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Abstract
The maintenance of dams is crucial given their social, environmental and economic
relevance. However, more than 40% of the world’s dams are over 40 years old.
Furthermore, due to their ageing, damage such as cracks, leaks and remaining movements
have the potential to affect their serviceability and safety. This paper provides dam
maintenance technicians with a methodology that first provides a diagnostic hypothesis, as
maintenance work can only be considered if the source of the problem is known. The
methodology provides technicians with tools for making decisions to ensure the short and
long-term sustainable management of a fundamental resource for societies. The analysis
uses a transversal approach broken into three stages: study of the structure’s “clinical”
history, field inspection and analysis. These tasks are described from a technical point of
view with a range of examples and graphs to demonstrate their practical usefulness and to

facilitate implementation.
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Introduction

The United Nations Environment Programme (UNEP, 2007) considers large dams to have played a major
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role in the socio-economic transformation of many countries. Dams are civil works that have been
constructed for over 4500 years (Schnitter 2000). Their main functions are water supply for humans,
irrigation, year-round flood control, power generation, navigation, fishing and even leisure. One of the latest
major environmental contributions of dams has been hydropower. The growing willingness to exploit clean
and renewable energy sources that do not emit CO; into the atmosphere has consolidated hydropower,
which has been around since the ancient Greeks. According to the International Commission on Large
Dams (ICOLD), the main drawback of dams is the obvious environmental and social impact caused by their
construction, in addition to the large financial investment required (ICOLD, 1997).

Given this situation and the fact that society cannot do without the benefits provided by dams, the utility of
dams already in operation must be maximized. However, these structures, just like human beings, are
subject to damage over time that can vary in form, mode and origin. When they become aged and enter a
phase of what Ellingwood and Tekie (2000), Diéz-Cascon and Bueno (2001) and Kalantarnia et al. (2016)
call progressive deterioration, great lengths must be taken in the regular maintenance to proactively manage
the risk associated with the aging of the dams. ICOLD (2011) estimates that more than 40% of the world's
dams are over 40 years old and therefore in this phase of progressive deterioration. To be effective,
maintenance actions must be based on a diagnosis that explains the cause of the damage, as occurs in
medicine, where the diagnosis is of utmost importance for treatment choice (Morgan and Engel, 1971; Lain,
1982; Friedman, 2001; and Carter et al., 2005).

Although damage diagnosis is undoubtedly one of the biggest challenges for engineering in the 21st
century, there is a glaring lack of research on it for dams. Determining the cause of damage is often given
very little importance by technicians, who make decisions based on their expertise and intuition. They put
most of their faith in laboratory testing and numerical studies, which should only be seen as complementary
tools, as occurs in medicine (Balsells, 2010). Generally, the cause of major problems requiring dam repair
is identified to mitigate future damage. However, as Andriolo (2002) points out, technical reports on dam
maintenance exist that show repairs being undertaken without seeking to discover the origin of the

problems, or that any investigation that did take place did not determine the causes of the problems.



Surprisingly, then, diagnosis has received minor attention from the technical community specializing in
dams (as is discussed in Section 2). The nonexistence of a referential framework has meant poor
optimization in the selection of maintenance actions (in terms of economic investment and the reduction of
risk levels) (Pardo-Bosch and Aguado, 2015). This is a problem in the current times of relative financial
hardship. Such times are precisely when the most benefit can be gained from each and every investment in
public infrastructures (Pardo-Bosch and Aguado, 2016).

For this reason, this paper's main objective is to organize the activities (basically of reasoning) that
technicians should perform to solve the mysteries that arise in determining the cause(s) of damage to the
structural units forming a dam. The sequence of activities recommended is inspired and based on medical
propaedeutics, the theory used in medicine to explain what procedures the doctor should perform to detect
signs or symptoms of damage as well as to collect preliminary data about patients using different
techniques.

