e., slope
and bulk density) combinations. While a mechanigtiocess based formulation is
favored over empirical approaches, such formulatipeld unreasonable results for
ground water seepage gradients necessary forlpditjeefaction and bank failure
(Dunne, 1990).
3.3 MATERIALS AND METHODS
3.3.1 Three-dimensional Soil Block Experiments

Data gathered from the three-dimensional block expnts of Chu-Agor et al.
(2008a) were used in this research. The three-difoeal soil block was constructed of
Plexiglas with dimensions 50 cm by 50 cm by 50 krhad two compartments: a water
reservoir at one end where a constant water headnaatained and a soil compartment
that simulated a single-layered streambank (Fi§ute Water flowed from the water
reservoir to the soil compartment through a 10 gmi®cm inlet centered at the bottom

of the wall dividing the two compartments.
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Figure 3.4 Three-dimensional soil block set-updusesimulate seepage erosion of

single-layer, repacked soil banks.

Two soil textures were used in the experimentsd seml loamy sand. Each soll
type was packed in the box at varigys1.30, 1.45, and 1.60 Mg Trfor the sand and
1.30, 1.45, 1.50, 1.60, and 1.70 Mg fior the loamy sand. All experiments consisted of
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soil blocks with heights of 25 cm, widths of 50 cand lengths of 25 cm. The bottom of
the soil block was lined with a 2.5 cm densely gacklay layer to serve as a restrictive
layer. The rest of the block was packed with sothie desiregy, in 2.5 cm lifts. The soll
was then cut to simulate various bank angks(90, 75, and 6@egrees), such that the
horizontal centerline for each bank remained 2Gaeray from the water inlet. For the
experiments, headsl) of 15, 25, or 35 cm were maintained in the infl@servoir.
During the experiment, a three-dimensional mediange laser scanner (3D
Digital Corporation, Sandy Hook, CT) was used taitay seepage erosion at the bank
face of the soil block (Figure 3.4). Scanned imagee taken at regular intervals to
capture the change in the bank due to seepag®er@sgure 3.5). The scanned images
were then exported to ASCII files in terms of tly& xoordinates and used to create 2.0
mm square grids. A program was developed to contpeteroded volume by
subtracting the scanned surface at a given tima the initial bank. Chu-Agor et al.
(2008a) demonstrated that a five-parameter Gaufignation (Weisstein, 1999) fit the

typical shape of the seepage undercuts (FigureBt&re the function is given as the

z(x,y)=d, ex {(X;X"J +[y;y°J} (3.14)

wherez(x,y) is the measured seepage undercut from the ofrigamk faced, is the

following:

maximum distance of seepage erosion undercuttiraydy, is the center of the
maximum undercut distance, aagland oy are spreads of the seepage undercut in the
width and height dimensions, respectively (Figu®.3The variablesy andoy are

related to the full width at half-maximum (FWHNf the Gaussian function:
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FWHM, = 2,2In(2)o, (3.15)

wherej is eitherx ory (Weisstein, 1999).

t=0 t =120 secs

t =240 secs t = 360 secs t =480 secs
Figure 3.5 Scanned image of the bank face oftftetdimensional soil block at

different times during an experiment. Images shavenfor a 90-degree sand bank, 15 cm

water head withy, = 1.60 Mg n.

z X
h,= f(O'y) d,
d | ! Wy = (o) |

Figure 3.6 Dimensions of the undercut: the maxinwnaercut distancel,, the height at
the bank facdh, and the width at the bank faeey. Thehy andwy are functions of the

vertical and horizontal spreads, @ndoy), respectively.
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The strength properties of the soil used in theegrgents were determined using
a direct shear tesAETM Standard®3080-98). The test specimens were prepared by
compacting the soil to a givem. Three test specimens for each soil type andere
tested under different normal loads (4 kg, 6 kgl &0 kg). For a given normal force, the
maximum shear stress was determined from the piehle ghear stress versus horizontal
deformation curve. The soil strength parametersgsmn and angle of internal friction)

were derived from Mohr’s failure envelope (Tabl#&)3.

Table 3.1 Geotechnical properties (effective camres’, and internal angle of friction,

¢’) and critical gradienti{;) necessary to propagate an undercut of the tw® soi

used in the laboratory soil column experiments.

Soil
Type Db c ¢ Critical Gradientje,
(Mg cm®) (kPa) 0 Minimum  Maximum
Sand 1.45 2.0 324 0.20 0.25
1.60 3.4 40.9 0.30 0.35
Loamy 1.60 4.9 32.7 0.35 0.40
Sand 1.70 7.4 40.1 0.45 0.50

3.3.2 Derivation of a Sediment Transport Function
The sediment transport function was representeghlixcess gradient equation,
where the flow gradient, was assumed to be based on the steady-statedgnaier

velocity:

E.=k(i-i,) (3.16)

rs
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whereE is the seepage erosion rate (i.e., mass of setimebank face area per time,
kg/m2/s) kgs is the seepage erodibility coefficient (kg/s), i, is the critical gradient,
anda is an exponent. This relational form of the seditrieansport function was used to
avoid the necessity of three-dimensional grounc&eni&w modeling. Furthermore,
eventual incorporation into a bank stability modeél require such a simplified
formulation that does not depend on detailed grouair flow simulations.

The gradienti was estimated from Darcy’s Law with Dupuit-Forecheier

assumptions:
n n nL,,
- H sin(a’)
Lec (3.18)

wherev is the pore water velocitg,is the Darcy velocityl,.« is the length of the saill
block, K is the saturated hydraulic conductivity, atds the hydraulic head. For cases
with seepage erosion undercutting, the gradientas estimated from the steady-state
flow based orH and corrected for the measured distance of untergud,(t), such that
the path length walss-dy(t):

. Hsin(a')
- (Lsc - du (t)) (319)

Increasedl,(t) increased by reducing the path length through which ground
water must discharge.
3.3.3 Critical Gradient

The critical gradient. is the hydraulic gradient that must be imposethen

sediment before seepage erosion initiates. ThHisalrgradient can be mechanistically
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predicted for noncohesive soils; however, Chu-Agiaal. (2008a) demonstrated that
cohesion is important for seepage erosion procasszsd and loamy sand soil textures
packed at variougy,.

As mentioned previously, Dunne (1990) suggeststhigtritical gradient should
be a function of the immersed weight of the grainaggregates and the cohesion per
unit area, as shown in equation (3.7). The difficulith equation (3.7) is that dis
large, realistic values of the seepage gradiendtteanrealistically thick failed layers.
However, the seepage gradient has to become uwsireally large to result in seepage
gradients to cause liguefaction at the scale ¢ffisgments that commonly flow by
seepage (Dunne, 1990). Furthermore, for steep &aglles, an additional force created
by overburden must be included in the force baldretere liquefaction and mobilization
can occur.

