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ABSTRACT: The safety of dams is based on proper design and construction, while the monitoring
allows to subsequently verify if the behavior is regular or if unforeseen phenomena need to be
reevaluated. The paper exposes some basic issues related to the safety of concrete dams.
The stability of gravity dams depends primarily on the slenderness of the structure and on the
condition of the lateral blocks when taking the effect of the valley slope inclination into account. This
last aspect is somehow neglected by the classical design approach, but in certain conditions it might
present a potential failure mode.
The stability of arch dams depends on the other hand on the arch effect under compression and on the
integrity of the structure near the foundation due to the role of the shear forces on crack stability.
Finally, a relevant challenge is the assessment of the foundation. The rock quality by itself defined
involving usual rock mechanical approaches does not present a reliable parameter. Actually, it is the
discontinuities that play a determinant role and which therefore have to be taken duly into account.
The paper concludes with some considerations on monitoring and the long term behavior of dams
focusing in particular on possible impacts of concrete swelling on the structural safety.
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Introduction
The present paper aims to give an overview of relevant aspects related with the safety of
concrete dams and of some current topics linked to their monitoring and long term behavior.
First, the structural robustness of concrete dams is considered by addressing the main aspects
that finally allow to guarantee their stability. Specific issues for gravity dams, for arch dams
as well as for the foundation are individually presented, emphasizing the potential damage
mechanisms that have to be faced with appropriate analysis approaches. To design an
economic dam that behaves without problems, there are further aspects that have to be
considered, as for example the control of thermal cracking. But these minimum requirements
are mandatory and should be verified with higher priority. Unfortunately, this is in practice
not always the case and several codes do also surpass some of the aspects here presented.
The realization of a solid structure is fundamental, the prerequisite for safety, but the situation
might also change during the service life. The monitoring and the maintenance are therefore
equally important to the solid nature of the structure. The concrete expansion is one typical
occurrence that might change the state and the safety of a dam.

Stability of gravity dams
When the stability of a gravity dam is verified without taking the tensile strength into account,
it is possible to identify the threshold when the concrete weight by itself becomes insufficient,
so that the dam stability cannot anymore rely exclusively on the gravity force.
Figure 1 shows how the stability against overturning and against sliding changes as a function
of the inclination of the downstream dam face. The upstream dam face is vertical, the unit
weight of concrete varies between 23.5 and 24.5 kN/m3 and the shear strength is provided
only by friction, assumed to be at its residual angle of 48° according to [1].
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Figure 1: Stability of gravity dams: overtopping (upper graph) and sliding (lower graph).
Two assumptions are made for the uplift pressure in case of crack initiation at the upstream
face. Following the first, more conservative assumption, the pressure within the crack
corresponds to the full water pressure, which then decreases linearly through the remaining
section. In the second hypothesis the uplift pressure simply varies linearly from 100% at the
upstream to 0% at the downstream face. The first distribution is expected in case of a dam
partially cracked in its upstream part, while the second one corresponds to the case of constant
permeability, i.e. if a dam is completely cracked at a certain elevation. The second assumption
is rather unlikely and also not particularly conservative since the permeability probably
progressively reduces towards downstream direction with the increase of the vertical
compression. However, the crack opening might be quite complex as it is the case of dams
affected by concrete expansion [2].
According to Figure 1 a gravity dam is stabilized exclusively by its own weight if the
downstream dam face is inclined less than 0,80 to 0,84 (values for m in Figure 1). The sliding
becomes the determining criterion due to the conservative value for the residual shear strength
assumed on the horizontal lift joints. In case of a higher shear strength or inclined lift joints,
the overturning might become critical if the dam thickness is less than 73 to 77% of the
height. These basic stability criteria might actually allow to significantly simplify the required
gravity dam analyses.
It is interesting to observe that some gravity dams, in particular those of limited height, show
thicknesses of 60% of the height or even less. The stability of these dams depends actually on
the tensile strength. The well know case history of Bouzey gravity dam in France, that
collapsed in 1895, was quite slender and according to Figure 1 not stable. One should always
consider the possible lost of the tensile strength, as it occurs in case of cracking during an
earthquake or due to concrete expansion.
At the interface between concrete and rock, on the other hand, dominate unfavorable
conditions that are too often overlooked. The stability of the lateral blocks is in fact
influenced by the valley slope. Here the vertical dead load force, which gives a stabilizing
effect by friction, decomposes into a normal and a shear component to the inclined interface
(N and T in Figure 2), causing a twofold reducing effect on stability: the normal stabilizing
force reduces while the shear component increases compared to the situation on an horizontal
2

shear plane. Furthermore the uplift force increases as the foundation surface increases (see
Figure 2).

