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Three-dimensional levee and floodwall underseepage
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Abstract: Levee and floodwall seepage models based on two-dimensional (2D) conditions can underpredict landside vertical
hydraulic gradients and uplift pressures due to excavations and convex bends. The Sherman Island levee system is used to
calibrate a three-dimensional (3D) seepage model to evaluate the effect of finite landside excavations and convex levee bends on
landside seepage. The model shows that a 3D analysis is required for a landside excavation with an aspect ratio (length to width)
less than 1L:1.5W. For drainage canals and ditches that parallel a levee or floodwall and are wider than 15 m, gradients at the
excavation center are essentially equal to 2D vertical gradients but greater than 2D gradients near the excavation sidewalls. The
Sherman Island calibrated seepage model also confirms concave bends diverge seepage and yield lower vertical gradients than
2D models. Varying the degree of levee curvature (w = 45°-100°) indicates that sharper convex bends (w = 100°; axisymmetric
radius, 150 m) cause vertical gradients that can be about 150% greater than 2D analyses.

Key words: two-dimensional (2D) seepage, three-dimensional (3D) seepage, levee, floodwall, concave, convex, excavation, axisymmetric,
transient analysis, hydraulic gradient, uplift.

Résumé : Les modéles d’infiltration bidimensionnels (2D) appliqués aux digues et murs de protection contre les crues peuvent
sous-estimer les gradients hydrauliques dans le sol et 1a sous-pression hydrostatique causés par des excavations et des courbures
convexes. Le dispositif de digues de I'lle Sherman sert a calibrer un modele d’infiltration tridimensionnel (3D) qui permet
d’évaluer les effets d’excavations creusées dans le sol et des courbures convexes de digues sur 'infiltration d’eau dans le sol. Le
modéle montre qu’il est nécessaire de réaliser une analyse 3D dans le cas d’une excavation dont le rapport de forme (longueur
sur largeur) est inférieur a (1.L)/(1,5.1). Dans le cas de canaux et de fossés de drainage qui sont paralleles a une digue ou a un mur
de protection contre les crues et dont la largeur est supérieure a 15 m, les gradients au centre de ’excavation sont pratiquement
égaux aux gradients verticaux 2D, mais supérieurs aux gradients 2D situés a proximité des parois de ’excavation. Le modele
d’infiltration calibré et utilisé a I'ile Sherman confirme également que les courbures concaves font diverger les flux d’infiltration
et produisent des gradients verticaux inférieurs a ceux obtenus dans les modéles 2D. En faisant varier le degré de courbure de la
digue (w = 45°-100°), on montre que les fortes courbures convexes (w = 100°; rayon axisymétrique, 150 m) générent des gradients
verticaux qui peuvent étre supérieurs d’environ 150 % a ceux obtenus au moyen d’analyses 2D. [Traduit par la Rédaction]

Mots-clés : modéle d’infiltration bidimensionnel (2D), modele d’infiltration tridimensionnel (3D), digue, mur de protection contre
les crues, concave, convexe, excavation, axisymétrique, analyse transitoire, gradient hydraulique, sous-pression.

Introduction The state of practice for examining levee and floodwall seepage

Two-dimensional (2D) seepage models can underpredict land- is 2D finite element analyses (FEA) and (or) analytical solutions

side hydraulic gradients under landside excavations and convex
levee bend conditions (Money 2006; Cobos-Roa and Bea 2008; Ahmed
and Bazaraa 2009; Benjasupattananan and Meehan 2012). For ex-
ample, Money (2006) reports computed three-dimensional (3D)
vertical hydraulic gradients that are ~45% and ~120% greater than
2D computed hydraulic gradients for infinite and finite landside
excavations, respectively. Ahmed and Bazaraa (2009) show that
neglecting seepage flow through excavation sidewalls can lead to
errors in computing the landside uplift pressures and exit gradi-
ents. Benjasupattananan and Meehan (2012) and Merry and Du
(2015) report higher 3D uplift pressures and hydraulic gradients at
the landside toe for convex levee sections compared to 2D models.
While 2D models underpredict hydraulic gradients for convex
bends, concave bends diverge underseepage, resulting in 2D mod-
els that overpredict gradients. An industry guidance document
(URS 2013) accounts for 3D effects by recommending an increase
in average exit vertical gradient by 20%-30% for 60° levee angles.

proposed in the U.S. Army Corps of Engineers (USACE) design
manuals EM 1110-2-1901 and EM 1110-2-1913 (USACE 1993, 2000).
The 2D FEA calculates uplift pressures and flow assuming levee
geometry, soil stratigraphy, boundary conditions, and excavations
are infinitely wide. However, urban levees and floodwalls are con-
structed to accommodate natural river meanders, and landside
excavations are often present. Examples of limited extent land-
side excavations include borrow pits, building foundations, agri-
cultural storage silos and tanks, residential swimming pools,
burrowing animals, trees, utilities, conduits, pipelines, drainage
canals, and culverts.

This study uses a segment of Sherman Island levees to field
calibrate a seepage model and then perform a parametric analysis
using the calibrated model to investigate the effects of 3D land-
side excavations and levee bends on landside hydraulic gradients.
For 3D effects on landside excavations, the excavation width is
varied to identify when a 3D analysis is warranted. Floodside ex-
cavations are not discussed herein because the maximum land-
side hydraulic gradients can be estimated using a 2D cross section
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that bisects the floodside excavation. Therefore, floodside excava-
tions can be conservatively modeled using a 2D seepage analysis,
whereas landside excavations require a 3D analysis (Stark and
Jafari 2015). The levee bend analysis investigates the 3D vertical
gradients along a curved segment of Sherman Island. A calibrated
parametric analysis is performed to evaluate the effect of convex
and concave meanders on 3D landside vertical gradients, and a
methodology is proposed to simulate 3D bends with 2D axisym-
metric models.

