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Amethodology to assess levee structural integrity using high resolution airborne Light Detection and Ranging
(LiDAR) data is investigated for a 16 km reach of the Sacramento River within the Sacramento–San Joaquin
River Delta (California). Levee geometric parameters (levee crown width, height and water and landside
slopes) were extracted from 0.5 m resolution LiDAR derived digital ground models. Deviation of these param-
eters from minimum levee design standards was used to calculate a levee stability index. Stability maps were
generated and those areas that did not meet USACE geometric shape standards were identified. Results show
that 2 out of the 4 geometric parameters do not meet the minimum value required in 48% and 43% of profiles
on the east (urban adjacent) and west (farmland adjacent) margins respectively. Most importantly, the
crown width in 99% of the levee profiles located on the urban side was below the minimum required. The
paper also points out the importance of evaluating all four geometric parameters, not just the elevation of
the levee, by assessing its level of performance through a geometric assessment.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Floods have the greatest damage potential of all natural disasters
worldwide affecting the greatest number of people (NISDR, 2002),
and the risk of flooding is expected to rise due to climate change
(sea level rise, higher intensity of storm events) and global change
(changing land uses, proportion of flood vulnerable population),
(Bates et al., 2008). Flood control infrastructures, such as levees, pre-
vent high flows from entering flood prone areas, but no levee system
reduces flood risk to zero (ASCE, 2010; Florsheim & Dettinger, 2007;
Pinter, 2005). One third of the flood disasters in the U.S. have been
related to levee failures (NRC, 1982) however homes and new infra-
structure continue to be planned and built in flood-prone areas
(Pinter, 2005) and levee-system maintenance though critical, is com-
monly underfunded (NCLS, 2009). The destructive consequences of
erosion, inundation and sedimentation that involve a levee-failure
flood, such as those occurred during Hurricane Katrina in 2005, con-
stitute a high risk in other regions also protected by levee systems
such as in the Sacramento–San Joaquin River Delta in California. Con-
sidering only the U.S., 43% of the nation's population live in counties
protected by levees. California, along with Louisiana, Arkansas and
Mississippi, is one of the States that rely most extensively on levees
(ASCE, 2010).
.

rights reserved.
The size and structure characteristic of any levee system, such as the
minimum elevation, crownwidth or landside and waterside slopes, are
usually defined by designed standards. In the US, minimum levee ge-
ometry criteria have been specified by various Corps and State guidance
documents. The maintenance of a levee network over its lifetime is an
important factor which will determine how optimally the levee will
perform its protection role (ASCE, 2010). External forces, such as sea-
level rise, subsidence, earthquakes or stream power, may act upon the
levee over time provoking stress and eventually the failure of the
levee (Dixon et al., 2006; Suddeth et al., 2010). Levee's structural failure
may occur suddenly or progressively but in any case, prior to the failure,
the initial geometric shape of the levee will be modified by producing
slumping areas at the toe of the levee or sliding areas at the top of it.
Levee degradation will modify its morphometry from the initial design
standards, producing narrower crowns and/or lower levee side slopes.
These external evidences of degradation in the levee geometry can be
used to infer the degree of integrity and stability of a levee and a
mean to assess the stability tipping points conducive to failure.

The geometry and stability of a levee is defined by profile and
cross-section surveys or break-line topography. This information has
been traditionally collected through transect-based topographic sur-
veys in a precise and accurate but time and cost consuming way
(Blake, 2010). Topographic surface-based data collection, such as air-
borne and terrestrial laser scanners (LiDAR) provide high resolution
topography that have promoted the development of new research
approaches in hydrology and geomorphology in the last years
(French, 2003; Heritage & Hetherington, 2007; Lane & Chandler,

http://dx.doi.org/10.1016/j.rse.2011.10.003
mailto:angelescasasp@gmail.com
http://dx.doi.org/10.1016/j.rse.2011.10.003
http://www.sciencedirect.com/science/journal/00344257


