SEEPAGE-INDUCED SLOPE FAILURES ON SANDBARS IN GRAND CANYON

By Muniram Budhu,' Member, ASCE, and Roger Gobin?

AsstrRACT: The effect of fluctuating discharge from Glen Canyon Dam on downstream sandbars is of sig-
nificant concern to dam operators, environmentalists, and the public. In this contribution, the observations
of seepage-related erosion caused by fluctuations in dam discharge are presented. A finite-element model
embracing Biot’s coupled stress—pore water pressure theory is used to study seepage-induced slope failures
of sandbars in the Grand Canyon. In addition, a simple model based on seepage parallel to slope in an infinite,
homogeneous, cohesionless soil was used to determine the limiting stable seepage slope. In this paper, it is
shown that this limiting stable seepage slope becomes a predefined failure plane. Sand deposited above this
stable seepage slope will eventually fail along the predefined plane from gravitational forces, high pore-water
pressure and seepage forces. Field data from an instrumented sandbar in the Grand Canyon subjected to the
fluctuating discharge from Glen Canyon Dam are compared with the predictions from the simple model, the
finite-element model, and conventional slope-stability analyses.

INTRODUCTION

Glen Canyon Dam, located in the northeastern corner of
Arizona (Fig. 1), was commissioned in 1963 to provide flood
control, water storage, and hydroelectric power for some
western states in the United States. The dam is a “‘peaking
facility,” which means that it is operated to satisfy peak elec-
trical-power demands that usually occur around the middle
of the day. Discharge from the dam fluctuates, creating a
daily tide in the Colorado River downstream of the dam.
Typical daily river stage fluctuation is between 1 and 3 m,
with some narrow river sections reaching 4 m.

Sandbars are scattered along the banks of the main channel
but are more prevalent at the confluences of ephemeral trib-
utaries and the main channel (Schmidt and Graf 1990). Dur-
ing floods or high dam releases, deposits at the confluences
and fresh sediments from the ephemeral tributaries are trans-
ported and then redeposited to form new sandbars or enlarge
existing sandbars. The sandbars provide a natural environ-
ment for riparian habitat. Campers and hikers use some sand-
bars as campsites; these are often referred to as beaches.

In the predam era, the mean annual maximum flow was
2,439 m¥/s, with a record flow of 5,660 m*/s in 1921 (Schmidt
and Graf 1990). Maximum flows usually occurred during the
spring snowmelt and caused scouring on some sandbars. How-
ever, after the floodwaters receded, some scoured areas were
subsequently rebuilt.

Glen Canyon Dam now regulates the flow of Colorado
River in response to electrical demands. The range of dis-
charge varies daily and seasonally. However, flows usually
fluctuate within the range of 57 to 849 m*s. There are public
concerns that the fluctuating discharge from Glen Canyon
Dam is responsible for the erosion of sandbars and the con-
comitant loss of the postdam ecology and recreational facil-
1ties.

During a study period from June 1990 to July 1991, Col-
orado River downstream of Glen Canyon Dam was occa-
sionally used as an experimental flume. Some observations
of seepage erosion due to transient dam discharge during the
experimental flows are presented and two analyses are pro-
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posed—a simple analysis and a finite-element analysis—for
slope failures (bank cuts, mass wasting) resulting from tran-
sient ground-water seepage.

BACKGROUND AND DESCRIPTION OF TEST
PROGRAM FOR SEEPAGE EROSION STUDIES

Several sandbar sites along Colorado River downstream of
the dam were selected for detailed studies during the exper-
imental flow period. Three sandbars (test sites), —6.5R, 43L,
and 172L (Fig. 1), were instrumented with a network of pore-
water-pressure sensors, temperature sensors, and tiltmeters
(Carpenter et al. 1992). Rainfall and other hydrologic mea-
surements, bathymetry, aerial photography,and time-lapsed
photography were part of the instrumentation and measure-
ment package adopted to monitor the test sites. Ground sur-
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FIG. 1. Study Area

TABLE 1. Soil Properties Used in Finite-Element Analysis

Soil Parameters Zone | Zone Ii
(1) (2 ) “4) (5
Shear modulus G kPa 3,700 3,500
Permeability k cm/s 23 x 1072142 x 102
Angle of friction ) degrees 32 30
Cohesion c kPa 2.0 4.0
Saturated unit weight | v, kN/m* 17.2 16.0
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veys were conducted before and soon after each research
flow. Soil properties (Table 1) at each site were characterized
by field and laboratory tests.