Figure 2: Impact of the slope inclination towards the river on the sliding safety factor of an
independent block (inclination of downstream face 0.8:1, uplift reduced at 80%).
The equilibrium of a single block resting on the slope is easily defined, but the consequent
conclusion might most probably give an insufficient sliding stability. The possible interaction
between the lateral blocs of a dam needs therefore to be taken into account. A possible
analysis approach was proposed by Lombardi [3], but the actual equilibrium is quite
uncertain. The lateral component T can be supported for one part by the adjacent block, and
transferred towards the central part of the dam, and another part is directly taken by shear
strength at the foundation. However, this latter will in turn reduce the available strength
against sliding in downstream direction.
The amount of the lateral shear force transferred to the foundation is not simply defined a
priory, but it depends on the process of construction, the eventual grouting of the vertical
contraction joints, the thermal state (the thermal expansion in summer pushes the lateral
blocks towards the river and reduces the mentioned shear strength), the loading condition as
well as the relative rigidity between dam and foundation.
Independent from the most probable equilibrium in normal operating conditions, one can also
assume that at limit of stability, when the dam is sensitive to downstream movement, the full
strength tends to turn in upstream direction, i.e. in opposite direction to the movement. This is
certainly acceptable, but in this case one has to take the cohesion conservatively into account,
since it likely reduces with failure. The uplift pressure needs also to be reevaluated at sliding
limit.
Considering these aspects, it becomes clear that it is quite difficult to advise how to perform
this type of analysis properly, and it should be kept in mind that the results are variable in
function of the hypothesis considered. Concluding, it can be stated that the stability of a
gravity dam is not as straight forward as it may appear and that its assessment requires a
sound engineering judgment and not only the fulfillment of pre-defines rules.

Stability of arch dams
The stability and the safety within the body of an arch dam depends basically on the following
two major elements:
• The strength margins on the compression of the arches;
• The integrity of the concrete sections near the foundation (crack stability with respect
to the shear forces).
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The first point needs simply to be verified by common structural analyses and is generally not
so critical. Preliminary assessments can also be made according to the Lombardi’s slenderness
coefficient [4], [5].
Due to the clamping effect, an arch dam may be subjected to crack near the foundation. The
effect of this cracking is not so relevant for the dam stability, unless the shear force is high
compared to the normal force. Bending cracks develop nearly perpendicular to the mean axis
of the vault so that the effect is somehow comparable with the pulvino considered in certain
design practices. Obviously, the presence of a crack along the foundation is perceptually not
comparable to the presence of a well-designed peripheral joint, even if both elements might
have structural similarities.
In case of a full reservoir, a section parallel to the foundation surface is certainly in
compression; an eventual bending crack can therefore only develop up to a limited depth
before it reaches a stable equilibrium. This situation can change in case of relevant shear
forces. To properly assess the stability of a crack, it is necessary to analyze the stress state
within the dam body. It is known that the shear stresses in a concrete section progressively
change with increasing cracking from the original parabolic distribution to a nearly triangular
one [5]. As shown in Figure 3, this causes practically a pure shear stress state in front of the
crack apex. Adopting for example the failure criterion of Griffith [6], the failure is likely to
occur in tension, developing a crack inclined at 45°.