282 A. Casas et al. / Remote Sensing of Environment 117 (2012) 281–288
2003). LiDAR data three dimensionality, high resolution and dense
coverage over larger areas than those obtain with other technologies,
such as GPS surveys, photogrammetry or terrestrial laser scanner
(Ackerman, 1999), makes it particularly suitable as topographic
source in numerical hydrodynamic modeling to increase the accuracy
of flood hazard mapping (Casas et al., 2006; Marks & Bates, 2000;
Mason et al., 2007), flood defense infrastructure assessment (Franken
& Flos, 2005; Long et al., 2010), storm inundation analysis (Stoker et
al., 2009), natural hazard management (Geist et al., 2009) and land
surface processes in fluvial studies (Tarolli et al., 2009). LiDAR data
has a great potential for the geometric assessment of the levee's deg-
radation, although there is a lack of methodological proposals in the
published literature.

In this paper, we present a method to assess the stability of a levee
system and the identification of critical fragile sections through
the characterization of the levee size and shape using LiDAR data.
Geometric parameters relevant to the stability of the levee, such as
crown width, elevation, and water and landside slopes are extracted
and are compared with established minimum geometry design
parameters (USACE, 2008). The deviation of these parameters mea-
sured from the minimum requirements provides an assessment of
Fig. 1. Study reach location at the Sacramento River in the Sacramento–San Joaquin Delta R
location at the east and west margin of the river, the levees and the channel.
the condition of the levee. To achieve this, the first objective is to out-
line the levee dimension and extent and characterize it in terms of its
geometric structural parameters and the second objective is to define
a stability index of the levee based on the deviation of the actual
geometry from design standards. Finally, the map with the stability
condition of the levees will be used to investigate the relation
between the location and the distribution of geometric degraded
reaches.
2. Study area

The study reach site (Fig. 1) comprises a 16 km reach of the
Sacramento River within the Sacramento–San Joaquin Delta Region
(California, USA) characterized by a meandering river channel mor-
phology, with point bar deposition areas. At this study reach, the
Sacramento River borders a highly urbanized area on its east side in
what it is called the Sacramento “pocket area”whereas the west mar-
gin borders agricultural lands. The channel banks, levees and nearby
floodplain areas are covered by shrubs, herbaceous grasses, and
mixed riparian forest (e.g. oak, walnut, cottonwood, and sycamore).
egion in California. Including an orthophoto of the reach illustrating the LiDAR profiles
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The Sacramento–San Joaquin Delta has approximately 2600 km of
levees that protect urban and farmland, much of it below sea level,
from flooding and erosion. Levees prevent saltwater intrusion into
freshwater rivers which provides irrigation and much of the state's
drinking water supply and control flood risk (Mount & Twiss, 2005;
Suddeth et al., 2010). The city of Sacramento relies heavily on these
levees to cope with flooding. Subsidence of peat soils, changing in-
flows, sea level rise and earthquakes are some of the processes that
act upon the Delta levee network and produce continuous degrada-
tion that will lead, eventually, to the failure of the levees (Burton &
Cutter, 2008; Moore & Schlemon, 2008). In the Delta, levees were
constructed in different phases during the last 150 years, with many
of them built of gravel, sand and silt, making them susceptible to ero-
sion, seepage and breaches. Many levees were founded on unconsol-
idated, highly variable and permeable materials (USSD, 2009). Delta
levees are particularly vulnerable to failure due to their location,
aging, infrastructure, low elevation and subsidence. Currently, Sacra-
mento–San Joaquin Delta levees are under an unprecedented evalua-
tion to identify levee deficiencies and repair the critically damaged
tracks, through the FloodSAFE California initiative (USSD, 2009).
This evaluation has the goal of guarantee protection of urban areas
for a flood with average recurrence interval of 200 years (0.5%
exceedence probability) (DWR, 2010) for which field explorations,
e.g. drilling, geophysical methods and laboratory testing, and geo-
technical engineering analysis are programmed (USSD, 2009).
According to the initiative, new flood maps are to be calculated taking
into account the impact that climatic change may exert upon the
size and the frequency of the floods, new regulations are in interim
stages and LiDAR data has been acquired by the State of California,
Department of Water Resources (DWR) for the entire Delta area.
Fig. 2. Sketch of the geometry levee definition.
3. Methodology