OBSERVED SEEPAGE EROSION

Three agents of erosion were observed to be responsible
for the current erosion of sandbars along Colorado River
below Glen Canyon Dam: (1) Tractive forces; (2) wave ac-
tion; and (3) seepage. Seepage erosion is the most ubiquitous
agent of erosion (Budhu 1992; Budhu and Gobin 1994, 1995;
Werell et al. 1992) and is the subject of this paper.

Seepage erosion induces many different types of geo-
morphic changes, described by several terms in the literature
such as artesian sapping, spring sapping, seepage-driven ero-
sion, rilling, tunnel scour, mass wasting, seepage-induced
transport, and seepage weathering. Howard and McLane (1988)
summarized many early observations relating to these terms,
and theories concerning the geomorphical changes in river-
banks. We use the term ‘‘seepage erosion” to describe slope
failures (also called mass wasting or bank cuts) resulting from
transient seepage of ground water. Several seepage related
erosion features were observed in many sandbars downstream
of Glen Canyon Dam. Two of the predominant features are
presented here.

When power demands are to be met, water is released
through the turbines and the river stage rises. Water infiltrates
the sandbars and the ground-water level rises. When power
demands are met, some penstocks are closed, the river stage
falls, and the volume of water stored within the banks during
the rising stage must drain. Usually, the river stage falls faster
than the rate of drainage of the stored ground water and thus
a seepage face develops between the river level and the exit
elevation of the ground water. The exit hydraulic gradient (i)
for many sandbars is sufficiently large to cause static lique-
faction of the soil. Static liquefaction in this context means
the transformation of a soil from a solid-like material to a
viscous-like fluid. The soil is then carried in suspension by
the outflow of water. Rivulets and gullies (rilling process) are
formed below the exit point along the sandbar as the bank-
stored water with its sediments flows down slope toward the
river. These rivulets and gullies are scoured deeper as the
water picks up sediments along its path to the river. A typical
example of this seepage erosion feature is shown in Fig. 2.
This type of erosion is prevalant on sandbars with slopes of
less than 15°.

The upramping rate (the rate of dam discharge when elec-
trical power demands are increasing) and the downramping
rate” (the rate of dam discharge when electrical power de-
mands are reducing) are not constant. At high downramping
rate (>50 m?s/hr), the elevated pore-water pressures and
seepage stresses reduce the shear strength of the soil leading
to slope failures. This condition is not a true undrained failure
condition as is often assumed for rapid drawdown in reser-
voirs. A typical example of this type of seepage induced fail-
ure is shown in Fig. 3. Slope failures are catastrophic and
often involve a large portion of the sandbar face. A substantial
area of the sandbar can be lost in a few seconds. This type
of failure usually occurs at the low-river stage and especially
on weekends, when electrical-power demands and, conse-
quently, the river stage are at their lowest level.

On occasions, incipient slope failures (failure plane is vis-
ible but the soil mass does not collapse) may occur during
falling river stage. Failure is then observed on the next rising
river stage. It is quite easy to confuse this seepage-related
failure with a tractive-force-induced failure. The dam oper-
ation practice of rapid downramping followed by a constant
low stage over a day or more provokes these failures.
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FIG. 3. Slope Failure due to Ground-Water Seepage at Left End
of Sandbar
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FIG. 4. Geological Section of Sandbar 172L

SEEPAGE EROSION ON SANDBAR 172L

Sandbar 172L is located 277 km (172 mi) downstream of
Lees Ferry, on the left bank of the Colorado River, in Grand
Canyon National Park (Fig. 1). This sandbar was selected
because it is the most dynamic of the three test sites. It under-
went several cycles of erosion and deposition during the study
period. Sandbar 172L is composed of two zones of material
(Fig. 4). Zone 1, a stable zone, is composed of fine to medium
sand with a small amount of silt (<10% by weight). Zone 11,
an unstable zone of varying size, is composed of very fine to
medium sand with a small amount of silt and clay. A summary
of the material properties of zones I and 11 is shown in Ta-
ble 1.