Sherman Island

The Sacramento — San Joaquin Delta (referred to herein as Delta)
is located at the confluence of the Sacramento and San Joaquin
Rivers in Northern California. The Delta is important to California’s
economy and infrastructure, including a source of water supply for
about 25 million Californians, a source of irrigation for over 7 million
acres (2.83 million hectares) of agricultural land, and an extensive
infrastructure of state and local roads, railroads, pipelines, and ship-
ping ports (CALFED 2000). A levee network protects the many islands
in the Delta and directs water to San Francisco Bay. Combined with
subsiding interiors and high flood levels, levees and their founda-
tions are vulnerable to seepage and seepage-induced failures. In par-
ticular, subsidence is a major concern on Sherman Island because a
lower landside elevation increases the hydraulic gradient from
floodside to landside. From 1930 to the early 1980s, over 50 Delta
islands or tracts flooded primarily due to levee foundation insta-
bility (Prokopovitch 1985). Significant consequences occur after a
levee breach, such as in 2004 when the Lower and Upper Jones
Tract flooded, resulting in economic impacts of greater than
$100 million (California DWR 2005). Therefore, assessing seepage-
induced levee performance on flood protection infrastructure is
important to public health, commercial activities, and environ-
mental safety of the Delta and Sherman Island.

Sherman Island lies at the western limit of the Delta where the
Sacramento and San Joaquin rivers converge and is bordered to
the northeast by Threemile Slough (see Fig. 1a; USDA (2014)). The
island is located northeast of the city of Antioch, California, and is
within the jurisdiction of Sacramento County. Sherman Island is
currently protected by approximately 29 km of perimeter levees
(Hanson 2009). The levees were originally constructed in the
1860s’ over organic soils and have been enlarged periodically as
the foundation soils subsided. Approximately 15 km of Sherman
Island levees are constructed to federal standards and supervised
by the USACE, while the remaining 14 km of levees are nonproject
levees (maintained by the local levee district). Subsidence and
substandard levee protection have resulted in major levee breaches
that have inundated Sherman Island in 1904, 1906, 1909, and 1969.

In 1969, the levee segment on the San Joaquin River between
levee Stations 520 and 525 (see Fig. 1b; USDA (2014)) failed, and the
high-velocity flow from the levee breach eroded the island inte-
rior and created a scour hole about 6.5 m deep (see scour lake in
Fig. 1b). Since 1969, seepage and stability problems have plagued
the southern levees (south of Antioch Bridge to Station 545). Nu-
merous piezometers, inclinometers, and settlement plates are be-
ing used to monitor levee performance between Stations 520 and
545 (see rectangle in Fig. 1a) to help prevent another breach
(Hanson 2009). Borings from previous studies were utilized to
develop a subsurface profile at cross section A-A’ in Fig. 1b, and a
nearby piezometer was used to calibrate the 2D and 3D seepage
models developed herein. These seepage models permitted an
investigation of landside excavations and levee curvature on un-
derseepage and landside vertical gradients and uplift pressures.

Levee profile and soil properties

The subsurface profile shown in Fig. 2 was developed using
borings B-1, B-2, and B-3 from Hanson (2009). The boring locations
shown in Fig. 1b were drilled as part of the levee improvements
along landside of Sherman Island from approximately Stations
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Fig. 1. Aerial photographs: (a) Sherman Island (white box shows
location of aerial photograph in b); (b) close-up showing location of
cross section A-A’ and nearby instrumentation (USDA (2014), photos
from 2012 [http://datagateway.nrcs.usda.gov/]).

.

San Joaquin River Z\. TR
1969 Breach

(b)

520 to 545. Borings B-1 and B-2 are located in the free field, i.e.,
beyond the landside levee toe, while B-3 is located at the landside
toe. Borings B-1, B-2, and B-3 were drilled prior to the 2009 reme-
dial measures. The aerial view in Fig. 1b was photographed in 2012
after construction of a landside stability berm began; therefore,
borings B-1 and B-2 appear at the landside toe, and B-3 appears
located at the levee crest after remediation.

The levee foundation is composed of a range of coarse-grained
sediments, including gravels and loose clean sands, and silty
sands. Thus, the profile in Fig. 2 starts at depth with a fine sand
stratum below elevation (el.) 15 m NAVD88 (North American Ver-
tical Datum of 1988). Above the sand is a layer of silty clay, locally
known as Bay Mud, deposited as the sea level rose following the
last ice age. The clay stratum is about 3.1 m thick and overlain by
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Fig. 2. Levee cross section A-A’ of Sherman Island at Station 532. h,, total head; Q, flow rate.
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organic soils that extend to the ground surface. Shelmon and Begg
(1975) report sea level rise in the past 7000 years created tule
marshes that covered most of the Delta. The repeated burial of the
tules and other vegetation growing in the marshes formed ap-
proximately 8 m of highly organic soils at cross section A-A’. The
highly organic soils are not classified as peat because the organic
content (ASTM D2974 (ASTM 2014)) and classification defined in
ASTM D4427 (ASTM 2013) are not available to confirm sufficient
organics for peat classification, i.e., greater than 75% organics.

The Sherman Island levee embankment is composed of dredged
loose to medium sand and silt. Weight of the levee embankment
has caused settlement of the organic soil layer and hence a de-
crease in horizontal hydraulic conductivity. In addition, the levee
fill overlies natural levees of the San Joaquin River, which are
represented by a layer of silty clay between the organic soil and
levee fill. This natural levee material, known locally as overbank
deposits, is found to be of limited lateral extent, grading into the
thick organic soil stratum beneath the levee berms.