3.1. LiDAR data and surface derivations

The LiDAR data were supplied by the Department of Water
Resources (DWR) and were originally acquired from a helicopter
using an Optech ALTM-3100 flying at an average altitude of 1680 m
(5500 ft) above ground level during the leaf-off conditions during
late January and February of 2007. Data were delivered as first and
last pulse data with an intended point density of 1 point/m2. Accord-
ing to the vendor, the vertical accuracy is of ±0.15–0.18 m and the
horizontal accuracy of ±0.3 m. The flying speed was 120 knots, the
scan angle 12° and the pulse rate 70 kHz. The average swath width
was of 711.44 m with an overlap of 40%. The vendor provided a clas-
sified data set of points as bare earth extracted from the last pulse
return.

A Digital Ground Model (DGM) was generated with the classified
bare earth LiDAR dataset using natural neighbor (Sibson, 1981) inter-
polation at 0.5 m resolution. Resolution has a significant impact upon
surface slope and surface derivatives (Oksanen & Sarjakoski, 2005).
There is no precise rule about the grid resolution of a model as a func-
tion of the spacing or density of measured data but ideally the pixel
size is selected to provide at least a measured point to each cell of
the grid. However, the irregular distribution of LiDAR clouds makes
this selection difficult. A resolution of 0.5 m, which is the finest spac-
ing found between LiDAR data points, was chosen as pixel size for the
topographic model to encompass all the spatial variability collected at
the measurement scale of the data. A 1 m-DGM was generated and
the comparison between LiDAR ground points with the 0.5 m-DGM
and 1 m-DGM interpolated using Natural Neighbor was calculated
and results in RMSE values of 0.0413 m and 0.071 m, respectively.
Finer mesh resolution than the nominal post spacing are found in lit-
erature in geomorphological (e.g. Pirotti & Tarolli, 2010) and forest
structure (e.g. Bater et al., 2007; Falkowski et al., 2006) applications.
The natural neighbor method was chosen to interpolate the data
given the irregular distribution of the LiDAR data and the requirement
of the interpolated model to preserve as much topographic content
and variability as possible in a gridded mesh, which is needed to out-
line the shape of the levee and its morphology. Natural neighbor
interpolators, together with linear interpolators, tend to have the
lowest overall range of errors when compared with measured data
(Bater & Coops, 2009). This method has been chosen recently in sev-
eral studies related to the use of LiDAR data for extracting geomorphic
features such as channel network (Pirotti & Tarolli, 2010) and land-
slide crowns and bank erosion (Tarolli et al., 2010), analysis of debris
flow events (Scheidl et al., 2008), forest structure (Bater et al., 2007;
Falkowski et al., 2006; Goodwin et al., 2006) and topography for
flood inundation modeling (e.g. Liang et al., 2008). Natural neighbor
interpolation is based on an initial layer of Voronoi polygons created
with measured data. A new Voronoi tessellation is created with the
points to be interpolated, the final value is assigned to the grid cell
according to weights calculated using the area ratio between over-
lapped Voronoi polygons at that location (Sambridge et al., 1995;
Sibson, 1981).