We now describe a particular event and use this event to
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FIG. 5. Typical Changes in Geometry of Sandbar 172L as Deter-
mined from Ground Surveys

test the predictions from two proposed models and calcula-
tions from conventional slope stability analyses. On Decem-
ber 8, 1990, Cluer (1992) installed an automatic 35-mm cam-
era to monitor sandbar 172L. The sandbar was photographed
every day at 5:00 p.m. corresponding to, approximately, the
lowest daily river stage. Image processing of the photographs
gave the daily exposed sandbar areas. Typical changes from
ground survey data on a cross section in the middle of sandbar
172L are shown in Fig. 5.

From May 22 to May 30, 1991, a research flow with a
constant discharge of 426 m%/s was released from Glen Can-
yon Dam. On the initiation of the constant flow, Cluer (1992)
measured a constant rate of increase in the area of sandbar
172L. On June 4, 1991, another research flow consisting of
27 days of widely fluctuating discharges was initiated. The
discharge fluctuated between 68 and 836 m?/s, with a mean
of 380 m%s. This series of experimental discharges, called
“normal summer” was designed to replicate discharges re-
leased during usual summer periods. The minimum and max-
imum flow, and ramping rates were constrained by dam-man-
agement guidelines, but daily range was allowed to fluctuate
according to power demands.

During the ‘“normal summer” research-flow regime, dep-
osition occurred at a slower rate than during the period of
constant flow. On June 18, 1991, Cluer’s (1992) photographs
revealed that the sandbar area increased significantly [Fig.
6(a)] and achieved a slope of 26° (ground survey measure-
ments). The profile of the sandbar on June 18, 1991 [Fig.
6(a)] is similar to ground survey measurements made on June
2, as shown in Fig. 5. On June 19, a slope failure of the
sandbar was recorded by Cluer’s automatic camera. An ap-
proximately vertical bank cut traversed the vegetation zone
along the length of the sandbar [Fig. 6(b)]. The time when
the event took place is unknown (it could have been sometime
between 5:00 p.m. on June 18 and 5:00 p.m. on June 19) but
it is assumed from prior observations that it may have oc-
curred at the low-river stage (about 5:00 p.m. on June 18).
On June 20, with widely fluctuating discharges continuing,
deposition resumed but at a much greater rate than before
the slope failure. The sandbar grew wider and higher with
each daily fluctuation. Slope failures recurred, but since the
sandbar grew well into the channel, tractive forces were as-
sumed to play a large role in triggering these failures.

Over 100 sandbar profiles were surveyed before and after
each research flow by one or two survey crews (Beus et al.
1992) thus ground surveys only gave geometric changes of a
sandbar at a given time. They rarely capture the real sequence
of events before, during, and after failures occurred. For

FIG. 6. Sandbar 172L on: (a) June 18, 1991; and (b) June 19, 1991
(Courtesy of B. Cluer)

example, the survey measurements on June 29, 1991 (Fig. 5)
can be interpreted as the sandbar profile after a failure oc-
curred some time between June 2, 1991 and June 28, 1991.
However, the time-lapsed photographs showed that the sand-
bar collapsed to the profile ABCD (Fig. 5) on June 18, 1991
and then redeposition resumed. Thus, the survey measure-
ments of June 29, 1991, represent the sandbar in an aggra-
dational mode. During the study period, slope failures on
sandbar 172L occurred frequently but never progressed be-
yond ABCD in Fig. 5.

SEEPAGE EROSION MODELS

The slope failures observed on sandbar 172L were either
triggered by seepage or by tractive forces or a combination.
Tractive force appeared to dominate when accretion in-
creased the sandbar well into the main channel. However,
most of the observed slope failures were initiated by seepage
forces and high pore-water pressures. In the following, we
propose two models to predict seepage erosion. One is a
simple model intended to provide a quick estimate of the
maximum stable seenage slope. The other is a two-dimen-
sional finite-element model that captures the transient loading
from river-stage fluctuations to predict when and where fail-
ure would occur.