This paper does not propose any new techniques or calculation methods. The aim is simply to provide a
new perspective on the physical examination of dams, this being the basis of the argument put forward in
this paper. Laboratory testing and numerical studies are pushed back to a later stage (which follows the
stages treated in this paper) and are only used to confirm or discard the diagnostic hypothesis. This approach
saves valuable resources (and not only economic ones) that could be used for other purposes. The proposed
methodology has not been developed from the theory found in the literature, although this knowledge has
been taken into account. The methodology has been conceived mainly based on practical knowledge
acquired through technical visits to more than 25 concrete dams scattered throughout different countries.
Although the approach in this paper is applicable generally, because the authors have extensive expertise

in concrete dams with expansive reactions, the examples presented concern this pathology.

Review of literature
This section reviews how the technical community has to date handled the study of major damage that can

affect a dam in an ordinary period of operation.



Over the last 50 years, ICOLD has published 147 bulletins, although only four of these bulletins concern
the study of damage: B.71-Exposure of Concrete Dams to Special Aggressive Waters (ICOLD, 1989),
B.79-Alkali-Aggregate Reaction in Concrete Dams (ICOLD, 1991), B.93 - Ageing of Dams and
Appurtenant Works (ICOLD, 1994), and B.107 - Concrete Dams - Control and Treatment of Cracks
(ICOLD, 1997). While all of them review historical cases, none explicitly propose a methodology of
diagnosis for determining the origin of the damage in future studies. Even so, they do provide some
interesting contributions on which to base this type of methodologies.

The most outstanding work in ICOLD is carried out by the Italian Commission on Large Dams (ITCOLD),
which studies dam diagnosis because it is an issue that in recent years has not attracted the attention of the
scientific-technical community (ITCOLD, 2012). Their paper focuses on using mathematical models as a
support tool for the diagnosis. However, there is a short introductory part that situates the diagnostic in the
bigger picture, stating that its success requires objective criteria obtained from a series of regulated activities
that allow understanding what is happening in the structure. These activities include visual inspection,
characterization of the material constituting the joint dam-foundation-reservoir, static monitoring and
dynamic monitoring.

Some research deal with the diagnosis of dam damage in other contexts. In these works, there are two very
distinct trends in systems for determining the origin of the damage affecting the dams. For instance, Wu
and Qie (2002), Peyras et al. (2006) and Xu (2011) present informational systems that support this decision-
making. These systems use large databases and allow the technician to determine the origin of the damage
without having to make an expert judgement. These models interrelate expert knowledge (through the
database), artificial intelligence, numerical analysis and computing power. This combination makes them
very interesting tools, which are normally associated with risk analysis and not diagnosis because no
assessments are made about what may have caused the damage. The main function of the system is
prognosis.

On the other hand, authors such as Fargier et al. (2012) propose more classical diagnostic systems, which

entail studies of historical information, geological studies, reviews of maps and topography, visual



inspections, morpho-dynamic studies and specific studies. These activities should allow technicians, based
on their judgement, to determine the causes of the damage. The drawback of this methodology is that it is
developed to study dams or dykes of loose materials. In addition, to give dam technicians practical
guidelines, detailed instructions must be provided on how each of the tasks is to be performed and, above
all, on how the information collected in the different stages should be treated.

Table 1 illustrates the principal causes of damage that can affect an operational concrete dam. According
to New York State-Department of Environmental Conservation (1987), Aguado et al. (1996a), Bureau of
Reclamation (1997), ITCOLD (1999), Groza and Toda (2011) and British Columbia (2011), these causes
are expansive reactions, acid attacks, abrasive erosion, cavitation erosion, Cyclic freezing and thawing,
thermal effects, actions (deformation) of the rock mass and uplift pressure. For each cause, the table lists

the principal signs of damage, their typical location and the main consequences.