A slope model was derived from the DGM, as a geometrical prop-
erty of the land surface. The slope was calculated adopting the meth-
od of taking the first derivative of a bi-quadratic polynomial
representing a local extent of a surface (e.g. Evans, 1990). The stan-
dard method to solve the polynomial expression is to calculate the
parameters of a central cell in relation to its eight neighbors, passing
a 3×3 local window over the gridded surface. A function of the first
derivative has been used, (gradient), since functions of higher order
DGM derivatives (such as curvatures) are more sensitive to DGM
noise (Zhou & Liu, 2004) complicating the definition of the levee
geometry. In relation to the elevations in a DGM, the gradient is a vec-
tor pointing in the direction of the maximum variation. The slope is
the length of the gradient and reflects the maximal rate of change of
elevation values and the aspect corresponds with the slope direction.
Both are useful to recognize the inclined shape and the flat crown of
the levee. Several methods for slope calculation have been reported
in literature. In this paper, the average maximum technique was
used, where the maximum slope in the vertical and horizontal direc-
tions averaged (Srinivasan & Engel, 1991).
3.2. Levee delineation and geometry

The typical shape of a levee section (Fig. 2) has two inclined areas,
with a water body on one side and dry land on the other, between
these, an elevated central flat area defines the levee crown. The
limit between the inclined areas and the crown is defined by two
hinge points, with a break in the slope, which demarcates the levee
crown from the inclined sides. In this research, the main parameters
extracted to define the levee geometry are: elevation, crown width,
and the slopes in the waterside and in the landside in accordance

image of Fig.�2


Table 1
Descriptive statistics of levee parameters.

Levee height (m) Crown width (m) Slope waterside (%) Slope landside (%)

E margin W margin E margin W margin E margin W margin E margin W margin

Minimum 9.7 9.8 0.9 1.0 23 27 6 13
Maximum 13.6 13.0 10.5 15.4 56 53 47 51
Mean 11.0 11.3 3.3 5.5 39 41 34 33
Median 10.5 11.4 3.2 5.4 41 41 36 34
Standard deviation 0.9 1.0 1.2 2.6 7 6 8 6
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with the geometric criteria specified in levee design guidance docu-
ments (e.g. USACE, 2000).

Topographic levee profiles have been delineated perpendicular to
the river margin at 185 locations at ~150 m interval along the study
site on both margins (Fig. 1). These profiles show a large variability
in morphometry which increase the difficulty of a precise definition
of the geometric parameters since levees form a continuum with
the floodplain terrain and the crown delineation from the inclined
areas are not sharply defined. Levee topographic transects were
examined and variation in slope analysis showed that transition
from levee crown surface to inclined sides occurred at a 5% slope.
This criterion was also used to demarcate the inflection point
between the levee itself (slope>5%) and the floodplain land, at the
levee toe in which the terrain becomes virtually flat over a short dis-
tance (Fig. 2).

The levee feature is classified from the DGM using the 5% slope
criteria in the slope model within a buffered area of 150 m by the
river margins. The crown is identified as the area within the levee
with a slope below 5%. Once the levee extension and its crown are
defined in the DGM, geometric parameters can be extracted from
the profiles. The crown width can then be measured as the transect
distance across the top of the levee profile with a slope below 5%.
The elevation of the levee is the mean value of the points in the profile
within the crown levee. The slopes were calculated as the ratio
between the height and width of the sloped area. The levee toe in
the landside and waterside were defined using the 5% criteria. The
slopes were calculated as the gradient of the line fitted from the
hinge point that separate the crown from the inclined area at the
top of the levee and levee toe in the region adjacent to the water
and in the landside.
Table 2
Percentage of profiles at different ranges of parameters – crown width and elevation –

divided by its margin location.

Crown width (m) % profiles Elevation (m) % profiles

E margin W margin E margin W margin E margin W margin

0–2 11 7 b10 5 9
2–4 73 22 10–10.5 44 27
4–6 15 34 10.5–11 20 9
6–8 0 26 11–11.5 6 7
8–10 0 7 11.5–12 7 9
10–12 1 3 12–12.5 7 27
12–14 0 1 12.5–13 7 11
14–16 0 1 >13 4 2
3.3. Vulnerability to failure map