Because of these difficulties in using mechanggtiproaches with cohesive soils,
an empirical analysis was performed to derjvbased on the fundamental properties
influencing liquefaction (i.eg). To derive this relationship, additional soil tko
experiments were performed. The soil block was edakith sand and loamy sand at
variouspy. The bank face was maintained at a 90-degree afiglee start of the
experiment, the head in the water reservoir waatséicm (i.e., 1.5 cm above the clay
layer). Once steady state flow was reached, the Wwaa increased by 1 cm and the
system was allowed to reach equilibrium. If no und#ing was observed, this process
was repeated until a sufficient head was reachatdiths capable of propagating an
undercut (Figure 3.7). Each experiment with a gisenof soil and hydraulic controls

was carried out in duplicate. Since the head wa®ased in 1 cm increments, a
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minimum and a maximum were used to define thecatitiead, with the minimum value
being the head before undercutting occurred anchthbemum value when undercutting
propagated. The critical gradient was determineditding the critical headsl,

which was measured using the three-dimensionabmik set-up of Chu-Agor et al.
(2008a), by the length of the soil block.

T GRS — e p— - " 4o e R o ._--;.-

e

Figure 3.7 Initiation of seepage undercuttingsand apy, = 1.6 Mg m® with an

imposed gradient of 0.30. The imposed gradientaapable of propagating an undercut.

3.3.4 Function Development

Experiments conducted by Chu-Agor et al. (2008a) ¢ixperienced seepage
undercutting were divided into two groups. Two-tisiof the experiments (34
independent experiments) were used for functioreldgwnent (Table 3.2) and the
remaining one-third (18 independent experimentsjuoction evaluation (Table 3.3).
The groups were chosen randomly based on a randorher generator. Each

experiment consisted of one or more scanned int@gessenting the evolution of the
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undercut before mass wasting occurred. Thus, equrienent contained measurements
of d, at different times during the experiment (i.e.,di3ervations for function

development and 40 observations for evaluation).

Table 3.2 Soil, hydrologic, and bank charactersstif function development data sets

(i.e., approximately two-thirds of the soil blockperiments).

Number of Experiments

Soil Pb o H (Number of Scans in each

Type (Mg m?) ©) (cm) Experiment)

Sand 1.60 90 15 23, 4)
1.60 75 15 1(3)
1.60 60 15 1(3)
1.60 90 25 2 (3, 5)
1.60 75 o5 2 (5, 3)
1.60 60 25 1(2)
1.60 75 35 2 (4, 1)
1.60 60 35 2(3,3)
1.45 90 15 1(2)
1.45 75 15 1(2)
1.45 90 25 22, 3)
1.45 60 25 1(4)
1.45 90 35 1(2)
1.45 75 35 2(2,2)
1.45 60 35 1(3)

Loamy

Sand 1.60 90 15 1(2)
1.60 90 25 1(3)
1.70 90 15 1(3)
1.70 90 25 1(1)
1.60 75 15 1(6)
1.60 75 25 1(3)
1.70 75 15 1(2)
1.70 75 25 1(1)
1.70 75 35 1(3)
1.60 60 25 1(1)
1.70 60 15 1(4)
1.70 60 25 1(1)
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Table 3.3 Soil, hydrologic, and bank charactersstif function evaluation data sets (i.e.,

approximately one-third of the soil block experingn

Number of Experiments

Soil Pb o H (Number of Scans in
Type (Mg m?) © (cm) each Experiment)
Sand 1.45 60 15 1(5)

1.45 60 25 14

1.45 75 15 1(3)

1.45 75 25 1(3)

1.45 90 15 1(2)

1.45 90 35 1(2)

1.6 60 25 1(2)

1.6 75 15 1(1)

1.6 90 35 1(4)
Loamy
Sand 1.6 60 15 1(4)

1.6 60 35 1(1)

1.6 75 35 1(4)

1.6 90 35 1(1)

1.7 60 35 1(2)

1.7 90 35 1(2)

From the laboratory experiments, the observed @nasite E;s, was computed by
dividing the ratio of the eroded volume to the avéthe undercuty, /A, by the observed
time and multiplying bys,. The average value of was used with the soil properties for
the specific type and packing. A nonlinear regassif E.s versus-i, was fit to all 34
experiments with varying soil typgs, H, and bank angles. A limitation of the proposed
sediment transport function is that it assumesramilow conditions. Therefore, the
equation is only valid for, less than a maximum gradient at which turbulem flo
occurs. Laminar flow conditions should be prevalarthe field except under cases of
macropore or pipe flow (Wilson, 2009). Also, fonfilion development, relationships

were derived betweewi /A, andd,. Geometric relationships between the undercut
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distance and heightl{ andoy) for the experiments in the function developmeatadset
were also defined.
3.3.5 Function Evaluation

The function was evaluated by comparing the preditime using the
relationships discussed previously to the obsetiveel for a giverd,. First, a value ofl,
as measured during the function evaluation experimas selected. The rati/A, was
then computed using the relationship betwégA, andd, obtained during function
development. The gradiemt,was computed as a function of the seledtaasing
equation (3.19). The critical gradient,was determined based on the measured critical
head H., using equation (3.18). Next, the erosion r&ig,was calculated using the
empirical equation derived from the function depah@nt dataset (i.e., equation 3.16).

The time required for a givesh, to develop was then calculated as:

_ VA
P Ers/pb

t 28)

Finally, a linear regression analysis was perforipetsveen the observed time to
reach the specifi@,, to the predicted time;, calculated using the seepage erosion
sediment transport function and the geometricabund relationships.

3.3.6 Estimating the Undercut Dimensions

From knowledge ofl, anday, the five-parameter Gaussian function can be
simplified to approximate the heigt)((and if necessary the widtw) of the undercut at
different distances alondy. For example, at the bank face, one can solvhfdie.,
height of the undercut at the bank face, respdgjivehenzis reasonably close to zero
(i.e.,z=¢). To solve for thd, simply substitutex = 0 withx,= 0 andy, = 0 into

equation (3.14) and solve fgr= hy,/2. The following equation is derived:
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hy =20, |- |n[dij (3.21)

u

Similarly, solving for theh at anyz, wherez <d,, results in the following
eqguation that allows prediction of the undercufpghlaeight:

h(2) =20, |- In[diJ (3.22)

u

In order to computly; using equation (3.21), it was first assumed hveds equal
to the average particle diameter or the mediangbadize dso, of the particle size
distribution since an undercut cannot be formed ahteast one particle is dislodged
from the bank. The values &f were computed using the Gaussian function forvaryi
du. Next, a calibrated was derived using the function evaluation datdbased on
minimizing the root mean squared error (RMSE) betwine dimensions of the undercut
(hof) measured from the scanned images to the dimensitonguted using equation
(3.21).

