th

Proceedings of the 18 International Conference on Soil Mechanics and Geotechnical Engineering, Paris 2013

Seismic slope stability of earthen levees
Seismic slope stability of earthen levees.

La stabilité sismique de pente de digues en terre
La stabilité sismique de pente de digues en terre
Athanasopoulos-Zekkos A.
University
of Michigan, Ann Arbor
A.
Athanasopoulos-Zekkos
University
of
Seed R.B. Michigan, Ann Arbor
University
R.
B. Seedof California, Berkeley
University of California, Berkeley

ABSTRACT: This study focuses on systematically studying the seismically induced deviatoric-type displacements for earthen levees.
The study was based on levee sites representative of select California Central Valley regions. A wide range of input ground motions
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estimates of dynamic response of levees for the three different
levee sites and to also provide insight towards the effect of
ground motion selection to the dynamic response of earthen
levees. The ground motions were selected from the Pacific
Earthquake Engineering Research (PEER, 2007) Center, NGA
strong motion database. Four groups of input ground motions
were used in the analyses, each group scaled to a specified
PGAinput: 0.1g, 0.2, 0.3g, and 0.4g respectively.

seismically induced displacements will depend on the seismic
resistance of the earth embankment (ky) and the seismic demand
(kmax). Figure 2 shows the variation of kmax with PGAinput, for
Levee A, for two of the sliding surfaces that were studied. The
black solid lines are the medians, and the heavy dashed lines
represent the -/+ one standard deviation ranges.
The seismic displacements are then computed using the
USGS Java-based software (Jibson and Jibson, 2003). The yield
coefficient, ky, is considered to remain constant throughout the
duration of the shaking. As expected, the displacements increase
as the ky/kmax ratio decreases. The displacements also increase,
for any given value of ky/kmax ratio, with increasing PGAinput.
This can be explained if the following is considered: when
integrating the HEA time-history, even of the MHEA (i.e., kmax)
and ky values are the same, the higher PGAinput will most likely
have a larger area of HEA, exceeding ky, and being integrated
over time to calculate displacements. This effect exists
regardless of the Mw of the ground motions, and becomes less
pronounced for PGAinput >0.3g, for the suite of levee crosssections studied herein.

Figure 1.Levee geometry and soil stratigraphy and corresponding shear
wave velocity profile for levee sites A, B and C. Elevation 0m is at the
ground surface on the landside (from Athanasopoulos-Zekkos, 2010).

Four sliding surfaces were pre-selected based on previous
slope stability analyses (URS 2008) for identifying the most
critical sliding surfaces, and the seismically induced deviatoric
displacements were computed using a Newmark-type approach.
In the original Newmark method, the sliding mass is considered
to be a rigid block, however in this study its dynamic response
was also considered. As suggested by Seed and Martin (1966),
the effects of the dynamic response of the sliding mass itself can
be significant in the overall displacements. Therefore, the
concept of the equivalent acceleration time history is used to
account for this effect. The approach followed in these analyses
is a decoupled, equivalent linear model; first the dynamic
response of the potential sliding mass is computed, then the
horizontal equivalent acceleration (HEA) time-history is
calculated and double-integrated, with respect to time, over the
time range that the HEA exceeds a given yield coefficient, ky, to
compute displacements. The maximum value of the HEA timehistory (MHEA) is the seismic coefficient, kmax. and is part of
the output of the QUAD4M analyses. Two pairs of sliding
surfaces were studied as part of this project: one shallow and
one deeper sliding surface on the waterside of the levee and a
similar pair on the landside of the levee.
3

Figure 3.Seismic displacements for motions with Mw=6.5 to 7.0 and
PGAinput=0.1g, for Levee A.

ANALYSIS RESULTS

Due to space limitations only results for Levee A will be
presented. Results for Levees B and C are presented by
Athanasopoulos-Zekkos (2008). The magnitude of the

Figure 4.Seismic displacements for motions with Mw=6.5 to 7.0 and
PGAinput=0.2g, for Levee A.

Figure 2.Results for kmax (MHEA/g) for the (a) deeper and (b) shallower
sliding surface on the waterside of Levee A.

This can be further illustrated by comparing results from
this study with the Makdisi and Seed (1978) displacement
charts, for given Mw ranges. As Figures 3 through 6 show, for
the
moment magnitude bin, Mw = 6.5, the calculated
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displacements increase for a given ky/kmax ratio, with increasing
PGAinput.: for PGAinput=0.1g, the calculated average
displacements plot on the lower bound of the Makdisi and Seed
(1978) curves, for PGAinput=0.2g they plot between the two
bounds, but still closer to the lower bound curve, for
PGAinput=0.3g the displacements fall between the upper and
lower bound curves, and finally for PGAinput=0.4g they plot
closer to the upper bound. A similar pattern can be seen for the
bin Mw=7.5. This provides an important insight as to how to
interpret these bounds proposed by Makdisi and Seed (1978) for
different shaking intensities, within the same magnitude bin.