[Table 1 near here]

The diagnosis and its stages

In civil engineering, as in humans, structural damage can be understood as the structure’s failure to fight
off internal or external elements attacking it. Using this analogy between humans and structures (two kind
of “living beings”), Feinstein (1967) (despite its age, a very frequently referenced work that Talavera and
Rivas-Ruiz (2012) say all sensible doctors should know and apply) states that the diagnosis in engineering,
as occurs in medicine, must have two clear objectives: first, to define the cause of the damage; and second,
to determine the consequences that the damage can cause in the element that suffers from it. Thus, the
diagnosis must be understood as a systematic analysis of physical signs observed at the dam. The results
should be compared first to the normal states as established by engineering and second to the original state
of the dam. Great technological advances, both in laboratory and numerical studies, cannot replace the
diagnosis because they are solely a complement to it, just as proposed by medical propaedeutics.

To ensure a complete process, a sequence of activities is proposed that can be divided into two phases, as



shown in Figure 1, based on the expertise acquired and medical propaedeutics. The process starts with
damage detection, which entails the following activities:
-The first phase (the subject of this paper), which lasts a few weeks, consists of damage detection,
study of the clinical history, field (dam) inspection, first cabinet works and definition of the first

diagnostic hypothesis.

-The second phase, which has been widely covered in scientific-technical forums and which can last
for months, entails laboratory tests, numerical models, verification of the diagnosis and definition of

the forecast.

[Figure 1 near here]

Study of the clinical history

This stage involves collecting all the documentation for contextualizing the investigation. The goal is to
learn about the structure. This study is divided into two phases: historical documentation and auscultation
data.

The historical documentation phase entails exploring the history of the dam, from initial planning to
operation, including construction. This information provides valuable assistance as it facilitates ongoing
examination by different technicians and encourages investigation. The best way to start a study of the
structure is to review the basic technical characteristics of the dam. Deepening the study of the structure
requires examining and considering all isolated information that may appear across various documents.
This review might reveal historical particularities that may bear relation to the pathology under
investigation. Small details can be important in the forming of an opinion. Such information, for example,
was fundamental for diagnosing the Camarasa Dam (Blanco et al. 2015). In undertaking this phase of the
study, technicians may want to review technical reports (particularly dam books), construction books, plans
of the dam (plans, profiles and details), old photographs, rehabilitation projects, articles in journals or

conferences, etc. Reviewing documents on other contemporary structures is also important.



Studying the auscultation data collected by the monitoring system allows describing how the dam's
behavior has evolved over time. In a concrete dam, there are many variables measured over time (ITCOLD,
1988). Because of this monitoring activity, a lot of data is collected, making its analysis and management
very complicated. To optimize time in this phase, the study is usually limited to examining only data on
horizontal and vertical movements. ICOLD (2000) and Lombardi et al. (2001) state that the most important
and most accurately measured monitorable parameters in a dam are the movements. Any important event
occurring in the dam body or its foundations causes a global response from the structure, which is reflected
in the registered movements. The monitoring and analysis of these measures should permit distinguishing
between recoverable cyclic movements (from hydrostatic thrust and thermal action) that do not usually
represent a problem and the remaining movements, or non-recoverable ones. The remaining movements
are a consequence of some abnormal phenomenon. The movement of foundations, slopes and expansive
reactions are the main causes of these movements. Observing the trend of non-recoverable movements does
not require many measurements. Figure 2 illustrates three different levelling movements of a concrete dam.
Regardless of the number of measurements used (one, two or twelve per year) to make the representation,
from 1966 (month 0) until 2008 (month 504), the dam grows between 47 and 60 mm according to the
measured block, which raised the alarm and caused a detailed study of the dam to be undertaken in this

case.

[Figure 2 near here]

Field (dam) inspection

A field or visual inspection of the structure is the physical examination of the whole dam and its
surroundings done personally by the technician. This technique, which may seem basic, is very important
because it allows discovering structural alterations and abnormal signs (see Table 2), which in some cases
cannot be detected by other monitoring systems. During the field inspection, a series of complementary

activities should be performed (collection of samples, taking photos, etc.).