Simple Model

Taylor (1948) showed that, for a homogeneous, infinite,
saturated slope of cohesionless soil with stress-free bounda-
ries, the stable slope angle (B) under seepage parallel to the
slope is

B = tan! (y tan (1)) 1)
Var
where y' = effective unit weight; v,,, = saturated unit weight;
and & = angle of friction of the soil. Consider a sandbar at
its maximum depositional slope as shown in Fig. 7. As the
dam discharge increases to meet power demands, the river
stage rises and infiltration into the sandbar occurs. At peak
river stage, the ground-water level in the sandbar can be
represented by ABC in Fig. 7. If the peak discharge is held
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FIG. 7. Determination of Maximum Stable Seepage Slope Using
Simple Model

for some time (peak discharge holding time), the ground-
water level within the sand will rise with point A remaining
fixed. For a sufficiently long peak discharge holding time, the
ground-water level would rise to the elevation of the peak
river stage. The position of the ground-water level for a given
sandbar depends on the rate of rise of river stage, the peak
discharge holding time and the soil permeability (Budhu and
Gobin 1995). The peak discharge from Glen Canyon Dam is
usually maintained for about only 2—4 hr. This peak discharge
holding time is too short for the ground water to equilibrate
with the river-stage level. Consequently, the soil (sand) mass
above the ground-water level is unsaturated except for the
capillary zone just above the ground-water level.

In a saturated-unsaturated cohesionless soil, we propose
the following procedures to determine the approximate max-
imum stable seepage slope:

1. The slope angle for a stable slope under seepage, (1),
is approximately valid for the lower portion of the seep-
age face. That is, a line (plane) BD, of slope § drawn
from the lowest river stage intersecting the ground-water
surface at B represents the maximum lower stable seep-
age slope (Fig. 7).

2. The stable slope for the portion of the sandbar above
the ground-water surface will be the soil’s angle of fric-
tion (¢) represented by line (plane) BE.

3. If the soil has some cohesion, then a vertical face (ten-
sion crack), GF, of depth

h. = 2c/(yVK) (2

where ¢ = cohesion; and K, = lateral earth pressure
coefficient, will intersect the slope BE at F. The pres-
ence of vegetation, in particular tree roots, would in-
crease the depth of the vertical face by reinforcing the
soil mass. Capillary action can also cause the formation
of vertical faces on sandbars. However, such faces will
be unstable when the sandbar is inundated.

The surface DBE or DBFG represents the maximum stable
seepage surface (slope) of a saturated-unsaturated sandbar
under seepage stresses. The soil enclosed within DBFGHAD
or DBFEGHAD (Fig. 7) constitutes soil that would be in-
volved in slope failures from ground-water seepage. Gener-
ally, the sharp changes at B and F are unlikely and a smooth
transition in slopes is to be expected. In this simple analysis,
for a given soil the extent of the slope failures increase if: (1)
The river stage is lowered through lower dam discharges; and
(2) the peak discharge holding time increases or, in the ex-
treme case, is sufficiently long to bring the ground-water level
te the same elevation as the river stage (Budhu and Gobin
1995).

The foregoing is a very simple, approximate, procedure to
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determine the maximum stable seepage slope for an otherwise
complex problem. However, this procedure provides a first
approximation to determine the extent of slope instability due
to seepage erosion. When and under what conditions slope
stability will occur under transient conditions is indeterminate
in the simple model.

Numerical Model for Erosion under Transient Seepage

We formulated a numerical model for erosion under tran-
sient seepage using Biot (1941) coupled stress—pore water
pressure theory. The ground-water level (free surface) within
a sandbar fluctuates with transient river stage. Thus, the ef-
fective stresses, consolidation ratio and the permeability of
the soil mass can vary with river stage. The advantage of
utilizing Biot’s theory is that stress changes, pore-water pres-
sures, seepage stresses, slope (bank) stability and the free
surface position can be calculated simultaneously.