3.4 RESULTS AND DISCUSSION
3.4.1 Function Development and Evaluation

Prior to deriving the sediment transport functithe critical gradient,, was
determined by measuring the critical heldg, for the coarse and loamy sand using the
three-dimensional soil block set-up of Chu-Agoaki2008a) (Table 3.1). Recall that the
value ofH. used in computing, was the average of the minimum and the maximum
values (Table 3.1). Usingc,, the relationship betweeg and effective cohesion;, was
established (Figure 3.8). Soil cohesion adds ama éatce that has to be exceeded, in

addition to gravity and water forces, before ligaation could occur. According to Dunne
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(2990), for soil with some amount of cohesion, &imeeforce is acting on the soil mass
resisting the separation of the mass. He addedtltkgpended on the thickness of the
volume that eventually separated. Cohesion theze$om parameter which can also be
used to estimatig;. Regardless of soil type and packing conditigrandc’ followed a

logarithmic relationship (Figure 3.8).

0.5

0.4
(]

igr = 0.19 In(¢) + 0.09

0.3 1 RZ=0.99

0.2 4

Critical Gradient, i,

0.1 -

0.0 T T T
0 2 4 6 8 10

Effective Cohesion, ¢' (kPa)
Figure 3.8 Relationship between the critical geatlic,;, and effective cohesion;. The

critical gradient was computed by dividing theicat headHc,, which was measured in
the laboratory, by the length of the soil blockisTirelationship applies to sand and loamy

sand at different bulk densities.

Results of the non-linear regression between exyaetial data Ok, versus-ic
for all the 34 experiments with varying soil typsg, H, and bank angles resultedkg=
0.04 kg/ni/s anda = 1.2, respectively, with a coefficient of regiessR?, of 0.54

(Figure 3.9). This function covered a wide rangeafability (i.e., different hydraulic
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controls, different packing conditions, and twd $gpes) as well as the three-

dimensional nature of the seepage erosion.
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Figure 3.9 Relationship between seepage erosierfgg and excess gradienti(;)

using data from function development studies coingi®f data from both soil types
(coarse sand and loamy sand) and across a raisggarfl different bulk densities (1.3 to
1.7 Mg m®), heads (15 to 35 cm), and bank angles (60 toeg@ees). The inner band is

the 95% confidence interval while the outer banithés95% prediction interval.

The sediment transport function was derived frondsand loamy sand
experiments where banks experienced undercuttiaged@on the results from Chu-Agor
et al. (2008a), undercutting occurred when the sastiear strength was great enough to
resist initial tension until liquefaction initiatgehrticle mobilization. They further showed
that this mechanism is largely controlled by th#sa,, which in turn controlled the
hydraulic and geotechnical properties of the $oitheir experiments, seepage

undercutting occurred when thgfor sand and loamy sand was greater than 1.3 Mg m
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and 1.5 Mg i1, respectively. For other soil types, the limitjmgfor seepage
undercutting to occur was hypothesized to increaghe clay content increased and
hence, could be greater than 1.5 Mg, his means that these soil types may not
experience seepage undercutting in the field, dher may collapse due to the force of
the ground water seepage gradient alone (i.e.pwithndercutting), as described by
Chu-Agor et al. (2008a). These other soil typeshawhave a higher, than typically
observed in the field in order for the soil mashatd the initial tension until

undercutting initiates. Since sand and loamy $ewe a lowepy, threshold, they are
more vulnerable to seepage undercutting in thd flen other soil types that experience
mass failure without first developing an undercut.

Since the function considers the three-dimensinatire of seepage erosion, the
geometry of the undercut has to be defined. Mattieally, a linear relationship is
expected betweeth, andV,/A, when using the Gaussian function. For the function
development data sets, a linear relationship viathesof 0.3 betwee¥ /A, andd, was
observed (Figure 3.10). This relationship provittesllink betweeml, with the average
distance of undercu¥,/A,, andE.. Future research should be devoted to investigatin
other multiple dimensional shapes for the seepaderauts, such as elliptic paraboloids,

to see if stronger relationships can be derived.
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Figure 3.10 Relationship between seepage erosixinmim distance of undercut,,

and volume per unit are® (A,) using data from function development studies ising
of data from both soil types (coarse sand and losaimg) and across a range of several
different bulk densities (1.3 to 1.7 Mg¥n heads (15 to 35 cm), and bank angles (60 to

90 degrees).

The function was evaluated using the remainingxjf#&ements by comparing the
observed time with the predicted time for whicthasend, developed. The linear
regression analysis between the predicted timetandbserved time resulted in ahd®
0.79 (Figure 3.11). The function was found to dlighinder predict the time to develop a
givend, at large time. Larger observed times correspotaleaperiments performed on

stable banks (i.e., lower andH, and highepy).
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Figure 3.11 Linear regression between predictad ;) and observed timeyfs)
calculated using the seepage erosion sedimenpterfanction and geometrical
undercut relationships to obtain the observed mamirdistance of undercudj) for the

function evaluation studies.

3.4.2 Dimensions of the Undercut

From a prediction ofl,, Chu-Agor et al. (2008a) and this research docteaen
the appropriateness of a Gaussian distributiom fadnich predictions o of the
undercut could be made (Figure 3.12). Oages known,h,s can be computed using
equation (3.21). When assumingqual todsp or using a calibratedequal to &s, linear
regression analysis between the measured and cedipuyielded arR? of 0.84 forhyy
(Figure 3.13). The calibrategresulted in slightly lower RMSE fd for the loamy sand
and approximately equivalent RMSE for the sanbe latter should be used since little

difference was observed in the RMSE between threé¢ds ande equal tads.
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Figure 3.12 Observed relationship between the maxi distanced,) of the undercut

and the height as quantified by the spregjifor the sand and loamy sand soils within

the function development data sets.

It was noted from the regression analysis thaethetion fothy: derived from the
Gaussian function overestimated the measured valoesh,: was greater than 5 to 10
cm. This can result in unrealistic values for langedercuts. Therefore, the use of the
Gaussian function in estimatiig: should be limited to the dimensions of undercsedu
in the linear regression analysis, ilg:;,should be less than 10 cm. These dimensions
correspond tal, of approximately 10 cm. Results from Chu-Agor et(2008b) showed
that ad, of approximately 3 to 5 cm is sufficient for antially stable bank to reach a
probability of failure equal to 100%. Thereforeg ttange of dimensions which the

function can predict is sufficient to cause barstability and failure.
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Figure 3.13 Linear regression analysis betweem@sured and computed undercut

height by for the function evaluation data set.

3.4.3 Use of the Sediment Transport Function

With the above sediment transport functions araticeiships betweed, and
geometry of the undercut, knowledge of the grouatewvelocity exfiltrating from the
streambank can be used to predict the bank geomestuiting from seepage erosion
undercutting. The empirical approach used in thsearch lends itself to being
incorporated into a bank stability model with liedtinformation needing to be input by
the user.

