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1 INTRODUCTION

1.1 Importance of dams

Dams are central to the industrial and agricultural development of many countries
through electricity production and irrigation. They also often contribute to a significant
reduction of the flood hazard to which downstream areas are exposed. At the same time,
a sudden and uncontrolled release of reservoir water can have catastrophic consequences
and disrupt proper functioning of the society at large. This warrants the careful - but
decisive - use of advanced engineering techniques in relation with dam safety.
Earthquakes are one of the many hazards considered in the corresponding safety
assessments.

Damages to and collapses of buildings and bridges are observed in many earthquakes.
They are, as a rule, due to the horizontal components of earthquake excitation. Dams are
meant to resist horizontal loads (hydrostatic pressure), whereas buildings and bridges are
not. Because of this, dams are less prone to collapse during earthquakes. This
fundamental difference in structural systems also leads to the use of somewhat different
techniques of earthquake analyses. Those related to dams are presented below.

1.2 Seismic input

Earthquakes occur suddenly and cannot be predicted. There is international agreement in
designing major dams for the Maximum Credible Earthquake (MCE) evaluated on the
basis of deterministic and/or probabilistic procedures depending on the information
available. In Switzerland, the MCE is selected as an earthquake with a return period of
10'000 years. Such an earthquake has a 1% probability of being exceeded in 100 years.

1.3 Loading conditions

The ultimate objective is to assess the performance of a dam during and after an
earthquake. An earthquake analysis is thus never disconnected from a static analysis and
from the static conditions that prevail at the time of the earthquake.

The loading conditions usually considered in the structural analysis of an arch dam are
depicted in Figure 1 as an example. They include the dead weight of the dam concrete
(the corresponding stresses and strains depend on the construction and grouting
sequences, 1.e. when and what portion of the arch action is mobilised), sediment (silt)
pressure, water-related pressures (hydrostatic, uplift, internal, ice - all depending on the
water level), temperature-induced solicitations (water, air, foundation, snow deposits,
solar radiation), material-related ones (from frost and thermal cycles, creep and
relaxation, expansion of various origins), abutment movements, and finally earthquake
excitation including the associated hydrodynamic pressure.
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Figure 1 - Structural solicitations of an arch dam (adapted from P. Léger & R. Tinawi, A bibliography
on structural analysis, behaviour, and safety of concrete dams, Report No. EPM/GCS-1997-01,
Department of Civil Engineering, Ecole Polytechnique, Montréal, 1997).
Quite often though, only a few of these solicitations will significantly affect the overall
integrity of the dam. For the associated verifications, it is then sufficient and customary
to consider only the following load combinations:

1. Construction stages
2. Usual load combinations: Gravity load of dam concrete +
a. Hydrostatic loading for maximum operating water level
b. Hydrostatic loading for extreme operating water levels +
Associated temperature variations + Sediment loading (+ Ice
loading)
c. Extreme temperature variations + Associated hydrostatic loading(s)
+ Sediment loading (+ Ice loading)
3. Unusual load combination: Gravity load of dam concrete + Flood loading +
Associated temperature variation + Sediment loading
4. Extreme load combination: Usual load combinations + Earthquake loading
(maximum credible earthquake - MCE)

Different performance requirements are set for the various load combinations.



2 EMBANKMENT DAMS

Figure 2 - Mattmark Dam.

2.1 Analysis procedure

The earthquake analysis of an embankment dam such as Mattmark, Figure 2, is typically
performed for a two-dimensional model whose geometry and characteristics are those of
the central section of the dam. The analysis consists of verifying the stability of individual
portions of the dam (blocs), whereby the resultant of the inertia forces acting on a bloc is
compared to the resisting force along the bloc-dam interface (Figure 3a) as follows:

1. Determine the static state of equilibrium that prevails in the dam (for example
from a finite-element calculation, accounting for the construction stages and
consolidation);,

2. Determine the non-linear dynamic mechanical characteristics of the dam materials
from laboratory tests (modulus of elasticity, Poisson’s ratio and damping, all
depending on the level and rate of loading);,

3. Determine the earthquake motions and stresses in the dam by a finite-element
calculation in the time-domain (equivalent-linear or elasto-plastic material-
properties, uniform base excitation).;

4. Submit the test specimen of dam materials to the total stresses (static + cyclic
dynamic) calculated under point 3 in various parts of the dam. Determine the



increase in pore pressure and the resulting loss of shear resistance and associated
strain;