Biot (1941) presented a coupled theory for consolidation
in which pore-water pressures and total stresses are linked by
the principle of effective stresses.

o =g, + d,u 3)
where of; = total stress; g;; = effective stress; 8,; = Kronecker
delta; and u = pore-water pressure. The equations of equi-

librium are

aifox, + B, = 0 “4)
where B; = body force unit volume; and x; = position of the
body. The equation of continuity together with Darcy’s law
results in

1 d%u % u + de
Vo | T Ox? 7 3y? * 822 at

—{k—+k—+k Ce_ g ©)

where k,, k,, k, = coefficients of permeability in the x, y,
and z. Cartesian directions; and vy, = unit weight of water,
which is assumed to remain constant. The volumetric strain
£, 18

€. =& + g + €, 6)

where ¢,, ¢,, £; = principal strains. In soil mechanics liter-

ature, compressive volumetric strains are taken as positive.

Eq. (5) can be compared with the conventional equation used
in ground-water modeling, that is

a%h 3%h ah

} B S a

a*h
ki +k— + k,—
ax? ay? az? at

Q)

where & = head (h = u/y,); and § = storativity. Thus, (5)
and (7) are identical, provided

Je,, oh
at S at ®

Under transient flow, the soil can undergo both elastic and
plastic volumetric change. Thus, a soil model has to be chosen
that would allow the evolution of elastic and plastic strains.
There are many models in the literature to select from. The
soil model selected is the modified Cam-clay model (Roscoe
and Burland 1968) because only a few soil parameters are
required to use the model and these can be easily obtained
from conventional soil tests.

Let us consider the volume changes from transient changes
in ground-water level in a sandbar within the framework of
the modified Cam-clay model. The inset diagram in Fig. 8
shows a soil layer with the ground-water level at a distance
y from the ground surface at time, f,. The initial state of a
typical element, X, at a distance z is represented by B on the
void ratio~In(p) curve (Fig. 8), as approximated by Schofield
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FIG. 8. Void Ratio-in(p) Curve

and Wroth (1968). The curve AM is the loading curve with
a slope of A and MC is the unloading/reloading curve with a
slope of k. We assumed, for simplicity, that the soil is nor-
mally consolidated in its existing state. If it were not, then B
would lie on the curve MC. Suppose the ground-water surface
drops to a new position M, the mean effective stress on a
typical element will increase from, say, an initial value of p,
to p... The soil consolidates and the total change in void ratio
is

Ae = N In(p,./py) )]

and the total change in volumetric strain is

Ag, = ln&
1+e po

(10)

where ¢, = initial void ratio. The total change in volumetric
strain can be decomposed into two parts, an elastic part,
Ae?, such that

As, = Ae? + A€ (11)

If the ground-water level was to rise to its original position,
the path followed will not be M B but MC (Fig. 8)—the elastic
line. The elastic volumetric strain component obtained from
the slope of the line MC is

ln&'l

Ags =
1+e po

(12)

where k = taken as positive for compression, and the plastic
component is

AgP =

sl S 2 (13)
1+e po

Suppose that the ground-water level now drops to the ele-
vation of the soil element (point D). The mean effective stress
will then increase to a value p,, which is greater than the
maximum past mean effective stress p,,. The total change in

volumetric strain as a result of this loading condition (path
CMD) is

1 m pz)]
Ae, = kIn|{—) + ANin {— 14
1+ e [ (po) <pm 9

If the ground-water level were to subsequently rise to its
original position, the soil stress would follow path DE. The
changes in elastoplastic volumetric strains resulting from tran-
sient conditions can now be incorporated into (5). For ex-
ample, if the ground-water level fluctuations are within the
elastic region, MC, (5) becomes

a*h h a°h 3
(h ,+k‘-a s+ k.o e (15)
ox* T oy az* po(l + ¢,) ot

and if the past maximum mean effective stress is exceeded,
the governing elastoplastic equation is

a*h 3 2 ap.
(R 2k D g 2 (2 22 i
ox? T ay? az* 1+e,\py ot p. ot

The soil parameters « and A can be found by conducting a
consolidation test on the soil and finding the slopes of the
loading and unloading lines. If the changes in stress from
ground-water level fluctuations lie within the unloading/re-
loading line then the soil is overconsolidated and an elastic
analysis can be used as an approximation (Wroth 1971). In
this case, k can be found from the shear modulus (G) of the
soil through the relationship (Wroth 1971)

_ L5p(1 + e)(1 — 2p)
B (1 + G

where p = mean effective stress; and p. = Poisson’s ratio.
The solution for (5), over the whole domain, is found using
standard numerical techniques [for example, Smith and Grif-
fiths (1988)].