(Ts)]. Detailed results for all parameters can be found in
Athanasopoulos-Zekkos (2008, 2010).
In summary, it was found that the PGVinput is the intensity
measure that correlates the best with seismic displacements for
stiff sites (Ts = 0.45 to 0.58sec) with weak slopes (ky=0.05 to
ky=0.1). This can be explained since PGVinput is less sensitive to
high frequencies and is also a good proxy for intensity as well
as duration for short period structures, as is the case with
earthen levees. PGVinput2 was also examined (Newmark, 1965),
but it did not give a better correlation than PGVinput. An
additional advantage to PGV is that it can be directly estimated
using the New Generation Attenuation (NGA) relationship
models, for a given earthquake scenario (Boore and Atkinson,
2008, and Campell and Bozorgnia, 2008). As shown in Figure 7 the
normalized seismic displacements follow a linear trend in a
semi-logarithmic plot. The standard deviation for all regressions
for the three levee cross sections is on average 0.3 in log units. .
After compiling the regressions for all sliding surfaces and all
intensity levels the lines shown in Figure 8 are recommended
for evaluating seismic displacements for the three levee crosssections.

Figure 5.Seismic displacements for motions with Mw=6.5 to 7.0 and
PGAinput=0.3g, for Levee A.

Figure 7. Normalized seismic displacement for the deeper sliding
surface on the waterside of Levee A, PGAinput=0.2g
100

Displacements/PGV (sec)

10

1

0.1

Figure 6.Seismic displacements for motions with Mw=6.5 to 7.0 and
PGAinput=0.4g, for Levee A.

0.01

The scatter, as can be seen from the displacement plots, is
significant and represents the variability of the dynamic
response due to the wide range of ground motions that were
used in the analyses. In an effort to reduce the scatter a group of
parameters that seemed more promising were examined for
normalizing the seismic displacements [i.e., peak ground
acceleration (PGAinput), peak ground velocity (PGVinput),
seismic demand (kmax), mean ground motion period (Tm),
significant duration (D5-95), arias intensity (Ia) and site period

0.001
0

0.2

0.4

0.6

0.8

1

ky/kmax

Figure 8. Recommended normalized seismic displacement lines (16%,
50% and 84% probability of exceedance) (all PGAinput).
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4

CONCLUSIONS

Levees are very challenging engineering structures to study, in
part because they are not typically well-engineered structures.
Unfortunately, there is little to no guidance as to how to
evaluate the seismic vulnerability of levees. This study focuses
on systematically studying the dynamic response of levees and
developing a simplified procedure for the evaluation of
seismically induced deviatoric displacements for levees. The
study was based on levee sites representative of select
California Central Valley regions; however, since floodplains
tend to generally have similar depositional environments, it can
be extended to other regions as long as some of the principal
characteristics are still applicable.
Three levee sites, with different underlying soil stratigraphy,
were studied. There were differences in the dynamic response
among the three sites, however these differences were smaller
than the variability in response introduced by the input ground
motions. A wide range of ground motions were used in an effort
to capture not only the average response of levees, but also the
variability and its underlying root causes.
Four critical sliding surfaces have been selected for the
evaluation of permanent seismic deviatoric type displacements.
The variability of the seismic coefficients for each surface was
found to be related to the degraded site period, indicating that
for earth embankments of small heights (~10 m), the overall site
response is more important than the response of the sliding
mass itself. The seismic displacements were calculated using a
decoupled equivalent-linear, Newmark-type approach. The
variability of the seismic displacements due to the different
ground motions was also significant. It was efficiently reduced
however, by normalizing the displacements with regard to the
peak ground velocity (PGV) of the input ground motion. The
regressions for the normalized displacements showed that PGV
is both efficient and relatively sufficient in capturing the
important characteristics of the ground motion, when computing
seismic slope displacements. The standard deviation of the
regressions is on average equal to 0.3 log units. The graph of
Figure 8 is recommended for estimating normalized
seismically-induced deviatoric displacements for levee sites that
have similar stratigraphy and geometry to the three levees in
Figure 1. This simplified procedure focuses on seismic slope
stability of earthen levees, and is not recommended for other
earth embankments that are vastly different from levees (i.e.
dams, landfills). Since the soil materials were modeled as
equivalent-linear, this procedure should not be extrapolated to
PGA values larger than 0.4g.
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