A levee stability index was developed comparing the current geo-
metric parameters at each levee transect with the design standards.
The stability index results from the addition of number of parameters
out of the four calculated that do not meet the minimum geometry.
This index defines the level of instability in terms of its current
shape conditions and identifies those levee transects with higher fail-
ure vulnerability which can be represented as a vulnerability to fail-
ure map (Fig. 4). Minimum levee geometry criteria have been
specified by various U.S. Corps of Engineers and California State guid-
ance documents. In addition, the legislation and levee design criteria
is under current development (DRW, 2010) for the study area. In this
paper, the geometric minimums were established considering the
most recent design guidance in the region for urban and urbanizing
areas (USACE, 2008). According to these standards, the levee requires
a minimum crown width of 20 ft (6.09 m), minimum waterside levee
slope with a ratio of 3 h:1 v (41%) and a minimum landside levee
slope of 3 h:1 v for new levees and 2 h:1v (60%) for existing levees
with good performance. The minimum levee elevation is estimated
to reach in excess of 3 ft (0.9 m) the water surface elevation for a
peak discharge with average return interval of 200 years (0.5% annual
probability flood).
4. Results

Table 1 summarizes the statistics of the parameters for each pro-
file according to those along the east or west margin of the river.
The east margin (urban) presents lower mean and median elevation
values. The mean and median waterside slope is also lower in the
east (urban) margin whereas the lower slope values are found in
the landside of the west margin, i.e. towards the landside on the
non-urban river margin. It must be also pointed out the 2 m of differ-
ence in the mean and median crown width between the east and the
west margins, where the narrowest corresponds to the east margin,
adjacent to the urban area.

Levee geometry results are presented in terms of the percentage of
profiles within a specified range of values for each parameter, for
locations on each side of the river (Tables 2 and 3). Table 2 shows
how the most frequent crown width in the urban margin (73% of pro-
files) falls between 2 and 4 m, whereas the most frequent range in the
west margin (34% of profiles) falls within a wider crown interval (4 to
6 m). In terms of elevation, in the urban margin 49% of profiles are
less than 10.5 m and about 70% below 11 m, whereas in the west
margin, only 44% of profiles are less than 11 m. It is clear from
Table 3 that most profiles have slopes between 30 and 50% along
both margins. Slopes on the waterside have higher percentages
between 40 and 50%, whereas on the landside the higher percentages
correspond to lower slopes, with a 52% of profiles on the east margin
and 71% on the west, between 30 and 40%.

Comparing the extracted parameters with the levee geometry cri-
teria specified in the Geotechnical Levee Practice (USACE, 2008) allow
classification of the levees in terms of good or poor condition for the
considered geometric parameter (see Table 4). Fig. 3 plots each
parameter and its condition along the studied reach. Ninety-nine per-
cent of profiles on the east (urban) margin of the river do not meet
the minimum crown width criteria. On the west margin, 62% are
below the minimum criteria. Fig. 3 shows that the location of levees
that meet the crown width condition on the west margin are distrib-
uted mainly in the southern part of the wider bend that contains the
pocket area levees within the study reach. In terms of the levee eleva-
tion, it was assumed that all the levees are above the designed
hydraulic top of the levee according to the IDLC (DWR, 2010). Note
that the levee height criterion is not represented in Fig. 3 since all



Table 3
Percentage of profiles at different ranges of parameters –waterside and landside slopes –
divided by its margin location.

Slope (%) % of profiles (waterside) % of profiles (landside)

Ranges E margin W margin E margin W margin

b20 0 0 5 3
20–30 8 6 17 22
30–40 37 37 52 71
40–50 52 50 26 3
50–60 2 8 0 1
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profiles are above the minimum. An initial value of the 200-year
water surface elevation (29.03 ft, MBK, 2008) was used to assess the
levee elevation parameter, considering the lowest point of the reach
(Freeport station). The minimum elevation of the levee should be
this value plus the freeboard, which is 9.8 m. According to this
value, all the levees of the reach meet the minimum hydraulic top
of the levee criteria. In terms of the waterside slopes, about half of
the levees on the west and the east margin are below the minimum
criteria, whereas on the landside, 80% and 98% do not meet the min-
imum slope on the east (urban) and west margins, respectively.