Water levels are maintained 0.6-1.5 m below land surface by an
extensive network of drainage ditches. Foott et al. (1992) report an
artesian condition in the sand substratum, causing upward seep-
age through the clays and organic soils. The foundation seepage is
typically drained off, collected, and pumped out of the island via
a series of levee toe drainage ditches flowing to a pumping station
(see toe ditch in Fig. 2).

Table 1 summarizes index properties and engineering parame-
ters used in the seepage analyses. Due to the weight of levee fill,
the natural water content (w,) of the organic soils under the levee
ranges from 116% to 265%, while the landside organic soils have
natural water contents from 224% to 408% (Weber 1969; Foott et al.
1992). The resulting organic soil saturated unit weight (11.6 kN/m3)
is greater than the landside organic soils (10.5 kN/m?) and is in
agreement with unit weights reported in Mesri and Ajlouni (2007).
Available hydraulic conductivity tests are limited for the levee
embankment, silty clay, and sand materials shown in Fig. 2. As a
result, estimates of saturated horizontal hydraulic conductivity
(k;,) for these soils in Table 1 were made using the Guidance Doc-
ument for Geotechnical Analyses by URS (2013). The value ofk,, for
the organic soils is evaluated using Weber (1969), Mesri and Ajlouni
(2007), and Mesri et al. (1997) and the appropriate average effective
vertical stress (o,). Weber (1969) utilized piezometer data to esti-
mate k;, of the organic soils in the Delta using an inverse analysis
and found k,, ranges from 1 x 10~7 to 1 x 10~* cm/s for o, < 550 kPa.
The o7, of organic soils under the levee and landside toe is about
190 and 45 kPa, respectively, based on the cross section in Fig. 2.
This o/, correlates to a k;, of about 3 x10-5 and 3 x 10~* cm/s for
organic soils under the levee and landside, respectively. The an-
isotropy ratio, i.e., ratio of horizontal to vertical hydraulic conduc-
tivity (k,/k,), is 3-5 for surficial peats and about 10 for buried peat
deposits (Mesri and Ajlouni 2007). Thus, the values of k [k, chosen
for Sherman Island organic soils are 10 and 3 for organic soils at

Table 1. Soil index properties and hydraulic parameters for cross sec-
tion A-A’ in Fig. 2.

Soil classification 7y, kn
Soil type (ASTM 2011) (KN/m?3) w, (%) (cm/s) kyk,
Levee fill ML or SM 17.7 8-13 1x103 4
Organic soil under levee OL or OH 11.6 116-265 3x10-5 10
Landside organicsoil ~ OL or OH 10.5 224-408 3x10~* 3
Silty clay CL-ML 16.7 49-78 1x1075 10
Sand SM or SP 19.5 25-35 1x10~2 10

Note: CL, low-plasticity clay; ML, silt; OH, organic clay; OL, organic silt; SM,
silty sand; SP, poorly graded sand; vq,,, saturated unit weight.

the landside toe and under the levee, respectively. Based on URS
(2013), the anisotropy ratio is assumed to be 4 for levee fill and 10
for the sand and natural silty clays. These values of saturated k;,
and k, [k, ratios are consistent with those used for the certification
of the nearby Natomas levees (Merry and Du 2015). Because this
study is focused on underseepage during steady-state conditions,
the unsaturated soil properties are not modeled for the levee
embankment fill and landside organic clay.

Calibration of 2D seepage model

The 2D finite element program SEEP/W by Geo-Slope (2007) was
used to estimate the phreatic surface through the levee fill and
calibrate pore-water pressures in the substratum using available
Sherman Island piezometer data. SEEP/W is a general seepage
analysis program formulated to model saturated and unsaturated
transient flow through soil and excess pore-water pressure dissi-
pation estimated from a stress—deformation analysis within po-
rous materials. Piezometer PZ-533 was installed in 2008 at Station
533 to monitor pore-water pressures during landside stability im-
provements (Hanson 2009). The initial pore-water pressures prior
to construction of the stability berm were used to calibrate the 2D
and 3D seepage models.

The initial floodside steady-state boundary condition is a total
head (h,) of el. +1 m NAVDS88 and is consistent with canal water
levels measured at the Antioch gage station. The “seepage exit
face” option was selected from the levee crest to landside levee toe
(40 m from levee centerline in Fig. 2) because the phreatic surface
on the landside levee slope is unknown. The boundary condition
from landside levee toe to the right-hand side (RHS) of the finite
element mesh is assumed to be 0.75 m below the ground surface
(el. -4.25 m NAVDS88). The left-hand side (LHS) vertical boundary is
specified as the steady-state river stage (el. +1 m NAVD88) because
the sand stratum is hydraulically connected to the San Joaquin
River (Foott et al. 1992). In addition, with the sand stratum hydrau-
lically connected to the San Joaquin River, the results are insensi-
tive to the vertical floodside boundary condition (Du and Merry
2014). The bottom boundary condition is defined as an impervious
boundary to represent the low hydraulic conductivity clay under-
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Table 2. Calibration of Sherman Island seepage model at
steady-state conditions.

Depth Measured SEEP/W
Piezometer (m) Soil layer h, (m) h, (m)
1 -9.6  Organicsoil -4.0 -4.2
2 -14.2  Silty clay -3.0 -31
3 -18.8 Sand -2.7 -2.8

lying the sand stratum. Figure 2 shows the soil profile and bound-
ary conditions used in the calibration model.