First, users will need to input the cohesion ofstreambank seepage layer to
derive a critical gradient. Second, users needte lan estimate of hydraulic gradients
over time. The average gradient based on measuraeddaeled ground water table
elevations in the adjacent streambank can be vssahtpute the erosion rate at every

time step using the derived sediment transporttiongi.e., equation 3.16) and the
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distance of undercut from the previous time stap,(@n explicit formulation). A
negative erosion rate (i.e.< i¢r) signifies no transport for that particular timeps For
the entire simulated time, the cumulatisg can be obtained if the user specifies the
layer’s p,. From the computeH,s, theV,/A, can be estimated. For a two-dimensional
bank stability model, only the height of the underat the bank facéyy, is needed,
which can be determined using equation (3.21).
3.5 SUMMARY AND CONCLUSIONS

An empirical sediment transport function that agdsuor soil cohesion and the
three-dimensional nature of undercut formation degeloped and evaluated based on
soil block experiments of seepage erosion undengutilost seepage analyses are
focused only on the critical gradient to creataedifaction and/or the critical gradient to
cause noncohesive bank failure. This research mietiee first development and
evaluation of a methodology for simulating seepagsion undercutting. The transport
function was represented by an excess gradientitumeherein the rate of erosion was
related to the difference between the flow gradstt a critical gradient. The former was
estimated from Darcy’s Law with an adjustment teetanto account the distance of
seepage undercutting. Mechanistically, the critiggallient should be a function of the
soil cohesion, and in this research, the criticatlgent was related to the effective
cohesion through a logarithmic relationship. THatrenship between the eroded volume
per bank face area adgdwas also derived based on an assumed Gaussidiofufar
the undercut shape. Future research should ine¢staglditional three-dimensional
functions that may better represent the underajpeshThe sediment transport function

together with the derived relationships betweerdiheensions of the undercut and its
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geometry can be used to incorporate the effectegbage erosion undercutting into bank
stability analysis with integrated groundwater fland stability models. Users only need
to input the seepage layer’s cohesion, bulk denaitgt the hydraulic gradient over time

in the near bank ground water system.
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CHAPTER 4
Incorporating Seepage Processes to Streambanlkitgtabi
Modef*

4.1 ABSTRACT

Seepage processes are usually neglected in bdnlitygnalyses although they
can become a prominent failure mechanism undeaiodiéeld conditions. This study
incorporated the effects of seepage (i.e., seepagkent forces and seepage erosion
undercutting) into the Bank Stability and Toe EoosModel (BSTEM) and evaluated the
importance of the seepage mechanisms on bankistablie effects of the seepage force
were incorporated into BSTEM by modifying the folmaance. Seepage erosion
undercutting was simulated using a recently propeseliment transport function. The
modified BSTEM was then used to evaluate the staloif a streambank along Little
Topashaw Creek under different scenarios: (1) witlseepage forces and undercutting,
(2) with seepage forces only, (3) with seepage tudiggng only, and (4) with both
seepage forces and undercutting. For a conditieareMie bank was fully saturated, the

factor of safetyRS) decreased by as much as 66% (E8.decreased from 2.68 to 0.91)

* Conference paper at the 2009 ASABE Annual International Meeting, Reno, Nevada
Chu-Agor, M.L., G.A. Fox, and G.V. Wilson. 2009. Incorporating Seepage Processes into
a Streambank Stability Model. ASABE Paper No. 095936, St. Joseph, Mich.:
ASABE.
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from that of a dry condition due to the decreasthénfrictional strength of the soil as the
pore-water pressure increased. Incorporating tleetsfof the seepage force resulted in
an average decreaserB of approximately 30 to 50% for all water table thep Seepage
erosion undercutting reduced th8 by approximately 6% for a 5 cm undercut (i.e., 2%
of bank height) and 11% for a 10 cm undercut (868% of bank height) due to the loss
of supporting material in the conductive layer. &g erosion undercutting required 15
to 20 cm of seepage undercut to become the domi@idure mechanism over seepage
forces and pore-water pressure effects. The cuivelatfects of seepage reduced this
streambank’$Sby up to 63% when the water table reached theedpéink height. The
development of a bank stability model capable wiutating seepage processes was
necessary in order to better understand site-spéaiure mechanisms
4.2 INTRODUCTION

Seepage in soil affects stability primarily in tanays: (1) by reducing soll
strength, (2) by exerting seepage forces, andy(3gbpage erosion undercutting.
Seepage produces pore-water pressure which rethecégctional strength of the soil
and thus its shear strength. It can alter the stre®f the soil which in turn can reduce or
eliminate cohesive strength. It also produces pageforce. As water flows through the
soil, it loses energy. Since energy is neithertebaor destroyed, this lost energy is
transferred to the soil skeleton in the form of $kepage force (Reddi, 2003). According
to Reddi (2003), the magnitude of the seepage fsrotten significant enough to disturb
the force balance and destabilize soils. In the cstreambanks, the seepage force is
exerted on the soil skeleton as water flows ouhefbank or as it infiltrates deeper into

the soil.
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Another effect of seepage on stability is seepagsi@ undercutting (Fox et al.,
2007; Wilson et al., 2007). For example, a perchatkr table can develop due to high
infiltration rates in a conductive soil underlaiy &n impermeable layer. Water upon
reaching the restricting layer will be forced tovil horizontally. At the point where water
exits the bank, erosion can occur producing cekesfeatures called seepage undercuts
(Figure 4.1). As these undercuts become largeptipg material is lost which can lead
to cantilever failures. This process has been nmt@dcur in numerous geographical
locations (Fox et al.; 2007, Wilson et al. 2007) &s importance on stability has been

highlighted in recent research (Cancienne et @082Chu-Agor et al., 2008b).
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Figure 4.1 Streambank seepage and erosion duaél |
2006) and example of seepage erosion undercutting &oodwin Creek in northern

Mississippi.

Most bank stability models account for the efferftseepage by considering

changes in soil pore-water pressure on the shegngsh of the bank. Integrated codes
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like SEEP/W and SLOPE/W (Geo-Slope Internationtd,)Lare used to link groundwater
flow and slope stability models where pore-watespure simulated from the
groundwater model is used as input to the banklisyatmodel. However, the change in
the geometry of the bank face due to seepage erasercutting as well as the effects
of seepage force are not dynamically simulatedinexisting bank stability models.
Although several authors have attempted to présdiok instability and failure due to
seepage (Howard and McLane, 1988; Dunne, 1990; Badd Gobin, 1996; Lobskovsky
et al., 2004; Fox et al., 2006; and Chu-Agor et2808a,b), no stability models exist that
incorporate all of these seepage mechanisms.