Table 5 presents the percentage of transects in relation to the
number of parameters out of the four measured that are below the
minimum levee stability criteria. Therefore those that fail in one out
of four parameters are in a better condition (Good) than those with
three parameters below the criterion minima (Poor). The table
shows that on the east (urban) margin 42% of profiles fail on three
out of four parameters and 48% do not meet two of them (Fair),
whereas in the west margin, 33% fail on three out of four criteria
and 43% on two of the four criteria. Fig. 4 represents the spatial distri-
bution of these results along the river reach.

5. Discussion

The maintenance of the integrity of the levees in Sacramento–San
Joaquin Delta system constitutes a continuous challenge, due to its
tidal estuary nature, tectonically unstable location, and climate
change impacts upon sea level rise and flood occurrence (Coleman,
1988; USSD, 2009; Weiss et al., 2011). California relies heavily on
the Sacramento San Joaquin Delta levees for water supply, water
quality, land use, agricultural purposes and protection of flood vul-
nerable urban and urbanizing areas. An automatic method to assess
periodically the stage of levee degradation over large regions may fa-
cilitate the early detection of weakened levee sections and the later
decision for maintenance and repairing works. The benefits of using
LiDAR as a topographic source in flood inundation modeling (e.g.
Bates et al., 2003) has promoted its acquisition in recent years in low-
land areas with high risk of flooding, such as the Sacramento–San
Joaquin Delta. This cartographic source also offers a new potential
for levee characterization as a superficial feature in the landscape.

In this paper, we present a method to assess the integrity of levees
in terms of its structural geometry using LiDAR data. The paper dem-
onstrates how the geometry of the levee can be obtained and used
to establish a stability index. The most relevant parameters for the
stability of the levee were selected and extracted for each profile con-
sidered. Based on the geometric criteria considered in most levee
Table 4
Percentage of profiles that meet minimum levee geometry criteria (Good) in terms of crow

Levee height % profiles Slope landside % profiles

Condition Range (m) E margin W margin Range (%) E margin W margin

Good ≥9.8 100 100 ≥6.1 1 38
Poor b9.8 0 0 b6.1 99 62
design documents, the parameters selected were: elevation, crown
width and slopes on both water and landside. The elevation of the
levee determines the maximum stage of the water in which the
levee will be not overtopped and is the main parameter traditionally
considered to assign a level of protection to a levee reach (DWR,
2010). It must be pointed out that most of the lands in the Delta are
below sea level therefore these levees act as dikes, continuously hold-
ing back the in-channel water. It is also noteworthy that the last
major levee-failure flood took place in Upper Jones Track in 2004
and the specific reason, although unknown, was not flow overtop-
ping. The full geometric parameterization of the levee (elevation,
crown width and slope) can be used to identify stressed levees
which may collapse before overtopping occurs. A low slope together
with a narrow crownmay be produced by internal or external erosion
whichmight be an indicator of the poor condition of the levee and ev-
idence a higher risk of failure, even if the narrow crown meets the
minimum elevation criteria. Fig. 3 shows areas where three of four
shape parameters do not meet the USACE standards in a highly pop-
ulated area. In the urbanmargin (E), results show that the mean value
of the crown width parameter is of 3.3 m (Table 1) and 99% of the le-
vees are narrower than the minimum required (Table 4). This condi-
tion and the fact that 81% of the profiles in the landside with slopes
less than minimum required (41%) might imply an important degra-
dation of the levees, even if the minimum elevation of the levee cri-
teria is reached for the area. From the west margin, it should also be
noted that 98% of the profiles have a landside slope below the mini-
mum, though levee elevations are higher than those in the east
margin.