The cross section in Fig. 2 is calibrated using data from PZ-533,
which is located 43 m landside from the levee centerline and at
ground surface el. -3.5 m NAVD88. Three piezometers shown in
Fig. 2 were installed at el. -9.6 m (PZ-533-1), -14.2 m (PZ-533-2), and
-18.8 m (PZ-533 = 3) in PZ-533 (Hanson 2009). The total heads in
Table 2 were recorded prior to construction of the improvement
activities. The total heads of -3 and -2.7 m measured by PZ-533-2
and PZ-533-3, respectively, indicate artesian conditions exist in
the sand layer, which confirms the hydraulic connection between
the San Joaquin River and sand stratum. A comparison of PZ-533
response and the SEEP/W results at steady state is shown in
Table 2. The SEEP/W model slightly overestimates the pore-water
pressures but is in close agreement with measured values. The
phreatic surface computed in SEEP/W is shown in Fig. 2. Based on
the initial pore-water conditions and phreatic surface, the 2D cal-
ibrated model was used to perform 3D simulations of landside
excavations and levee bends.

Effect of landside excavations

The effect of floodside and landside excavations came to the
forefront in litigation related to the floodwall breaches along the
Inner Harbor Navigation Canal (IHNC) and was the impetus for
this 3D study (Stark and Jafari 2015). Prior to Hurricane Katrina,
the USACE contracted for the demolition and environmental
cleanup of the East Bank Industrial Area (EBIA) in the IHNC to
allow for widening of the shipping canal. The EBIA had a long
history of industrial use and contamination (WGI 2005), as well as
the presence of buried structures and foundations that could in-
terfere with dredging of a bypass channel in the IHNC. Thus, the
removal of contaminated soil and buried structures resulted in
many floodside excavations along the IHNC floodwalls. If these
excavations were backfilled with high hydraulic conductivity soils
and penetrated to depths below the tip of the floodwall sheet pile,
floodside underseepage could have been facilitated.

Stark and Jafari (2015) performed 3D seepage analyses to under-
stand the IHNC floodwall breaches and found the maximum 3D
landside vertical gradients correspond to a 2D cross section
through the floodside excavation. In contrast, the 3D seepage
analyses show that landside excavations cause 3D gradients to
increase because of inward seepage from the excavation side-
walls. With landside drainage ditches, borrow pits, building foun-
dations, residential swimming pools, and tree stumps located
near levees, landside excavations were investigated to evaluate 3D
flow on landside hydraulic gradients and provide recommenda-
tions on when a 3D seepage analysis is warranted.

Formation of 3D model

The 3D Sherman Island seepage model in Fig. 3 was developed
using the software package RS® (Rocscience 2014) to compare the
effect of finite landside excavations with the calibrated 2D
SEEP/W model in Fig. 2. The soil profile, hydraulic properties, and
levee geometry are identical between the two models (SEEP/W and
RS3). The 3D model geometry is constructed by extruding the 2D
profile “into the page” in Fig. 2. The 3D model uses three extruded
slices to model the excavation, with the center slice modified to
include an open excavation. The outer two slices duplicate Fig. 2

75

and are 50 m wide to control end effects (see Fig. 3). The excava-
tion width is varied by widening the center slice. The landside toe
ditch is replaced with the landside excavation. The boundary con-
ditions shown in Fig. 3 include a seepage exit face applied to the
inside surfaces of the excavation because water can seep into the
excavation during flood conditions. This boundary condition is
applied in open excavations, e.g., during construction of building
foundations, swimming pools, and underground utilities. The
floodside and LHS vertical boundary conditions are assumed a
maximum river stage of el. +1.8 m NAVD88. The boundary condi-
tion from the landside levee toe to the RHS of the finite element
mesh is zero pressure head (h,). The RHS vertical boundary is
modeled as a total head boundary (h, = el. -3.5 m or at the ground
surface) to represent the landside groundwater conditions. The
boundary condition along the bottom of the seepage model re-
mains a no-flow boundary. Figure 4 shows the 2D flow field and
total head contours at a river stage of el. +1.8 m. The total head
contours decrease from +1.8 m at the floodside to -6 m at the
bottom of the excavation. The contours in the sand stratum are
horizontal, indicating head loss through the stratum is minimal.
The total head contour of el. -6 m at the bottom of the excavation
corresponds to hydraulic gradients close to 0.4.

Landside excavation parametric results

The multiple excavation widths used to compute the vertical
hydraulic gradients at the center and edge of a landside excava-
tion are shown in Fig. 5. Points 1 and 2 are positioned along the
centerline of the landside excavation, and points 3 and 4 are lo-
cated at the excavation edge (sidewall). At widths of 2 m, high
gradients observed in the center of the excavation are attributed
to inward seepage from the sidewalls. For excavations less than
3 m, the gradients measured at points 1 and 3 as well as points 2
and 4 are equal because of the short distance between the edge
and center of the excavation. The lower gradients at points 2 and
4 as compared to points 1 and 3, respectively, are attributed to
increased seepage length to the middle of the excavation. As the
excavation width increases, gradients converge to 2D results (ob-
tained from the cross section that bisects the excavation) and the
effect of inward seepage is less at points 1 and 2.

For this analysis, points 1 and 2 approach 2D equivalent gradi-
ents when the excavation width is at least 15 m. This width corre-
sponds to an excavation aspect ratio (length to width, L:W) of
1L:1.5W and is considered the threshold when vertical gradients in
the excavation center are not influenced by 3D seepage. Vertical
gradients are always higher at points 3 and 4 compared to the
excavation center because of converging flow along the excava-
tion sidewalls. For example, points 3 and 4 approach a constant
hydraulic gradient of 0.66 and 0.44, respectively, at 10 m width.
For widths >20 m, the vertical gradients at points 3 and 4 are
about 150% and 190% greater than points 1 and 2, respectively. As
a result, seepage-induced failures (heave or sands boils) can de-
velop near the excavation sidewalls, as well as in the center for
narrow excavations, having an aspect ratio of 1L:1.5W or less.

