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Abstract

The seismic response of an earth dam has been analyzed with
ABAQUS. The main purpose of the study has been evaluating per-
manent deformations and assessing potential modes of failure under a
given earthquake excitation.

The behavior of the different materials that constitute the embank-
ment has been represented using elastoplastic models with isotropic
hardening. This allows taking into account the degradation of elastic
properties with increasing levels of strain. The fluid mass of the reser-
voir and its interaction with the dam has been modeled by means of
acoustic elements.

This paper describes the way in which the analyses have been
carried out and discusses some of the results obtained.

1 Introduction

Entrecanales y Tavora S.A. is currently designing a 90m-high earth dam. The
Rules Dam will be located on the Guadalfeo river in Granada (Spain). Since
this region has considerable seismic activity, it has been deemed necessary
to study the dynamic stability of the dam under earthquakes.

The present paper describes one of the analyses undertaken by Principia
S.A. to establish the potential failure modes and permanent deformations
under the design seismic excitation.
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The Rules Dam will rise 90m above the stream bed (figure 1). The dam
is composed of a central impervious clay core protected by more permeable
upstream and downstrecam embankments consisting of gravel and boulders.
The dam will rest on alluvial gravels with an average thickness of 30m. On
both abutments the ground is made of a combination of metamorphic rocks,
mainly schists and quartzites.

Geophysical investigations have been carried out in order to evaluate
the “in situ” geotechnical properties of the stream gravels and the bedrock.
Among other things, the longitudinal and shear wave velocities were mea-
sured [1]. These data have been very useful to determine the elastic properties
of the different materials.

Before the analysis was carried out, a seismic risk study was conducted
[5]. This study generated the seismic hazard curve of the site, which re-
lates the ZPGA (Zero Period Ground Acceleration) to the probability of its
yearly exceedance. A peak ground acceleration of 0.2g was recommended,
corresponding to a probability level of once in 1000 years. The shape of the
design spectrum adopted was that given in the ATC guidelines [2].

2 Methodology

2.1 Seismic Input

The program SIMQKE [3] for artificial motion generation was employed to
obtain an accelerogram with a sligthtly more conservative response spectrum
~ than that recommended for design.

The motion was then deconvolved. This means that a calculation was car-
ried out to evaluate the rockbed accelerogram which, in absence of the dam,
would produce the design motions at the ground surface. The deconvolution
was carried out using SHAKE [4], a one-dimensional computer program for
analyzing earthquake response.

2.2 Geometric Modeling

The dam section and its foundation were modeled with plane strain elements
CPES and CPEG. The size of the elements was selected to ensure their ca-

pacity to transmit adequately the higher frequencies relevant in the analysis.
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Acoustic elements AC2DS8 were used to model the fluid mass of the reser-
voir. [Finally, interface elements ASI3 were employed to take into account
the interaction between the dam and the reservoir.

2.3 Material Modeling

The behavior of the different materials that constitute the embankment was
represented using a elastoplastic model with isotropic hardening. It was as-
sumed that the materials in the upstream embankment and the clay core
behaved in undrained conditions. This assumption stems from the fact that
the duration of the earthquake is so short (15 seconds) that pore pressure
increments due to the seismic excitation will not have time to dissipate dur-
ing the scismic action. In this situation, the material behaves as a purely
cohesive soil with a zero apparent friction angle. The apparent cohesion can
be expressed as:

Ty =c+o0'tan @ (1)

where:
7. is the apparent cohesion
¢ 1is the cohesion
o’ is the effective Stress
® is the friction Angle

The non-linear behavior of the different materials has been modelled us-
ing a Von Mises yield surface which hardens with a hyperbolic law. This
allows taking into account the progressive degradation of the dynamic stiff-
necss propertics with increasing strain levels. Since the mechanical properties
increase with the effective stress levels, stratified material properties were
used.

2.4  Analysis Procedure

The analysis was performed in two STEPs. The first step corresponds to
the application of the gravitational loads and the hydrostatic pressure due
to the water in the reservoir. This step was carried out using the STATIC
procedure of ABAQUS with automatic load increment control.
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The implicit DYNAMIC procedure was then used with a constant time
increment of 0.01 seconds in the second step. The horizontal acceleration
history corresponding to the design earthquake was imposed to the lower
boundary of our model, which represents the contact with the bedrock. The
analysis was carried out assuming that the reservoir was full at the time of
the earthquake.

3 Results of the Analysis

The results of the analysis are summarized in figures 4 to 10. Figure 4 depicts
the contours of the initial vertical stress which arise from the gravitational
loads and hydrostatic water pressure. The maximum level of vertical stress
1s 2.15 MPa.

The maximum value of initial effective plastic strain (about 0.2%) are
localized in the clay core and near the crest.

Figures 5 and 6 show the contours of eflective plastic strain at 5 and 15
seconds, respectively. A damaged area can be observed in the upper part of
the upstream embankment. The values of effective plastic strain stabilized
after 5 seconds at the maximum value of 1.4%. It can also be seen in figure
7 that the localization of strain”leads to an abrupt decrease in the slope
of the vertical displacement history in that region. The residual vertical
displacement is 26 cm.

Figures 8 and 9 show the history of accelerations at the bedrock and the
crest respectively. The corresponding response spectra are shown in figures
10 and 11. As can be seen, peak accelerations are amplified {from 0.14g to
0.25g. The spectral peak occurs near 2 Hz.

4 Concluding Remarks

Based on the analyses conducted and the results described in the preceding
paragraphs, some conclusions can be drawn:

e The structural behavior of the dam during the postulated design earth-
quake is acceptable in the sense that the global stability is not threat-
ened.
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o The level of damage caused by the carthquake can be assesed by moni-

toring the effective plastic strains accumulated during the seismic exci-
tation. The maximum plastic strains of about 1% originated between
1 and 5 seconds after the earthquake started.

e The higher values of effective plastic strain develop in the upper part of

the upstrecam embankment. Although it has only a low probability, the
possibility of a local collapse occurring in this region can not completely
ruled out. However, if this collapse were to take place, it would be
localized -to the small area shown in the figurcs.
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Figure 1. Dam Sketch.
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Figure 2. Finite Element Model.
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Figure 4. Contours of Initial Vertical Stress.
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Figure 5. Contours of Effective Plastic Strain at § sec.
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Figure 7. History of Displacements at the Crest.
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Figure 10. Response Spectrum at the Bedrock.
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Figure 11. Response Spectrum at the Crest.
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