Figure 3: Deflection of a horizontal crack due to shear force T.
In a very preliminary way, if the shear force T exceeds the value of ft⋅e/2 the crack becomes
unstable. A more detailed FE-analysis of the stress around the crack apex is in any case
recommended to better assess the stability of the crack. In case the horizontal crack occurs at
the upstream dam face, one should also take into account the effect of the water pressure
acting within the crack. This concept of crack stability or instability according to Lombardi
[5] is exposed in Figure 4.
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Figure 4: Stable and instable cracks.
In practice it is not so evident to assess this particular aspect, since the stresses at the
foundation typically show singularities and since the mesh adopted for the whole dam model
is too rough for the detailed analysis of the stress near a crack apex. However, the effect of the
shear stresses on the crack stability is of primary importance for the assessment of the safety
of an arch dam. A tensile stress in a region and direction not affected by shear forces is in fact
irrelevant for the dam safety. A tensile stress in a region with relevant shear forces, on the
other hand, should be allowed with prudence by considering larges safety margins.
The allowable tensile stress should in fact be defined not only as a function of the type of load
combination, but also as function of the consequences of an eventual crack.

Foundation stability
Foundation failure is the principal occurrence of concrete dam collapse. Tigra (India,
collapsed in 1917), Vaughn Creek (USA, 1926), St. Francis (USA, 1928), Zerbino (Italy,
1935), Malpasset (France, 1959) and Camarà (Brasil, 2004) are some relevant examples. The
assessment of the rock mass strength is very challenging due to the complexity of their nature.
The orientation of discontinuities and their characteristics may strongly affect the bearing
capacity of the foundation. A rock mass with horizontal bedding, very high RQD values and
generally rough discontinuities surfaces can be characterized as good according to the RMR
classification, but due to the potential presence of a single, horizontal and very smooth
discontinuity, it is in fact considered as not suitable for a gravity dam of about 200 m height.
If such a smooth discontinuity is located around 5 m below the excavation limit, it might
easily represent a potential sliding surface for this very high dam. The discontinuities play
therefore a major role for the stability of the foundation.
The analysis method proposed by Londe [7] is well known. It aims to determine the
equilibrium condition of a wedge delimited by an upstream face, where the hydrostatic water
pressure applies, and two discontinuities oriented towards the downstream direction. The
wedge is loaded by its dead weight, the already mentioned hydrostatic pressure, the thrust
forces from the dam as well as the uplift pressure on both sliding discontinuities.
Even if this method is reliable in certain conditions, it may overestimate the strength of the
rock mass in others. Figure 5 shows how in case of various discontinuities a wedge would be
supported by others wedges that are likewise potentially unstable. With the aim to account
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also for this situation, an alternative method is proposed involving the analysis of a rock slice,
of unit thickness, nearly perpendicular to the concrete to rock interface and which is delimited
by the same planes as the single wedge considered by Londe. This slice is independent of the
adjacent slices since the stability conditions are quite similar.

Figure 5: Transition from a single wedge stability analysis to an analysis of independent
planes nearly perpendicular to the foundation limit.
The resistance applies only on the sliding planes at the base of the analyzed slice. One might
consider this alternative as a generalization of the Londe method where the interaction from a
wedge to the others is fully avoided by the analysis of independent slices.
This kind of analysis allows to study various hypotheses, such as the opening of the upstream
tension crack, the presence of a grout curtain or a drainage system.