Figure 6 shows total head contours at steady-state flood condi-
tion with increasing excavation widths. The total head contours
are el. —6.5 m at the excavation floor and el. -3.5 m on the landside
surface. The concentrated total head contours for the 5 m excava-
tion in Fig. 6b indicate greater change in total head and higher
vertical exit gradients within the excavation. As the excavation
width is increased in Figs. 6b-6e¢, the total head contours in front
of the excavation straighten and the contours are spaced farther
apart at the excavation sidewalls, thus arriving at 2D conditions.
Total head contours in Fig. 6 corroborate the results in Fig. 5 by
showing 3D seepage effects are limited for excavation widths
greater than 15 m and the excavation sidewall is the critical zone
to evaluate vertical hydraulic gradients and uplift pressures.
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Fig. 3. 3D soil stratigraphy, boundary conditions, and landside excavation used in RS3.
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1 e verts, building foundations, and swimming pools, and can be

prone to heave or sand boils around the excavation if excessive
uplift pressures develop. Increases in uplift pressure can be facil-
itated by the structure not allowing migration of the hydraulic
pressures and acting as a dam. Thus, it is necessary to compare the
average uplift pressure in the excavation and the applied overbur-
den stress. The uplift pressures were computed using RS2 by ap-
plying a no-flow boundary condition in the excavation bottom
and sidewalls. This boundary condition yields an average 3D uplift
pressure of 31 kPa. By estimating an overburden pressure due to
the building or construction, the factor of safety against uplift for
the building foundation can be computed.

The parametric analyses indicate that a 3D analysis should be
used for a finite landside excavation with an aspect ratio less than
1L:1.5W. Because this aspect ratio is site specific and can depend on
E material hydraulic conductivity, soil profile, and excavation ge-
- 1 ometry and location from the landside toe, this example is used to
r simply illustrate the importance of 3D flow in landside excava-
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. . imal burrows, and tree stumps, are likely to impact floodwall or
Excavation Width (m) levee performance because vertical gradients rapidly increase be-

low widths of 5 m. For cases such as drainage canals and toe
ditches that run parallel to the levee and are greater than 15 m
wide, the gradients at the center of the excavation are approxi-
mately equal to 2D vertical gradients, and therefore a 2D analysis
can be performed.
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Fig. 6. 3D total head contours for (a) model and landside excavation
widths of (b) 5 m, (c) 10 m, (d) 20 m, and (e) 30 m.
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Unfortunately, Money (2006) reports that 3D vertical gradients can
be 145% greater than 2D models for infinitely long landside excava-
tions, e.g., toe drainage ditches. These results are in disagreement
with Fig. 5, which illustrates long excavations, i.e., widths >15 m,
approach 2D vertical gradients. The reason for this overprediction is
not clear, but the authors recreated the Money (2006) 2D model and
found that decreasing the mesh element size from 1.5 m (5 ft) to
0.15 m (0.5 ft) increased 2D hydraulic gradients closer to the 3D val-
ues. In other words, it appears the 2D values in Money (2006) are too
low by about 145% possibly due to mesh size issues.

Effect of levee bends

The course of a river is classified as straight, meandering, or
braided based on its sinuosity and other characteristics of the
channel (Langbein and Leopold 1966; Morisawa 1985). Straight
channels are slightly sinuous, and the occurrence of bends is ran-
dom. Meandering channels can be highly convoluted or merely
sinuous but maintain a single thread in curves having definite
geometric shape. Braided channels are those with multiple streams
separated by bars or islands, e.g., Sherman Island in Fig. 1a. Simi-
lar to the levees bordering Sherman Island in Fig. 1b, levee systems
are constructed parallel to rivers and other water surfaces. As a
result, levees consist of concave and convex bends, and these
3D effects can facilitate underseepage and instability.

Formation of 3D model

The 3D seepage model used to evaluate the effect of levee cur-
vature was created in ModelMuse and input into MODFLOW 2005
(Harbaugh 2005). MODFLOW is a 3D groundwater model that can
simulate steady and transient flow in an irregularly shaped flow
system and with a combination of confined and unconfined aqui-
fer layers. The surface and river topography for Sherman Island
Stations 526-534 were developed from U.S. Geological Survey
(USGS) geographic information system (GIS) data (Coons et al.
2008). The GIS data are imported into ModelMuse, and inverse
distance square interpolation is used to create the 0.5 m surface
contours in Fig. 7. MODLFOW uses the finite-difference solving
method and discretizes the model into a grid. The grid spacing is
defined in the x—y plane and then the model is constructed in the
z direction by selecting a number of cells for each soil layer (see
Fig. 7 for coordinate system). The grid consists of an equal spacing
of 1 m by 1 m (each cell is 1 m?) in the x-y plane, and 20 cells are
specified in the z direction. The cells become denser in the z direc-
tion where changes in soil properties occur between layers.

Soil layers and material properties are defined by drawing poly-
gons in the x—z plane and extruding these polygons in the y plane.
Figure 8 shows the cross section that was used in MODFLOW. The
subsurface profile in Fig. 8 is simplified compared to Fig. 2 because
sufficient data are not present to accurately address spatial varia-
tions in soil stratigraphy and material properties. As a result, the soil
layers in Fig. 8 are modeled as layers of constant thickness and ele-
vation. For example, the organic soil layer is modeled with a thick-
ness of 8.5 m and is located between el. -12 and -3.5 m NAVDS88.