[Table 2 near here]

Geological formation

An inspection of the quarry where the rock came from must be performed to evaluate whether the geological
characteristics of the aggregate might be a source of problems. The open front of a quarry is exposed to
external elements against which the rock mass can do little to defend itself. The rock's defenselessness
allows chemical processes arising from its geological characteristics to occur. Thus, its degradation is a
magnificent mirror of the aggregate that was extracted from it. If the rock of one the fronts shows signs of
alteration, it is very likely that the aggregate of the dam contains minerals that, under certain conditions of
exposure, will react with the water or the cement paste compounds giving rise to expansive reactions.
Figure 3 shows two different quarries that were used to build the same dam. The rock from the first quarry
(Figure 3b) has a high chemical reactivity due to its content of sulfur compounds that has caused an
expansion of the concrete. In contrast, the rock from the second quarry (Figure 3c) does not have any

reactive capacity, and its concrete is perfectly conserved.

[Figure 3 near here]

The main purpose of the study of the abutments is to determine if their behavior can generate a terrain-
structure interaction that affects the conservation of the dam. The abutments generate some horizontal
restrictions in the dams not found in the vertical plane. The relative motion in discontinuity, weathering of
the rock or expansion of existing material in the joints can cause an alteration in the abutments’ system of
acting forces on the structure that can produce negative effects on it. If the structural effects are caused by
the weathering of the rock, the force is not uniform at different heights, and the compression exerted by the
abutments on the dam is larger the closer the rock is to the crest. The top of the abutments in the ground

that is exposed to natural degradation for more time means that the deterioration of the rock and its



expansion is greater than that occurring closer to the foundation. In addition, the stiffness of the dam is
greater at the base of the dam than at the top, making it easier to resist any action at the bottom of the
structure than at the top of the blocks. This means that the expansion of the abutments at the top of the dam
may be more significant. As a result of the terrain-structure interaction, in areas close to the crest (on both
faces), longitudinal fissures may appear at a horizontal angle of between 0° and 45°, depending on the

existing slope in the dam-terrain contact, as can be seen in Figure 4.

[Figure 4 near here]

Annexed structures

This stage examines possible non-structural damage to constructions in or near the dam that are independent
of the dam. The objective is to assess whether the one cause might be responsible for the damage to such
structures and the dam. According to Aguado et al. (1996a), in Europe, between 40 and 50% of dam failures
are owing to the type of material used or construction errors. As it is likely that the dams and their
surrounding structures were built using similar techniques and materials (cement, aggregates, water, etc.),
the damage detected may have the same cause.

Non-structural cracks appearing early on, caused by either retraction (longitudinal fissures) or by shrinkage
(map-cracking), should not represent major problems. On the other hand, cracking (structural or otherwise)
that appears at an advanced stage of operation is normally the result of an expansive concrete reaction.
Typically, in these cases, map-cracking occurs. This type of cracking can manifest itself earlier on and
possibly more significantly in auxiliary structures than in the dam because such structures are subject to
relatively favorable conditions of confinement, in addition to having slender geometries.

Figure 5 illustrates an example of an adjoining structures at a dam with marked cracking that helped
determine that the concrete contained reactive aggregates. This image shows the cracking (mapped and
longitudinal) of the teeth at the foot of a (heavily reinforced) gravity dam affected by an internal sulfuric

attack.



[Figure 5 near here]

Dam body

At this stage of the study, the aim is to detect the pathological signs that may occur in the crest, paneling,
spillways, galleries and wells. The main signs include remaining movements, leaks, moisture stains, map-
cracking and any other sign of concrete deterioration.

At the crest, especially in straight plan dams, it is relatively easy to detect both horizontal and vertical
remaining movements, which are a clear indication of abnormal behavior in the dam or its foundation. In
arch dams, the curvature and the transmission of loads in the longitudinal axis hinder their observation,
although they can also be detected. If very notable, the movements can be detected by the variation of the
openings of concrete joints or by the misalignment of concrete blocks, as shown in Figure 6a of a 150-m
high gravity dam. If the movements are small, the best way to detect them is through the misalignment of

slender linear elements, such as rails or handrails.