K

a7

GROUND-WATER LEVEL VARIATIONS FROM
TRANSIENT DAM FLOW

One of the first tasks in modeling seepage erosion is to
predict the changes in ground-water level during transient
flow. Biot’s (1941) coupled stress—pore water pressure equa-
tion was solved using a fixed-mesh finite-element procedure
(Desai 1976; Bathe and Khoshgoftaar 1979; Desai and Li
1983; Desai 1984; Lacy and Prevost 1987; Cividini and Gioda
1989). In the fixed-mesh procedure, the mesh is kept constant
and the whole domain (saturated and unsaturated zones) is
discretized. The location of the ground-water level (free sur-
face) is found by interpolating between positive and negative
pressure heads. The following procedures were followed:

1. The pore-water pressures for the soil domain above the
ground-water level were initially set to zero.

2. The permeability of the soil in the unsaturated domain
was assumed to be approximately 1/1,000 of the perme-
ability of the saturated domain (Bathe and Khoshgof-
taar 1979).

3. The location of the ground-water surface was found by
interpolating between the negative pore-water pressures

T computed for the soil domain above the ground-water

surface and the positive pore-water pressures computed
for the saturated region (Li and Desai 1983; Desai 1984).

The prediction of the numerical analysis developed here is
evaluated by comparison with a set of ground-water data
collected along sandbar 172L. We will only use an arbitrarily
selected portion of the ground-water data to validate the nu-
merical analysis for free surface determination under tran-
sient flow conditions. The cross section shown in Fig. 4 was
discretized into 312 isoparametric quadrilateral elements and
hydrostatic stresses were imposed on the face of the slope
following the rate of rise and fall of the river stage. The stage
measurements and ground-water level (well #63, Fig. 4) re-
corded over a 4-day period (June 12 to June 16) are shown
in Fig. 9. For brevity, we will only present the results for
June 14. Hydrostatic stress was imposed on the slope follow-
ing the river-stage variation, which was approximated as shown
in the inset figure in Fig. 10. The soil parameters used in the
model are shown in Table 1. The results of the free-surface
prediction from the finite-element model are compared with
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FIG. 10. Comparison between Finite-Element Prediction of Ground-
Water and Well #63 on June 14, 1991

field measurements in Fig. 10. The predicted free surface is
in accord with the field measurements. Similar good agree-
ment between the finite-element predictions and field mea-
surements of the free surface under different flow regimes
was obtained for other sandbars in the Grand Canyon.

COMPARISON OF SIMPLE MODEL WITH FIELD DATA

The simple model is intended to establish the maximum
stable seepage slope below which slope failures would not
occur from ground-water seepage. The input data required
to use the simple model are: (1) The current sandbar profile;
(2) the elevation of the lowest river stage; (3) the location of
the ground-water surface; and (4) the unit weight and friction
angle of the soil. The average maximum depositional slope
for the sandbars in the Grand Canyon recorded during the
research flows was =26°. The lowest river-stage elevation was
92.6 m.

The predicted ground-water surface for sandbar 1721, under
a peak dam discharge of 836 m%s, from the finite-element
solution of Biot’s equation is shown in Fig. 11. The lower
stable seepage slope (BD, Fig. 7) from (1) is 12.6° (v, = 16
kN/m* and ¢ = 30°) and the upper stable seepage slope (BE,
Fig. 7) is 30°. The predicted stable seepage slope is in accord
with the stable profile measured on July 14, 1991 (Fig. 11).
Similar agreement was obtained using this simple model for
other sandbars in the Grand Canyon (Budhu and Gobin 1994).
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FIG. 11. Comparison of Maximum Stable Seepage Slope Pre-
dicted by Simple Model with Field Data for Sandbar 172L

COMPARISON OF FINITE-ELEMENT MODEL
PREDICTIONS WITH FIELD DATA

The finite-element model was used to predict the failure
event captured by time-lapsed photography (Cluer 1992) on
June 18, 1991, at sandbar 172L. The profile of sandbar 172L
measured on June 2, 1991 was discretized into 312 isopara-
metric quadrilateral elements, and the following procedure
was followed in the finite-element algorithm:

1. Sandbar 172L was subjected to a river stage higher
than that during the research-flow period. Accordingly,
the soil was assumed to be elastic lying on path MC
(Fig. 8).