4.2.1 Bank Stability and Toe Erosion Model (BSTEM)

The Bank Stability and Toe Erosion Model (BSTEM)svaeveloped by United
States Deparment of Agriculture’s Agricultural Resh Service (USDA-ARS) as a tool
to evaluate streambank stability for river managastabilization and restoration. It is
an Excel-based program that evaluates bank siahild estimates fluvial erosion due to
surface flow. It considers up to five distinct miaklayers, the effects of saturated and
unsaturated pore-water pressure, the confiningspresrom the river, as well the
reinforcement and surcharge effects of vegetatiotop of the bank. The model
evaluates stability by computing the factor of af€S) using limit equilibrium theorem
of a planar shear failure plane. It is capablevalating streambank stability due to the
combined effects of changes in pore-water prespuesence of vegetation, and fluvial
erosion. Cancienne et al. (2008) and Wilson €R8I07) used BSTEM to evaluate the
effects of seepage erosion on bank stability byuabyadjusting the geometry of the

soil profile.
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The user can specify the location of the groundcewtable or the vertical pore-
water pressure distribution. If the user defineswlater table depth, BSTEM assumes
hydrostatic conditions below the water table, anedrly interpolates the matric suction
above the water table. The latest version of BSTidision 4.1) does not address the
reduction in the soil strength due to seepage ieddarces nor does it consider the
change in the geometry of the domain due to seepr@géon undercutting.

4.2.2 Objectives

The objective of this study was to incorporate sgepeffects (i.e., seepage
erosion and seepage forces) into BSTEM and to ateathe importance of these
mechanisms on stability. The near bank ground veatatient was simulated using
SEEP/W. The seepage force was computed and inedegonto the computdeS. Also,
the geometry of the simulated seepage layer waategdhased on a seepage hydrograph
predicted by the ground water flow model and amdgg@roposed seepage erosion
sediment transport function (Chu-Agor et al., 2009)

4.3 MATERIALS AND METHODS
4.3.1 Seepage Force

Incorporating the seepage for&¥, into BSTEM involved a force balance
analysis where the components of the force weileded in the computation &S In
the latest version of BSTEM, the forces consideethg on a soil mass (Figure 4.2)
included the gravity forcea)V, the pore-water pressukg, the confining pressure from the

streamP, and the soil shear strength,
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Figure 4.2 Free body diagram of the failure plenie modified BSTEM. The forces
(and their components) acting on the failure mass(&) the weight of the soil mad¥,
(2) the confining pressur®, (3) the pore-water pressutg, (4) the soil shear strength,

and (5) the seepage for& at an angler with the horizontal. Angleg and« are the

shear plane and bank angles, respectively.

If one takes the entire failure mass as a free bib@y-S (ratio of resisting forces

to driving forces) withouSF, can be written as:

FS=—"' (4.1)
Wd - Pd

For an unsaturated sott, is given by Fredlund and Rahardjo (1993) as:
r =c+(oc-U,)tang'+(U, —U )tang® (4.2)
wherec’ is the effective cohesiom, is the effective angle of frictions” is the rate of

increase in shear strength relative to the matigtien, U,-U), o is the total normal

stress, antll, is the pore-air pressure. As water approachesasato, U approacheb,,

the matric suction goes to zero and equation @e2pmes the equation for saturated soil:
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7 =c+(o -U)tang' ™.
In the case of a saturated soil mass (Figure 4tBput seepages is defined as:
o=W, +P, (4.4)
TheFSfor a saturated soil mass can be then written as:

c+{W, +P)-U]tang

FS= (4.5)
Wd - Pd
The magnitude oBF acting on a given mass can be written as:
SF =y (4.6)

wherei is the hydraulic gradient, angl is the unit weight of water. The location and
direction (i.e.) of SFcan be approximated based on the center of grakitye flow
region and the mean direction of flow in that reg{Reddi, 2003).

For a given layer or slicécan be imported from an external groundwater flow
model. For this study,was simulated using SEEP/W. Sinaaried in every slice/layer
within the failure mass, the value at the centadithe slice/layer was considered. In
other words, the magnitude was approximated atildepoint of each layer along the
failure plane. The direction &Fwas taken from the direction of the flow vectoheT
components oBFwere then incorporated in the force balance arslyBSTEM.

WhenSFwas included in the mass balance, it affecteddhisting as well as the
driving forces. In the case of a saturated soil;yféSwas written as:

g C+W, + R £ SF)-U]tang @.7)
W, + SF - P,

whereSk, andSk are the normal and tangential componentSFfrespectively, with
respect to the failure plane angte(Figure 4.2). The effect of ti&F-ono and thus on

the resisting forces was not always the same pei@éed on the value gfwith respect to
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. If ywas greater thafi, Sk, has a stabilizing effect dfS and otherwise a destabilizing
effect if ywasless tharpg.
4.3.2 Seepage Erosion

Seepage undercutting was incorporated into BSTENYube sediment transport
function developed by Chu-Agor et al. (2009). Thdisent transport function was given
as:

E. = 004(i-i_)" (4.8)
whereE; is the seepage erosion rate (i.e., mass of setliMeper bank face area of the
undercutA,, per timet, kg/nf/s),i is the hydraulic gradient based on the groundwater
steady-state velocity, ang is the critical gradient. The hydraulic gradientree bank
face of the seeping layer was determined from SBE&Id imported into BSTEM. The
critical gradient was found to be a function of ol cohesion by Chu-Agor et al.
(2009):

i, = 019In(c") + 009 qxn.
wherec’ is the effective cohesion in kPa.

In this study, SEEP/W was used to simulate theameevelocity of the seepage

layer at the bank face, from whickvas determined using Darcy’s law as follows:

j=— (4.10)

wherev is the velocityn is the porosity, anl is the saturated hydraulic conductivity.
The erosion rate was then computed at each timpeusiag the derived sediment

transport function, i.e., equation (4.8). A negaterosion rate (i.el. less than)
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signified no transport before that particular tistep. For the entire simulated time, a plot

showing the distribution d&s in time can be obtained (Figure 4.3).

E

y

v

Figure 4.3 Example of the seepage erosion Eatedistributed in timet. For example,
if a user was interested in determining stabilgyveeent = 0 andt = tg, the cumulative
positiveE;s betweert = 0 andt = ts (shaded area) would be used to determine the total

eroded masd\l.

From the computeH;s, the total eroded mass per unit area of seepaigrcurt,
M/A,, was determined. Note thslt A, was the product d&,s andt, or the total area of the
positive (shaded) region in Figure 4.3 prior totihge step in consideration. From the
computedVl/A,, the ratioV,/A,, whereV, is the eroded volume, was computed and
related to the maximum depth of underclt,by the following empirical relationship
(Chu-Agor et al., 2009):

VJ/A = 0.3d, (4.11)

Using this relationship], was predicted frork,s at a given time.