5. Determine the zones of the dam susceptible of liquefying (total or partial loss of
shear resistance due to the rise in pore water pressure),

6. Perform one or several sliding bloc analyses whereby the zones susceptible of
liquefying (as determined under point 5) are properly accounted for and the
accelerations in the dam body (as calculated under point 3) are used. An
incremental displacement of a bloc occurs when the weighted, horizontal
acceleration becomes larger than the critical horizontal acceleration corresponding
to sliding inception. Sliding stops as soon as the weighted acceleration returns
below the critical acceleration (Figure 3b). If no sliding occurs, the permanent,
remaining strains obtained under point 4 are transformed semi-empirically in dam
permanent, remaining deformation.
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Figure 3 — Bloc sliding analysis: a) Principle; b) Implementation.

The procedure above is typically used to analyse dams constructed of materials prone to
pore water pressure build-up and to the ensuing possible loss in shear resistance
(saturated sands of low and medium density). For dams built of materials whose
characteristics change only very little under cyclic loading (compacted cohesive clays,
dry gravely sands and very dense gravely saturated sands or rockfill), only steps 3 and 6
are usually performed.

Further simplifications are introduced for smaller dams and preliminary studies, in
particular replacing the finite-element calculation (step 3) by empirical expressions for
the fundamental period of vibration and the associated mode shape (the peak acceleration
response is then obtained from a response spectrum) as well as by introducing



expressions relating the typical number of cycles of motions as a function of earthquake
magnitude in step 6.

The initial static conditions have a great influence on the mechanical dynamic
characteristics of the dam materials. It is also important to recognise that the most
unfavourable state of equilibrium may be the one prevailing after the earthquake because
of the redistribution of the pore pressures. It is further known that hydraulic-fill dams are
extremely vulnerable to earthquakes because they are prone to liquefaction (this is also
true of dams constructed on loose sands).

2.2 Research areas

Knowledge of the constraints in the dam body and of the permanent deformations are
essential to the assessment of the earthquake behaviour of an embankment dam that
includes the issues of crest settlement (with resulting loss of freeboard), longitudinal
cracks (associated with large lateral oscillations), transverse cracks (associated with large
longitudinal oscillations or transverse asynchrone excitations) and cracks within the dam
body (piping initiation). All cracks can lead to erosion. Also important is the assessment
of the three-dimensional effects, especially in narrow valleys (significant contribution of
the lateral abutments to the dam stiffness) and in the presence of vertical, longitudinal
and transverse asynchrone excitations.

A geomechanical, non-linear inelastic formulation combined with a finite-element
modelisation permits to address the issues above. The development of such constitutive
laws for a two-phase, fluid-solid material (fully and partially saturated) is a major area of
research.

Foundation-dam interaction and reservoir-dam interaction are of limited importance for
embankment dams, with the exception of site effects (modification of the excitation
characteristics in the subsoil) and of wave travelling effects at large dams (varying
excitation across the base of the dam).



3 CONCRETE DAMS
3.1 State-of-practice

3.1.1 Modelisation of gravity dams
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Figure 4 - Model of a gravity dam.

Gravity dams are generally analysed on the basis of a two-dimensional linear visco-elastic
finite-elements model, Figure 4. The earthquake excitation is introduced as an uniform
motion at the base of the dam, no variation across the base being considered (although
this may be of some importance when the predominant apparent wavelengths of the
earthquake are of the same order of magnitude as the base width). Three-dimensional
modelling of gravity dams may be required in the presence of asynchrone transverse
excitations (in particular at a dam with shear keys), longitudinal excitations and at
narrow canyons.

3.1.2 Modelisation of arch dams

The three-dimensional geometry of an arch dam as McKay’s Dam, Figure 5, is also
modelled by linear visco-elastic finite-elements, Figure 6. The configuration of the grid is
taken from that used in a static analysis in which it is necessary to consider the effect of
the weight of the concrete that acts on the independent cantilevers before the vertical
joints are grouted.



Figure 5 - McKay’s arch dam.

Figure 6 - Model of McKay’s Dam and foundation.

3.1.2 Foundation
The foundation rock is considered to be rigid at gravity dams and is modelled by finite

elements at arch dams (Figure 6). No inertia is considered in the latter case as this would

lead to waves remaining trapped within the foundation region, what does not occur in