The extraction of the parameters relies on the way the levee is
outline from the continuum of the terrain and of the LiDAR data. To
delimitate the levee slope, a criteria of 5% slope for flat areas was cho-
sen. The 5% slope threshold was selected after evaluating the topogra-
phy of the levees within the reach. Once levees were demarcated
using a derivative approach to the DGM, the crown area within the
fore and back slopes was demarcated, again using the 5% slope cri-
teria, assuming the crown is flat up to the start of a slope, defined as
a 5%. To define the slopes, the selected method consists of the gradi-
ent of the line which was fit from the hinge point in the crown to
the toe of the levee. Other criteria were considered such as the medi-
an slope values obtained in the profile, this method would be inter-
esting, given that it captures information about the roughness of
the terrain in the profile, but we selected a traditional engineering
surveying method to compare the slope values against the design
standards.

The impact of the DGM resolution upon the parameters was also
considered and parameters were calculated for 1 m-DGM and com-
pared with 0.5 m-DGM results. The normalized percentage of the dif-
ference between the 1 m results and the 0.5 m results, showed a
mean difference (0.5–1.0 m) of 0%, −31%, −10% and −10% for the
levee height, crown width, slope landside and slope waterside, re-
spectively for the east margin (urban side) and 0%, −20%, −4% and
−1% for the west margin (agricultural side). As expected for the
1 m case, the width of the crown is wider and slopes are steeper
due to the averaging of topography and displacement of the break
in slope due to the cell size. The 1 m case reduces the number of pro-
files that do not meet USACE specifications and this could underesti-
mate an assessment of the risk of levee failure.
n width, waterside slope, and landside slope according to USACE (2008).

Slope landside % profiles Slope waterside % profiles

Range (%) E margin W margin Range (%) E margin W margin

≥41 19 2 ≥41 49 53
b41 81 98 b41 51 48



Fig. 3. Geometric parameters map. Condition stability ranges for crown width (m): good (≥6.1), poor (b6.1); landside slope and waterside slope (%): good (≥41), poor (≤41),
according to USACE (2008).
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Comparison of the parameters with design standards presented a
difficulty due to the lack of specific guidance from the federal govern-
ment on levee design considerations. Furthermore, there are no pro-
cedural criteria that would be applicable in making a finding that
the urban level of flood protection exits for an area (DWR, 2010).
Floodplain development projects in Sacramento–San Joaquin Delta
are constrained by FEMA guidelines and administered by the Corps
of Engineers. The Sacramento–San Joaquin Valley regulation is cur-
rently using interim analytical and procedural criteria to follow in
meeting the requirements to find that levees and floodwalls provide
protection against a flood with an annual average recurrence interval
of 200 years (0.5% occurrence probability). In this paper, the most re-
cent one of those considered in the interim criteria was selected
(USACE, 2008).

The stability index, obtained in this paper, has been compared
with the flood zone designations according to the level of flood risk
provided by the FEMA where each zone reflects the severity or type
of flooding in the area. According to FEMA, levees on the east margin
are within a zone designated as high risk with a 1% annual probability
of being exceeded whereas the levees on the west margin are within
a zone of moderate risk defined by the 500 years recurrence interval
(0.2% probability flood). This implies that the levees on east (urban)
Table 5
Percentage of transect at different stability conditions at the east and west margins. The
condition fraction means that the parameters below the minimum geometry criteria
(USACE, 2008) out of the four parameters considered (width, height, waterside slope,
and landside slope).

% profiles

Condition E margin W margin

Very Good — 0/4 0 0
Good — 1/4 11 25
Fair — 2/4 48 43
Poor — 3/4 42 33
Very Poor — 4/4 0 0

Fig. 4. Stability map according to the risk of failure of each levee in terms of its geom-
etry. A stability condition (good, fair or poor) is assigned to each levee depending on
the geometric parameters (width, elevation, waterside slope and landside slope) that
do not meet design standards, according to USACE, (2008).