Since BSTEM is a two-dimensional stability modkg teight of the undercut at
the bank faceh, was also needed. This was determined using traefeic relationship
between the dimensions of the undercut from exp@risnconducted by Chu-Agor et al.

(2009) as follows:
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hy =20, —|n(diJ
y (4)12

whereg is average particle sizés(), andoy is the spread of the undercut at a given point.
For the maximum undercugy was predicted using the following relationship:
o, =021d," 18)

Onced, andh,; were computed for the first time step, they wesedito update
the geometry of the streambank face. The updat#depwas then used as the initial
profile for the next time step (i.e., an expli@trulation). The parameters of the
sediment transport function, i.e., equation (48re determined using this updated
profile. Once the time series of seepage erosidenentting was predicted, the
coordinates of the seepage layer were updated TEBSand theFSat a given time was
computed.
4.3.3 Model Application

The modified BSTEM was used to evaluate the stglofia streambank along
Little Topashaw Creek (LTC) in Northern Mississifilson et al., 2007). The LTC has
contrasting soil types and layering and hydrawjidfblogic conditions which are ideal
for seepage to occur. Wilson et al. (2007) docuetkthe firsin situ seepage
measurements at LTC. They identified eight seepshwiliere predominantly
characterized as seepage through a conductivedagelying a water restricting layer.
TheKs decreased by two orders of magnitude between tagees and was sufficient to
result in seepage flow (Wilson et al., 2007). Aitgb profile of LTC consists of a thick

silt loam (SiL) top layer (1.5 m) underlain by gher conductive loamy sand (LS) layer
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(0.5 m) and a restrictive clay loam (CL) layer {1la0the bottom of the profile (Figure
4.4).

3.0

25
Silt loam (SiL)

20

15

rrrrrrrrrrrrrrrrT

Loamy sand (LS)

Y Y Y O Y N |

elevation(m)

1.0

05 Clay loam (CL)

80¢

0.0
0 1 2 3 4 5

distance(m)
Figure 4.4 Bank profile of LTC used in SEEP/W. Hwnain was divided into 0.10°m

finite elements. A constant head was maintaingdeateft boundary and free drainage at

the bank face (right boundary). No confining puesdrom the stream was considered.

The average velocity of the seepage layer wasdiimstilated using SEEP/W
using the hydraulic properties measured by Wildaal.€2007) (Table 4.1). A constant
head boundary was imposed at the left side of timeath with a head that varied from
0% of the bank heighBH) to 100% ofBH. The appropriate interval of the time steps
was selected by trial and error. Selecting the @rdime step was important in simulating
seepage erosion undercutting. Erosion did notpédee untili was exceeded, but once
erosion initiated, the process accelerated in tiftbe interval between time steps was
large, fewer time steps were needed for erosiamtiate; however, the range over which
the sediment transport function was applicable naybe captured within the time step.

Choosing a small interval on the other hand reduftdonger simulations. Stability was
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evaluated using BSTEM by computing #88under different scenarios: (1) without
seepage forces and undercutting, (2) with seepmaged only, (3) with seepage
undercutting only, and (4) with both seepage famog undercutting. All scenarios

included pore-water pressure effects due to thatiloe of the water table.

Table 4.1 Soil hydraulic properties of LTC (aft¥ilson et al., 2007)

van Genuchten Parameters

Pb Ks Os
Soil Type (Mg m?®)  (cm/d) (cm’cmi®) o (1/cm) n
SiL 1.39 63.9 0.39 0.006 1.6
LS 1.50 1453.1 0.40 0.012 2.0
CL 1.61 54 0.44 0.009 1.7

4.4 RESULTS AND DISCUSSION

BSTEM was first used to compute th8 without considering the presence of
seepage erosion undercutting or seepage forcegrobadwater table depth was input
into BSTEM and duplicated the boundary conditiossdiin SEEP/W. The depths of the
water table assigned to the model were 0, 25, 50ai7d 100% oBH. As the water table
increased from 0% dH to 25% ofBH, FSdecreased by 19% due to the reduced
frictional resistance (i.e., increased pore-watesgure) and increased saturated weight
of the soail (i.e., a driving force). THeS continued to decrease by 29% as the water table
increased from 75% d&H to 100% ofBH (Figure 4.5). For a condition where the bank is
totally saturated-S can decrease by as much as 66% from that of ecajition (i.e.,

0% of BH).
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4.4.1 Stability with Seepage Forces

IncorporatingSF resulted in an average decrease irR&ef approximately 25 to
35% for all water table depths except for 1009BBf which decreased the FS by 55%
for a case without seepage erosion (Figure 4.5 .d8trease in tHeSwas due to the
decrease in the frictional strength of the soil thu8F, and/or the increase in the driving
force due t&SF. It should be recalled that depending on the sge=pagley, relative to
S, SK, could increase the frictional strength of the.dddwever, this increase was not as
important as the decrease in the driving forcestd& since only a fraction dbF, (i.e.,
SFKtang) contributed to the resisting forces. The largeréase ir-Sfor WT = 100% of
BH was due to botBF, decreasing the frictional strength of the soil &kdincreasing

the driving forces.

3.0

B without SE, without SF O without SE, with SF

2.5
33%
2.0

{(5%)

1.5 1

1.0

Factor of Safety (FS)

0.5 A

0.0 -
0 25 50 75 100

Water Table Elevation (% of BH)
Figure 4.5 Factor of safetlyS with and without the seepage for&&; and the

corresponding decreaseh®.Percentages inside the circle are the decredsgdue the
rise in the water table elevation with@&E Percentages inside the rectangle are the
decrease iFSdue to the rise in the water table elevation BE1No seepage erosion

undercuttingSE was considered.
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Raising the water table from 75%BIH to 100% ofBH decreased theS by 57%
as opposed to only 29% when BEwas not considered. On the other hand, the rest of
the water depths showed less decrease iRS$ivehen theSFwas consideredrhe reason
was the stabilizing effect @F, for y greater tharg.

Although the water table was below the failure plére.,H = 0% ofBH, 25% of
BH, and 50% oBH) in some simulations, tHeS decreased. With the water table
positioned below the failure plane, the horizomgadient was negligible but the vertical
gradient increased, indicating some vertical flovotigh the failure mass. This vertical
flow was water draining from the top soil due te tonductive layer underneath.
Neglecting the effects of the downward drainagiétopsoil resulted in an over
estimation of thé&-S by 30 to 50%.

4.4.2 Stability with Seepage Erosion Undercutting

The maximum velocity in the seepage layer at thk lface was simulated using
SEEP/W and the hydraulic gradient was computed tifine step chosen for flow the
simulation varied with the water table depth. Thestrconvenient time step intervals
were 60 s, 30 s, and 15 Ve = 100%, 75%, and 50% &M, respectively. These time
steps were able to capture the gradual evoluti@eepage erosion in time. A perched
water table developed when the haddimposed at the left side of the domain reached
the top of the CL layer. For this reas@&p, was computed only fdd = 50%, 75% and
100% ofBH.