2. Hydrostatic stresses were imposed on the face of the
slope following the rise and fall of the river stage as
measured on June 18.

3. The effective unit weight (y’) of the soil was reduced
or increased by the seepage force per unit volume (j)
depending on the direction of the seepage vector. If the
seepage vector was upward directed, the effective unit
weight was reduced to vy, = y' — j'; whereas if the
seepage vector was downward directed, the effective
unit weight was increased to vy, = vy’ + j', where y_ is
the current effective unit weight and j' is the vertical
component of the seepage vector. The corresponding
upward or downward forces were computed for each
element and used as nodal forces.

4. Failure was governed by Mohr-Coulomb failure crite-
rion.

5. A check was made at each Gaussian point (nine in the
isoparametric quadrilateral elements used in the algo-
rithm) to determine whether the failure state is reached
or the mean effective stress approaches zero. In the
former case, the Gaussian points were flagged to delin-
eate the failure surface. Each Gaussian point was taken
to represent 1/9 of the area of the element. For the latter
case, the element was removed (eroded element) when
at least eight of the nine Gaussian points showed that
the mean effective stress was near to zero. In prelimi-
nary numerical tests, we found that there was a reduc-
tion in computational time if the stiffness of the eroded
element was reduced by at least 1/1,000 of its original
value leaving the element in the mesh instead of re-
moving it and increasing the soil permeability by 100
times. There was no significant practical difference (<5%)
between the results from reducing the stiffness and leav-
ing the mesh intact, and removmg the element and re-
forming the mesh.

It was observed during the study period that slope failures
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on sandbar 172L only regressed as far as ABCD (Fig. 5).
This line delineated the two distinct material zones. For the
finite-element model, an interface approximately following
the line ABCD (Fig. 5) was introduced between these two
zones. The soil properties assumed for the interface is the
same as for zone I but with cohesion taken as zero. The
predicted failure zone at the end of the stage variation is
shown in Fig. 12. Comparison between this failure plane and
the measured failure show good agreement-{Fig. 12). One
would expect that, if failure was to occur, the discontinuity
between the deposits would be the likely location for the
failure surface. The introduction of an interface in the nu-
merical model practically predefines the failure surface. Thus,
the agreement between the predicted and measured failure
plane is not surprising. What would be the resutlt if an inter-
face was not used? We repeated the analysis by removing the
interface and used the soil properties for the two zones, as
shown in Table 1. The results of this analysis showed a shallow
slope failure (Fig. 13), which did not agree with field obser-
vations and measurements.

Elements close to the sandbar face are subjected to large
hydraulic gradients. Consider a slope, a, and a surface of
seepage AB, in which the seepage vector exit the slope at an
angle 6 to an outwardly directed normal to the slope (Fig.
14). Harr (1962) showed that at the discharge point B, the
hydraulic gradient i — o, that is, the hydraulic gradient is

“unbounded and Darcy’s law is not valid. However, in practice
this would not occur (Harr 1962), but the hydraulic gradient
would be sufficiently large to cause static liquefaction of the

Groundwater level

V = exit velocity

v

B AV
)\l —
&

FIG. 14. Direction of Seepage Vector along Seepage Surface

TABLE 2. Results from Conventional Stability Analyses

Factor of Safety
Method of analysis RD1 RD2
1)) 3] 3
Spencer (1967) 4.15 1.75
Janbu (1954) 4.18 1.60
USACE-modified Swedish (1970) 4.10 1.72
Lowe and Karafiath (1960) 3.90 1.70

sand. Static liquefaction is identified in our algorithm when
the mean effective stress in an element approaches zero. Ele-
ments of soil that have statically liquefied would flow out of
the sandbar. The sand mass just above the cavity created by
the outflow of the sand usually collapsed into the cavity as
was observed on sandbars in the Grand Canyon. The ele-
ments of sand that have statically liquefied prior to the slope
failure on sandbar 172L. are shown by the hatched areas in
Figs. 12 and 13. All these elements are on or near the face
of the sandbar where the hydraulic gradients are expected to
be large enough to cause static liquefaction.