The boundary conditions used in MODFLOW are depicted in
Figs. 7 and 8. To create the hydraulic connection (LHS h,=1.8 m), a
line is specified along the center of the river and extruded in the z
plane. A constant river stage of el. +1.8 m NAVD88 is applied to the
cells that intersect this plane. For the floodside surface total head
condition, a polygon is extended in the x—y plane at el. +1.8 m
NAVD88 and is applied to only the surface cells. The landside
surface boundary is assumed to be “free draining”, which corre-
sponds to the SEEP/W seepage exit face boundary. For the vertical
landside boundary condition, a line parallel to the levee crest is
drawn 70 m from the landside toe. The line is extruded in the
vertical direction to create a plane. The vertical plane is set to a
total head value of 3.5 m, i.e., the ground surface elevation. As a
result, the LHS and RHS boundary conditions are applied so that
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Fig. 7. ModelMuse surface geometry created from GIS topographical elevations and 3D boundary conditions.
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Fig. 8. Cross section A-A’ and boundary conditions of 3D model in MODFLOW at Station 532.
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the model horizontal extents (-70-70 m) in Fig. 8 are the same as
Fig. 2.

Sherman Island results

Figure 9 shows the MODFLOW hydraulic gradients at the land-
side toe from Stations 526 to 534. The aerial photograph in Fig. 1b
shows the location of Stations 526-534 along the San Joaquin
River. The vertical gradient is 0.36 at Station 526 and linearly
decreases to a minimum of about 0.20 at Station 528. The vertical
gradient remains in the range of 0.20-0.24 from Stations 528+00
to 532+50, and increases to 0.30 at Station 534. The low gradients
between Stations 528 and 532 correspond to the concave curva-
ture of the Sherman Island levee (see Fig. 1b). The corresponding
2D gradient at Station 532 in SEEP/W for the cross section in Fig. 8
is 0.32. This gradient comparison indicates that 2D results over-
predict vertical gradients by about 160% (0.2-0.32) for concave
bends. Hydraulic gradients approach the 2D model at Station 534
because the levee is transitioning to a straight segment. In addi-
tion, 3D vertical gradients are greater than 2D vertical gradients at
Station 526+50 because of the convex curve at Station 525. There-
fore, the 3D results in Fig. 9 highlight the important role of levee
curvature and the necessity to evaluate 3D hydraulic gradients

Fig. 9. 3D vertical hydraulic gradients located between levee
Stations 526 and 534.

04 T T T T T TTT I T T T[T T T[T T T[T T T T

0.3

0.2

Axisymmetric,
Radius = 90 m
0.1

Vertical Hydraulic Gradient

0 T T I T T T A T O I O I O

527 528 529 530 531 532 533 534
Levee Station

W
[
=2

< Published by NRC Research Press



Can. Geotech. J. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF ILLINOIS on 03/23/18
For personal use only:

Jafari et al.

Fig. 10. Example of SGC for w = 110°: (a) channel direction; (b) levee
meander.
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Fig. 11. Various SGC simulating levee bends used in 3D parametric
analyses: (a) o = 45°%; (b) o = 60°; (c) w = 90°; (d) w =100°.

with methods that go beyond 2D plane strain analyses, especially
where convex bends are present.

Levee bend parametric analyses

Typical river meanders do not follow common geometric
curves, therefore Langbein and Leopold (1966) describe meander
loops as sine-generated curves (SGC). They reason the SGC curve is
statistically probable because it requires the smallest variation in
change of direction and hence represents the least amount of
work by the river. The SGC is recognized as descriptive of a self-
forming river planform geometry (Yalin 1992; Soar and Thorne
2001). The planimetric geometry described in Langbein and
Leopold (1966) of river meanders is defined as

M ¢= wsin(l\%Zw)

where ¢ equals the meander direction (angle) at location s, wis the
maximum angle the meander takes to the general direction of
levee, and M is the levee length of a meander. Equation (1) defines
the angular direction of the curve at various meander distances.
Figure 10 shows an example of the SGC using w = 110° in eq. (1) to
calculate the channel direction (¢). The value of ¢ is zero at the
curve apex (see points b, d, and fin Figs. 10a and 10b). The value of
¢ is equal to w at points of inflection, which are illustrated in
Fig. 10b at points c and e. Therefore, the angle w is the critical

parameter for specifying the amount of sinuosity or horseshoe
looping and ranges from zero for a straight levee to a maximum of
125°.

The SGC is adopted herein for characterizing levee bends be-
cause levees are constructed parallel to rivers. Figure 11 shows
four SGC examples of levee meanders used in the parametric
analyses. As the value of w increases, the meander changes from a
sinuous curve to a horseshoe shape. The river in Fig. 11 is depicted
at a constant distance perpendicular to the levee. In this paramet-
ric analysis, the various levee meander profiles in Fig. 11 are mod-
eled in MODFLOW (see Fig. 12 for o = 60°) and are used to evaluate
the effect of levee curvature on 3D vertical gradients. The soil
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Fig. 12. MODLFOW topography and boundary conditions used in levee curvature parametric analyses (Fig. 9 shows 2D cross section of soil

profile).

Hydraulic
Connection
h=18m

profile and boundary conditions are illustrated in Figs. 8 and 12,
and are applied in the same procedure as the MODFLOW Sherman
Island 3D analysis. Because the levee meanders in Fig. 11 are sym-
metric, the segment between points b and d in Fig. 10b is modeled
and shown in Fig. 12.