Seepage erosion was observed to initiate (iggeater tham,) whenv was
approximately 3.0xI®m/s with the initiation time inversely proportidiia H. The

dimensions of the seepage undercut were computeg Bmne step using the sediment
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transport function developed by Chu-Agor et al.0@0 However, the applicability of the
sediment transport function was limited to appraatietyd, = 10 cm. Therefore, bank
stability analyses with seepage erosion were lofrtibethis maximum undercut
dimension. Thé&S calculations were reported for ordy= 5 cm, the depth at the middle
of the allowed range, ard} = 10 cm, the maximum depth allowed by the sediment
transport function.

The coordinates defining the bank face of the y@ian BSTEM were modified
in order to account for the undercut dimensionsigetheFSwas computed. It was
found that thé-S decreased by approximately 6% =5 cm and 11% fod, = 10 cm
(Figure 4.6) due to the removal of supporting matén the LS layer. The decrease in
theFSmay seem small but it should be recalled that #rkIprofile was 3.0 m tall. The
largerd, wasrelative to the bank height, the higher the de@@asheFS. In fact, Chu-
Agor et al. (2008b) reported a decrease%for ad, = 5 cm (6.25% oBH) in their
experiments of approximately 39%.dA= 10 cm (12.5% oBH) in their experiments
was reported to decreaB8 by around 63%. The decrease inf#&due to the rise in the

water table depth when the undercut was in placaireed unchanged.
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Figure 4.6 Factor of safetlyS due to seepage erosi@E The presence of the seepage
undercut did not affect the decreas&8due to the rise of the water table elevation. No

seepage forc&§F, was considered

4.4.3 Stability with seepage erosion and seepage force

The combined effects &EandSFreduced thé&Sfrom 33 to 40% and
approached 63% when the WT reached 1008t+bfFigure 4.7). In this study, tH&F
was the more important seepage failure mechantsroohtribution was more than twice
that of SEand the rise in groundwater table elevation wheWT reached 100% d&H.
This was expected because of the thick layer otolpabove the conductive layer along
the failure plane. This resulted in a large voluwhsoil on which the&SFwas acting. A
d, of approximately 6% dBH (i.e., 18 cm) for the LTC bank was sufficient &iEto
become a more important failure mechanism thacahginedSF and increased

groundwater table elevation.
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Figure 4.7 Factor of safetlyS, due to seepage erosi@Eand seepage for&r

Percentages inside the rectangle are the decrekSaue to the rise in the water table

elevation with botfSEandSFE

4.5 SUMMARY AND CONCLUSION

This study incorporated the effects of seepageBS®EM and evaluated the
importance of this phenomenon on bank stabilitpuBdwater effects in BSTEM were
simulated using a user defined groundwater taljhd@ he effects of the seepage force
were incorporated into BSTEM by modifying the folmaance. Seepage erosion
undercutting was simulated using the sediment p@ms$unction developed by Chu-
Agor et al. (2009). The function computed the disiens of the seepage erosion
undercut in time, which were then used to modigyltank profile in BSTEM. Stability
of a streambank along Little Topashaw Creek wakiated under different scenarios:
(1) without seepage forces and undercutting, () seepage forces only, (3) with
seepage undercutting only, and (4) with both seef@ge and undercutting. For a

condition where the bank is totally saturated,RBean decrease by as much as 66%
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from that of a dry condition due to the decreasthénfrictional strength of the soil as the
pore-water pressure increased. Incorporating tleetsfof the seepage force resulted in
an average decreaserB of approximately 30 to 50% for all water table thep Seepage
erosion undercutting reduced th8 by approximately 6% for a 5 cm undercut (i.e., 2%
of BH) and 11% for a 10 cm undercut (i.e., 3.3%8bl) due to the loss in supporting
material in the conductive layer. Seepage erosimercutting required 15 to 20 cm of
seepage undercut to become the dominant failur@aném over seepage forces and
pore-water pressure effects. The cumulative effeics®epage reduced this streambank’s
FSby up to 63% when the WT reached the entire banghh Seepage effects were
significant to warrant the development of a modgdable of simulating seepage
processes. Such a model provides the capabiljgitiorm more comprehensive bank

stability analyses to better understand site-spdeifiure mechanisms.
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CHAPTER 5
Summary and Conclusion of Dissertation

The overall objectives of this research were toebeinderstand the mechanisms
of bank erosion and failure by ground water seepageto incorporate seepage
processes (i.e., seepage erosion undercuttingespadge forces) into bank stability
analyses. Seepage processes (i.e., seepage fodcesepage erosion) were not being
considered when evaluating the stability of streaniis either for design or investigation
purposes. This was due to the complexity of meaguseepage in the field, simulating
the processes in the laboratory, and in undersigritie failure mechanisms due to
seepage. This study showed that streambanks sedbjiecseepage processes could fail
without manifesting prior visible warning when ssitength was exceeded by the
combined effects of gravity and seepage forceshEBunore, streambanks with
contrasting soil types and layering under hightirafiion may result in soil mobilization
and undercutting at the point where water exfiétsahe bank. As the undercut becomes
bigger, the bank could fail due to the loss in suppg material. The rate at which
seepage erosion occurred (i.e., the eroded massr@@rwas predicted in this study
using the hydraulic gradient and effective cohesidre shape of the seepage undercut
was represented by a known three-dimensional fomethich was used to translate the
eroded volume into dimensions. The dimensions®f&t#epage undercut were then used
to define the bank profile in a bank stability mbdéis study demonstrated that seepage

processes were important streambank failure mestmsnand in some cases can be more
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important than the effects of groundwater levelglEeting these processes in bank
stability analyses can result in overestimatingdtadility of streambanks by as much as
50 to 60%.
5.1 SPECIFIC CONCLUSIONS IN REGARD TO EACH DISSERT®N
CHAPTER
The study was divided into four independent bugrirelated sections. Specific
conclusions for each section are discussed inall@ning sections. The first part
demonstrated a procedure for incorporating seepagile mobilization and
undercutting into bank stability models using daban two-dimensional soil lysimeter
experiments of layered streambanks. Seepage enasa@rcutting was simulated by
manually changing the geometry of the seeping Iagsed on the measured dimensions
and timing of the undercutting. Changes in soileva@rressure were simulated using
SEEP/W, a variably saturated numerical flow mowdslile bank stability was analyzed
using SLOPE/W based on limit equilibrium. The méator of safetyFs, was used as
an index of bank stability for all experiments. Thk#owing results were obtained:
e Changes in pore-water pressure did not sufficiertlytribute to bank instability.
e The loss of supporting material brought about page particle mobilization
and undercutting decreased the meéaim the range of 42 to 91% depending on
the initial stability of the bank.
e Regardless of the initial stability of the bankstability converged as
undercutting progressed. This means that a stalle tan quickly become

unstable when seepage undercutting is considered.
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e For stable banks, the probability of failure reath80% when the depth of the
undercutting reached approximately 30 to 50 mntHese experimental
conditions.

e Bank height and bank slope controlled the initiabgity of the bank while the
established constant head controlled the deptina@énecutting and the medis as
undercutting progressed.

e Based on the results of the lysimeter experiméinésmearfs is exponentially
related to the depth of undercutting.