image of Fig.�3
image of Fig.�4
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margin will protect the urban area up to a 100 year return period
flood. These flood risk zones agree with the results in this paper
(Table 5) given the higher percentage of levee transects in worse con-
ditions in the east margin than in the west one. However, in the FEMA
approach, overtopping is considered the primary cause of levee fail-
ure meaning that levee performance and stability is assessed based
on levee height associated to a flood stage with a return period of
200 years. This paper shows that levee elevation on the urban side
is lower than on the west farm land margin. Moreover, this study
also points out that 42% of the levee transects on the east side
(Table 5) shows degradation problems and therefore a potential sta-
bility risk of failure in case of occurrence of a 1% annual probability
flood. At the same time, the levee design for a 100-year flood protec-
tion on the east margin may be misleading, given the poor condition
of the geometry of the levees (see Table 5), which may contribute to a
collapse of the levee prior overtopping (e.g. seepage erosion). It must
be noted that floodplain maps throughout the nation are being
updated by FEMA under its Map Modernization Program and in its
new approach, overtopping is not the only cause of failure to be con-
sidered and more weight is planned to be given to slope instability
and erosion stage (Department of Water Resources, DWR., 2010).
Our results are relevant, given the developing stage of the Central Val-
ley Flood Management Planning Program (FloodSAFE) and the avail-
ability of high resolution LiDAR data. LiDAR are shown to be useful
not only to improve hydrodynamic modeling processes and therefore
flood inundation maps, but to characterize flood defense infrastruc-
tures such as levees, assess their morphometry and identify weak-
ened tracks.

This paper states the importance of LiDAR as the cartographic source
to extract well known geometric parameters relevant in levee design
and maintenance and an assessment of the levee not only in terms of
its elevation, but of its shape and size. We present a new approach to
assess the geometry of the levees using LiDAR data to characterize and
assess their integrity. LiDAR is used in flood hazard assessment to pro-
vide a fast and automatic evaluation of the geometric condition of the
levees once the parameter definition and the threshold are defined.
An initial index of the stability condition of the levees was inferred
and the tracks with a higher risk of failure where maintenance opera-
tion should be a priority, identified. Thus, LiDAR can provide an initial
automated assessment of the stability condition to support specific geo-
technical explorations, which requires extensive fieldwork, including
drilling and geophysical methods, along with associated laboratory
testing and modeling procedures, such as seepage modeling, hydraulic
modeling, slope stability, or fragility analysis (URS Corporation, J. R.
Benjamin & Associates, 2009). Such methods could be applied once a
potential hazard has been identified, thus providing more efficient use
of management resources.

6. Conclusions

This paper describes a method to assess the stability condition of
levees using LiDAR data. The approach is based on the geometric
characterization of the levee feature and the extraction of it most rel-
evant parameters, namely crown width, elevation, waterside and
landside slopes. The comparison of these parameters with minimum
designed standards provides an index of the integrity condition of
the levee. This geometric index is used to identify geometrically
weakened levee reaches and therefore those with a higher risk of fail-
ure and with an urgency to be repaired. Results show that a compre-
hensive understanding of the integrity condition of the levee requires
use of the four geometric parameters, not just elevation, given the im-
pact that degrading processes have on parameters such as crown
width or slope. LiDAR provides an effective way to assess the external
geometry of the levees to detect areas prone to failure as those that
deviate from the required geometry. Levee characterization results
show that the east river margin, which corresponds to the levee
that protects the urban side, has narrower crowns and lower water-
side slopes. The levee elevation along the urban margin is also
lower, with 70% of profiles below 11 m, whereas 44% of profiles on
the west margin are below 11 m. The comparison of geometric
parameters with levee design criteria shows that 99% of profiles in
the urban margin failed to meet the USACE minimum crown width
criteria. The levees on the west margin are 62% below the minimum
width. In terms of the waterside slopes, about half levees on the
west and the east margins are below the minimum criteria, whereas
on the landside 81% and 98% do not meet the minimum on the east
(urban) and west margins respectively. Finally, 42% of profiles on
the east (urban) margin do not meet three out of four minimum geo-
metric criteria and 48% failed on two of them, whereas on the west
margin (farm land), 33% failed on three out of four and 43% on two
of the four criteria.
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