Parametric results

Figure 13 shows the landside levee toe hydraulic gradients for o
values 0f 45°, 60°, 90°, and 100°. The gradients for all w values are
equal to the 2D gradient of 0.32 at the inflection point, where the
levee segment is straight between convex and concave bends.
From distance 0 m (the inflection point) to 200 m (maximum
convex curvature), the vertical gradients increase to a maximum
value at the convex bend apex. For w of 90° and 100°, the maxi-
mum gradients approach 0.5 while gradients of about 0.4 corre-
spond to w of 45° and 60°. Thus, increasing convex curvature
results in vertical gradients that are about 150% greater than the
2D model. Concave bends yield hydraulic gradients in the range of
0.22-0.28 for all w values, which are slightly less than 2D values.
Figure 13 shows that the concave gradients at maximum curva-
ture are within a narrower range (~0.06) than convex bends
(~0.12). Because the levee changes to a horseshoe shape at w of
100° (see Fig. 11d), this causes the floodside boundary to enclose
the landside area. As a result, the 3D underseepage concentrates
flow into the landside and gradients increase more rapidly. In
contrast, concave bends divert seepage away from the landside so
3D effects between w values are less pronounced. As the levee
curvature transitions from o of 60° to 90°, the convex gradients in
Fig. 13 increase from ~0.39 to ~0.48. The increase in gradient of

Elevation (z, m)

-12-10 -8 6 -4 -2 0 2 4

Levee Crest

~25% indicates a critical w value and levee curvature between 60°
and 90° where 3D effects can contribute more to landside vertical
hydraulic gradients.

Figure 14 presents the landside toe vertical gradients along the
levee meander (distance from 0 to 200 m) as a function of radius.
The meander distance from 0 to 200 m is divided into 200 nodes.
A radius is determined for each node () by inscribing a circle that
is tangent to the node n and neighboring nodes (n + 1and n - 1). In
Fig. 15, the radii for w of 45°, 60°, 90°, and 100° corresponding to
the levee bend apex (see Fig. 10 point b) are 305, 220, 155, and
150 m, respectively. These radii represent the maximum curva-
ture of meanders in Fig. 11 and hence signify the critical section
for evaluating vertical hydraulic gradients. Figure 14 shows the
vertical gradients converge to the 2D value of 0.32 when radii are
above ~1000 m, or close to the inflection point. The vertical gra-
dients in Fig. 14 are also independent of w because the 3D flow has
been transformed from Cartesian to radial coordinates, i.e., equiv-
alent radii correspond to equal gradients.

Axisymmetric model and results
The steady-state equation for radial flow is

) k,aht+k62ht+kazht7
@ rE e TRl

where k, and k, are the hydraulic conductivities in the radial and
vertical directions, respectively; r is the radius; and h, is the total
head (Connor and Brebbia 1976; Bennett et al. 1990; Reddy 1993;
Rao 1999). Because steady-state flow is present in eq. (2) and the
hydraulic conductivity values remain constant, the rate of change
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Fig. 13. Results of 3D levee curvature analyses and comparison with values from 2D seepage analyses.
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in total head in the radial direction (dh,/or) must increase as radius
decreases. To compensate for the progressive decrease in flow
area (radius is decreasing), oh/dr must increase towards the axis of
symmetry, which is similar to a drawdown curve. In a concave
bend where the axis of symmetry is located in the floodside, de-
creasing the radius causes more head loss to occur before reach-
ing the landside toe. In contrast, decreasing the radius of a convex
bend generates higher total heads and vertical gradients near the
landside toe before the sharp drawdown curve at the axis of sym-
metry.

Merry and Du (2015) use an axisymmetric model to compare
hydraulic gradients of plane strain and curved levees, but do not
investigate whether or not an axisymmetric analysis can accu-
rately model 3D levee meanders. The Sherman Island cross sec-
tion in Fig. 8 and levee meander parametric analysis in Fig. 11
provide an opportunity to use 3D MODLFOW results to evaluate
the accuracy of axisymmetric models in curved levee seepage
analyses. An axisymmetric formulation involves a 2D cross sec-
tion where the origin of the horizontal axis is taken as the axis of

symmetry. In an axisymmetric analysis, a concave levee bend ro-
tates with respect to the floodside while a convex bend rotates
with respect to the landside. An assumption in axisymmetric
modeling is the LHS, RHS, levee centerline, and levee landside toe
should all lie within concentric circles. For example, if a levee
radius of 300 m describes a concave bend and the levee toe is
located 20 m from the levee centerline, the radius at the levee toe
is assumed to be 320 m. SEEP/W also rotates the model about the
origin, so the model cannot transverse into the negative x axis.
When developing a plane strain 2D analysis, the LHS of the
model is extended to the river or hydraulic boundary centerline.
The RHS boundary is recommended to be extended sufficiently
such that the boundary condition does not affect pore-water pres-
sures near the levee. Several trial analyses are required to locate
the RHS boundary. An axisymmetric model can be developed once
the limits (RHS and LHS) of the plane strain model are selected. The
axisymmetric radius describing the levee meander must be outside of
the horizontal extent of the plane strain model. For example,
Fig. 15 shows the calibrated Sherman Island cross section in
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Fig. 15. Axisymmetric model of Sherman Island.
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Fig. 2 in terms of an axisymmetric formulation. The axis of
rotation in Fig. 15 is located at the origin or r = 0 m, and the 2D
model starts at r = 10 m. The axis of rotation is located on the
floodside because of the concave bend. The axisymmetric ra-
dius, defined from levee centerline to model origin, is deter-
mined by specifying three points along the levee crest and the
following graphical procedure:

1. Draw two chords through points 1 and 2 and points 2 and 3.

2. Draw a perpendicular line from the midpoint of each chord so
they intersect. The point of intersection is the center and ori-
gin of the axisymmetric analysis, and the distance between
the center and any of the points is the radius of the circle.