COMPARISON OF CONVENTIONAL STABILITY
ANALYSES WITH FIELD DATA

We used a few conventional slope-stability analyses to ex-
amine the factor of safety of sandbar 172L under two con-
ditions.

* RD1—a rapid drawdown condition using the ground-
water surface as measured in the field (Carpenter 1992)
at peak river stage and the external water level at ele-
vation 92.6 m (low-water level).

* RD2—a rapid drawdown condition with the ground-water
level at the same elevation as the peak river stage and
the external water level at elevation 92.6 m (low-water
level)—worst-case conditions.

We used stability analyses that utilized a noncircular failure
surface and specified the observed failure surface (disconti-
nuity between zone 1 and zone 11 soil) as the failure surface
for which a factor of safety is being sought. The results are
summarized in Table 2. As expected, the factors of safety for
RD2 are much lower than RD1 because of the higher pore-
water pressures in RD2. The conditions imposed by RD2 are
unusual because the duration of the peak was too short for
the ground-water level to rise to the river-stage elevation.
It is known that although these conventional stope stability
analyses are based on the same fundamental principles, they
give different results for the factor of safety mainly because
of the differences in interslice forces {Whitman and Bailey
1967). Further review of some of these methods by Duncan
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et al. (1990) showed that differences could come from dif-
ferent representation of the soil strength. None of the con-
ventional analyses examined here predicted failure. We re-
peated these analyses without specifying a failure surface; all
predicted shallow slope failures similar to the finite-element
analyses are shown in Fig. 13. The disagreement is not sur-
prising since: (1) The interface at the two soil zones is a
discontinuity and becomes a preferred failure plane; and (2)
the condition under which slope failures occur in the Grand
Canyon is different from the classical undrained failures under
rapid drawdown where high pore pressures are responsible
for failures.

CONCLUSIONS

For sandbars where instability is caused by outward ground-
water seepage, there is a maximum stable seepage slope below
which slope failures would be unlikely. Sands deposited be-
tween this maximum stable seepage slope and the maximum
depositional slope angle will undergo cyclic aggradation and
erosion depending on the dam discharge regimes. The max-
imum stable seepage slope defines a preferred failure surface
for freshly deposited sediments subjected to outwardly di-
rected seepage forces.

The simple model described in this paper can be used as
a first approximation to delineate the maximum stable seep-
age surface. The finite-element analyses using Biot’s equa-
tions provided predictions that were in accord with field ob-
servations only when an interface was included. None of the
conventional slope analyses examined predicted failure for
the observed failure zone of material.

Evaluation of the models and the field observations sug-
gests that for a given set of dam discharge regimes, sandbars
would acquire an equilibrium profile (maximum stable seep-
age slope). If the dam operation were to change, the river
system including the sandbars would be reworked to a new
equilibrium position consistent with the new discharge re-
gimes. In particular, lower river stage and longer peak-dis-
charge holding time would result in larger slope failures. Slope
failures in sandbars in the Grand Canyon involve transient
sediments deposited under favorable hydraulic and hydro-
logic conditions.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

body force per unit volume;
cohesion;

void ratio;

initial void ratio;

shear modulus;

head;

depth of tension crack;
seepage force per unit volume;

coefficient of lateral active earth pressure;
coefficient of permeability int he x, y, and z Carte-

sian directions;
effective stress;
storativity;

time;

pore-water pressure;
position of the body;

x,y,z = Cartesian coordinate directions;
o = slope angle;
B = stable seepage slope;
v = bulk unit weight;
v = effective unit weight;
Ysae = Saturated unit weight;
Y, = unit weight of water;

8;; = Kronecker delta;
e? = plastic volumetric strain;
€, = volumetric strain;

€2 = elastic volumetric strain;
£, €5, €3 = principal strains;
6 = inclination of exit seepage vector with outward nor-
mal to slope;
k = slope of unloading/reloading curve;
A = slope of loading curve;
p = Poisson’s ratio;
g, = effective stress;
o, = total stress; and
¢ = angle of friction.
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