The second part of this study investigated the mugsims of bank failure due to
seepage using three-dimensional soil block expetisnd he three-dimensional soil
block two compartments, a water reservoir with@iged water inlet at the bottom and a
soil compartment which simulated a single layetesbsnbank with varying bank angles.
Two different soil textures were used for theseegixpents: sand and loamy sand. Each
soil type was packed in the box at various bulksttezs and three different hydraulic
heads were maintained in the water reservoir. Wedsrallowed to flow from the inflow
reservoir to the bank face until failure occurr@tianges in the bank face during the
experiment were monitored using a three-dimensidiggal laser scanner. The
following results were obtained:

e Bank failure mechanisms due to seepage manifestdd)aension or “pop-out”
failure when the seepage forces are greater tleasathresistance as well as
reduced shear strength from increased soil porerpagssure, and (2) particle
mobilization (i.e., entrainment in seepage flow)l fank undercutting when the

seepage force gradient was less than the resfstiog) of the soil block with
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eventual bank collapse due to the combined foroes §eepage undercutting,
seepage forces, and the buildup of pore-water press

Within a specific soil type, the occurrence of thesechanisms was controlled
by the soil’'s bulk density, which directly influesdt the hydraulic conductivity,
effective cohesion, internal angle of friction, amrdical shear stress.

Seepage erosion undercutting initiated as eithienagfal (i.e., a focused
undercut at one place) or multimodal headcuts.sSltyge of the bank
predominately influenced the undercutting formatiénentually, multimodal
undercuts converged into unimodal undercuta sonedbi@fiore bank failure, the
time of convergence being controlled largely bytigdraulic gradient and the
bulk density.

The shape of the seepage erosion undercut captaseated by a five-
parameter Gaussian function.

The generalized relationships between the dimessibthe undercut could be
used to predict the width and height of the unddbesed on a priori knowledge
of the depth

A power law relationship was observed between #pttdand height of the
seepage undercut which is nearly the same fordmth

Differences in soil type were more prevalent inriationships between
amplitude and width. While the differences (i.en,tbe order of cm) between soil
types were statistically significant, it is hyposieed that they would not be

significant from a stability perspective.
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Using the data from the three-dimensional soil-blexperiments, an empirical

sediment transport function which accounts for soliesion was developed and

evaluated based on the three-dimensional natureecfeepage undercut. The function

was developed using two-thirds of the total nundiexxperiments and was evaluated

using the remaining one-third. The following corsituns were obtained:

The transport function was represented by an exgraskent function wherein the
rate of erosion was related (power relationshigheodifference between the flow
gradient and a critical gradient.

The flow gradient was estimated from Darcy’s Lawhwan adjustment to take
into account the distance of seepage undercutting.

The critical gradient was related to the soil cadregsand in this research, a
logarithmic relationship was derived between thicat gradient and the
effective cohesion.

Using the Gaussian function, the relationship betwide eroded volume per
bank face area ardj as well as the relationship betwerandh,: were derived.
The sediment transport function together with teewved relationships between
the dimensions of the undercut and its geometrybeamsed to incorporate the
effects of seepage erosion undercutting into béaiklgy analysis with integrated
groundwater flow and stability models.

Using the seepage layer’s cohesion, bulk dengity tlae hydraulic gradient over
time as input parameters, the dimensions of theaggeerosion undercut can be

predicted in time.
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Finally, seepage processes (i.e., seepage erasioseapage forces) were
incorporated into BSTEM. Also, the importance a$ tbhenomenon on bank stability
along Little Topashaw Creek was evaluated undégreint scenarios: (1) without
seepage forces and seepage erosion, (2) with seépags only, (3) with seepage
erosion only, and (4) with both seepage forcessaegphage erosion. Groundwater effects
in BSTEM were simulated using a user defined growatdr table depth. The effects of
the seepage force were incorporated into BSTEM bgifying the force balance.
Seepage erosion undercutting was simulated usengetiment transport function
developed. The function computed the dimensioriketeepage erosion undercut in
time, which were then used to modify the bank peafi BSTEM. Stability was
evaluated by computing the factor of safét$, The following results were obtained:

e For a condition where the bank is totally saturatedFS can decrease by as
much as 66% from that of a dry condition due todeerease in the frictional
strength of the soil as the pore-water pressureased.

e Incorporating the effects of the seepage forceltexs in an average decrease in
FSof approximately 30 to 50% for all water table thep

e Seepage erosion undercutting reduced-®by approximately 6% for a 5 cm
undercut (i.e., 2% of BH) and 11% for a 10 cm unde(i.e., 3.3% of BH) due to
the loss in supporting material in the conductasgel.

e Seepage erosion undercutting required 15 to 20f@eaapage undercut to
become the dominant failure mechanism over sedpacges and pore-water

pressure effects.
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e The cumulative effects of seepage reduced thiarstoank’s=S by up to 63%
when the WT reached the entire bank height.
e Seepage effects were significant to warrant theldgwment of a model capable
of simulating seepage processes in order to pravitere comprehensive bank
stability analyses to better understand site-speeifiure mechanisms.
5.2 FUTURE RESEARCH

Additional research advances are required, espesialinderstanding the link
between fluvial erosion and seepage processesaFaresion is commonly modeled
with excess shear stress formulations based orodibdity coefficient. However, it is
unknown how ground water forces impact soil erdifybivhen acted upon by multiple
forces simultaneously. Also, much work remainsmpiioving the proposed sediment
transport function. Other three-dimensional funtsiavhich can represent the shape of
the seepage undercut better should be investigaitedimitation in the range of the
applicability of the function is a very importargrestraint since with taller banks the
allowed undercut may underestimate the impactepage erosion on stability. It is
recommended therefore to conduct more experimesirtg larger streambank prototypes
of different bank height in order to widen the rargg applicability of the function. This
study showed the importance of cohesion in theilifodof particles. However, it was
assumed that cohesion did not change during theriexent. Since seepage can change
the structure (i.e., the orientation and distribatof particles and contact forces) of the
soil, cohesion can also change during flow aspaoilicles are rearranged, deposited, and
experience stress. A study that will evaluate ffeceof seepage on cohesion is also

recommended.
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