Long term behaviour and monitoring
Within the framework of monitoring, interpretative models are widely used to analyse the
dam behaviour, in particular the displacements. There exist basically two types of models:
deterministic and statistic. Actually, both approaches are not fully comparable. The
establishment of a deterministic model requires the review and assessment of some basic
aspects of the dam, that are otherwise only treated in the design stage. Statistic models, on the
other hand, are a purely mathematical exercise having in fact nothing to do with the actual
structure. The deterministic approach promotes the engineering knowledge and is on a long
term probably more reasonable in the context of dam safety.
Dams might be sensitive to temperature changes. The physically correct analysis of this
aspect is not trivial and represents the main challenge in the establishment of deterministic
models [8]. For statistic models, on the other hand, the thermal part does never appear as a
problem, but this is actually not the case. Within statistical models the presence of various
thermometers with a similar behaviour is not handled satisfactory and the obtained influence
coefficients are fully arbitrary. Also the eventual elimination of thermometers is in fact
arbitrary. As long as the engineer properly qualifies the situation and considers the statistical
model just as a tool that might help to verify if the present dam behaviour is consistent with
the past, the statistical approach is acceptable. However, giving a physical meaning to the
results, as for example when deciding on the placement of new thermometers, referring
exclusively to the statistic model, is not reasonable.
The fact that a dam behaves regularly at beginning of its service life, does not imply that it
will continue to do so, remaining safe also in the future. An increasing number of concrete
dams worldwide shows permanent displacements that might be correlated with the chemical
expansion of concrete (AAR o ISA). The effect starts to be visible only several years after
construction, i.e. 20 years, and the drift might be quite slow so that up to now for various
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cases it was sufficient to monitor just the behavior. Worldwide, the situation appears to be
still in the initial stage and rehabilitations have been performed only in single cases.
Concrete expansion in dams is generally not uniform within the structure, but it varies mainly
as a function of temperature and stress state [2]. This characteristic clearly complicates the
assessment of the actual consequences due to expansion. The problem is schematically
presented in Figure 6.

Figure 6: Variation of static equilibrium due to internal expansion.
A structure formed by 3 beams is considered for 3 different load cases, which produce
practically the same displacement of the common node towards the left.
For Case 1, an expansion only for the horizontal beam is considered. Since its free expansion
is partially hindered by the stiffness of both sub-vertical beams, a compressive stress might
occur within the horizontal beam. Since the two other beams are pushed towards the left hand
side, a tensile stress is obtained for the right beam and a compressive for the left one.
For Case 2, expansion occurs only within the right sub-vertical beam. The elongation of said
beam is somehow hindered by the left sub-vertical beam, and due to their interaction a
rotation and deformation towards the left hand side occurs. The horizontal beam reacts on this
deformation. Finally, both the horizontal and the left sub-vertical beams are in traction, while
the right sub-vertical beam is in compression.
Case 1 and 2 might show the same macroscopic deformations, but the internal stresses are
completely different. One might also imagine a combination of these two loading cases,
where finally no stresses are induced within the structure. This situation is represented by
Case 3.
This example is strongly simplified, but allows to highlight the difficulties encountered by
assessing the effective state of stress within a dam affected by expanding concrete. In an arch
or an arch gravity dam, the horizontal beam corresponds to the arch effect, while both subvertical beams stand for the cantilever effects.
In order to optimize the maintenance of dams and to identify the most appropriate
countermeasure, the assessment of the actual behavior together with the effective state of the
structure is of primary importance.
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The correct estimation of the internal stress state might be of a certain relevance for the safety
assessment of a dam. In case of an arch-gravity dam, the compressive stresses induced by the
expansion in the arches, according to the distribution of expansion adopted, might vary from 0
to 3-4 MPa [2]. In this latter case the horizontal trust force transferred to the shoulder of the
wide valley might be high enough to cause a sliding of the lateral concrete blocks, especially
in combination with the water pressure of the reservoir. For the other hypothesis the effects of
the concrete swelling are practically irrelevant for the dam safety.

Conclusions
Tensile stresses are not irrelevant for concrete dams, since they might indicate the transition
from a fully regular behavior to a situation characterized by defects, such as cracks. But it
should be noted that they are not directly related to the safety of this type of structure. Others
criteria have to be taken into account.
1. Stability within gravity dams:
• The static stability, verified with appropriate methods, should depend only on the
weight of the structure. The tensile strength might disappear in case of cracking for
any reason.
• The stability of the lateral blocks, influenced by the lateral slope inclination.
2. Stability within arch dams:
• The strength of the arches compared to the compressive stresses.
• The effect of the shear force for the integrity of the structure near the foundation.
3. The foundation stability, avoiding the risk of superposition of potential unstable wedges.
The safety has to be also periodically verified and maintained during the service life. A
reliable monitoring and its correct interpretation is the required prerequisite. Numerous cases
of concrete expansion show how threats are effectively present. The assessment of this
expansion is particularly difficult since displacements and stresses, and therefore the safety,
cannot be directly correlated.
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