An axisymmetric radius of 90 m is computed between Stations
528 and 532 in Fig. 15. The concave curve at Station 528 is modeled
in SEEP/W with the boundary conditions depicted in Fig. 15. The
axisymmetric vertical gradient of 0.18 between Stations 528 and
532 is displayed in Fig. 9 and shows that the 3D model and axi-
symmetric analysis in SEEP/W are in close agreement at the point
of maximum curvature. The axisymmetric model and MODFLOW
gradients separate after Station 530 because the axisymmetric
model assumes the levee section is a circle, but the levee section
(see Fig. 15) is straightening and therefore gradients begin to in-
crease to 2D plane strain condition.

An axisymmetric model is also developed for the levee meander
parametric analysis because convex (converging) and concave (di-
verging) flow conditions are present. The axisymmetric boundary
conditions and soil profile are applied in a similar manner as in

Fig. 15. Various radii ranging from 100 to 10 000 m are conducted
to compare axisymmetric results with the levee meander vertical
gradients in Fig. 14. The circular dots in Fig. 14 represent the
axisymmetric vertical gradients and are found to match the
MODLFLOW parametric analysis. Because the meanders in Fig. 11
are reduced to a series of radii (using the node procedure), equiv-
alent radii develop the same vertical gradients independent of w.
Therefore, the radius of curvature can be used in an axisymmetric
analysis to evaluate vertical gradients at a levee bend.

Table 3 summarizes the 3D and 2D vertical gradients for the
levee meander parametric analysis. The MODFLOW and axisym-
metric vertical gradients are 0.64 at r =100 m, and thus a factor of
2 greater than the 2D gradient of 0.32. As the radius approaches
1000 m, the normalized values approach 1.05. The concave 3D
results show 2D gradients overpredict gradients by about 1.8 and
similarly approach 2D gradients at r = 1000 m. Based on the spe-
cific soil properties and cross section modeled, Table 3 shows that
3D analyses via MODFLOW and (or) axisymmetric are necessary to
capture 3D effects of levee underseepage that are missed with a 2D
analysis.

Axisymmetric analyses can be used to develop a design chart
similar to Fig. 14 and Table 3 for levee segments with consistent
subsurface profiles, boundary conditions, and material proper-
ties. The design chart can provide an approximation of 3D
gradients for a range of radii. The radius of the levee bend is
determined by the graphical procedure using three points along
the levee centerline. If 3D uplift pressures that may cause sand
boils or heaving are predicted, the uplift pressures or vertical
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Table 3. Comparison of 3D and 2D vertical gradients for convex and
concave levee bends.

Convex vertical gradient Concave vertical gradient

Radius Axisymmetric Normalized* Axisymmetric Normalized®
(m) and MODFLOW (3D/2D) and MODFLOW (3D/2D)

100 0.64 2 0.18 0.55
150 0.48 1.5 0.22 0.7
300 0.39 1.2 0.27 0.85
500 0.36 11 0.29 0.9
1000 0.34 1.05 0.31 0.95

42D vertical gradient, 0.32.

gradients also can be used as input for design of remedial mea-
sures, such as relief wells, seepage berms, and cutoff walls.

Summary and conclusions

The state of practice to examine levee and floodwall seepage
performance includes 2D plane strain FEA and analytical equa-
tions proposed in the USACE design manuals EM 1110-2-1901 and
EM 1110-2-1913 (USACE 1993, 2000). The Sherman Island levee sys-
tem is used to develop a calibrated seepage model and evaluate
the effect of finite landside excavations and levee curvature on
landside seepage results. This study shows that 2D analyses un-
derpredict hydraulic gradients for convex levee bends and land-
side excavations with aspect ratios less than 1L:1.5W. The following
observations and recommendations were derived from the 3D
seepage analyses.

1. For the specific case of Sherman Island, a 3D analysis is re-
quired for a landside excavation with aspect ratios less than or
equal to 1L:1.5W. The parametric analysis shows that narrow
landside excavations, e.g., trenches, pipelines, conduits, ani-
mal burrows, and tree stumps-trunks, are important because
vertical gradients rapidly increase below widths of 5 m. For
cases such as drainage canals and ditches that parallel the
levee toe and are greater than 20 m wide, the gradients at the
center of the excavation are essentially equal to 2D vertical
gradients. The critical location at a finite width excavation
occurs near the edge of the excavation because of seepage
inflow from the sidewalls.

2. The 3D MODFLOW model of Sherman Island levee shows con-
cave levee bends diverge seepage, leading to lower vertical
hydraulic gradients compared to 2D plane strain seepage mod-
els. The analyses also show convex bends, e.g., near Station
525, yield gradients greater than 2D values while the vertical
gradients approach the 2D value when the levee is straight
(close proximity to Station 535).

3. The pattern of levee curvature is defined herein using the SGC
developed by Langbein and Leopold (1966), which can be used
to describe river channels. Sine-generated curves are defined
by a circular arc in the bend portion and transition from a
circle at the apex to a straight segment at the point of inflec-
tion. By varying » from 45° to 100°, the field-calibrated para-
metric analyses indicate sharper convex bends (w =100°) cause
vertical gradients that are about 150% greater than a 2D seep-
age model. Concave bends yield similar gradients for all values
of w because seepage is diverging in many directions away
from the landside toe. When a segment of a levee bend is
defined in terms of a radius, the vertical gradients compared
to a 3D seepage model are approximately equal. Radial flow
depends on the radius; hence, equivalent radii produce equiv-
alent gradients.

4. Axisymmetric seepage models can be used to evaluate 3D vertical
hydraulic gradients for convex levee bends. Although levee ge-
ometry can be irregular, a circular arc can approximate the max-
imum curvature by defining a three-point circle for a levee bend.
The three-point circle graphical procedure can be used to identify
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the center and radius of a circle. The axisymmetric radius along
with a 2D plane strain subsurface profile, material properties,
and boundary conditions can be used in an axisymmetric seep-
age model to estimate 3D vertical gradients.
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