[Figure 6 near here]

The walls and spillways are where the largest expanses of visible concrete are found. In addition, these are
the areas most exposed to external actions, making them the place to detect pathological signs more easily.
Where the reservoir has dropped, the alternation in the state of humidification allows some damage to be
detected relatively easily, especially cracks. Figure 6b shows the downstream face of a dam with sealed
longitudinal fissures.

In contrast, the downstream face and spillways are easier to study in detail. First, because their entire
surfaces are visible to the human eye and, second, because in some cases they can be accessed from a
gallery or abutment. Figure 7 shows an example of a damaged downstream face, the spillway of a Catalan
dam. This image clearly shows both mapped and longitudinal fissures, in addition to newly formed material

seeping from the cracks. Although the cracks are the main indicators in the above examples, there are other



signs of deterioration.

[Figure 7 near here]

The galleries allow access to the interior of the dam. From them it is easy to observe the state of the structure
and review all its branches. Areas just a few meters apart can present considerably different signs of physical
deterioration, which can be a key observation for the diagnosis. If signs of damage are located spatially, in
addition to matching it with the signs appearing in the walls, possible particularities of construction may be
verified later, which was instrumental in the diagnosis of one dam in particular. This dam, at 1339 m, has
a gallery with a branch parallel to the axis of the river that gives access to the downstream face. The branch
is divided across its central axis by a vertical joint of J9 concrete. The concrete plan (Figure 8a) reveals that
at this height the J9 joint separates a block made with expansive concrete from one made with good
concrete. Figure 8b shows the branch of the gallery in question. The right side is in very good condition
(Figure 8c), while the area on the left (where the expansive concrete is according to the concrete plan)
shows considerable surface deterioration (Figure 8d). Detecting this meant that the theoretical and visual
observations could coincide. Thus, it was confirmed that the main cause of deterioration was an expansive

reaction of the concrete.

[Figure 8 near here]

Cracks appear systematically in the upper galleries. Their appearance is usually noticeable and has a
preferential orientation. The cracking may be straight, extending only along a single side of the gallery, or
oblique, which means that it often starts in the gable of one of the walls, shifting position until it ends up in
the gable of the opposite wall if the gallery is long enough. Oblique cracking is normally induced by
differential movement between blocks accompanied by a dragging phenomenon in the vertical joints.

Finally, the state of the wells where the pendulums are installed, either from the galleries or the crest, must



also be checked. This test is the only way (except for expensive core drilling tests) of determining the state

of the concrete in the center of a block.

Mobile elements

This section deals with the important task of inspecting the moving parts, basically sluices and turbines. In
such elements, special attention must be paid to jams and changes in the geometry of their openings.
Operational problems may indicate a change in the volume of the adjacent concrete. One of the clearest
indicators is the gates becoming increasing difficulty to open and close. One of the biggest problems that
can occur to a dam is the jamming of a gate. The inability to open it when the hydraulic conditions require
it could cause a catastrophe. Concrete cracked from the breakwater where the gate of a dam rests is shown
in Figure 9. In this dam, when problems emerged in moving the floodgates, rehabilitation work was carried

out that entailed installing anchors to limit the expansive capacity of the concrete.

[Figure 9 near here]

First cabinet works

Once all the tasks entailed in the physical examination of the structure have been completed, the analysis
is undertaken, which should clarify any doubts the technician has regarding the origin of the damage. This
stage aims to match the movements with the observed indicators. The first step is to determine whether the
abnormal behavior of the structure is generalized or localized. Second, an attempt is made to predict the

evolution of the movements.

Is the abnormal behavior generalized or localized?
To determine the origin of the damage, it is important to know if the damage alters the behavior of the
whole or only a part of the structure. If the behavior is uniform and the damage is distributed throughout

the whole structure, the dam is probably not affected by an external action (which nearly always have a



local or less generalized effects). Therefore, the origin of the damage must lie in the construction itself. If,
on the other hand, the damage is localized and, in addition, there are movements that differ sharply from
the rest of the structure, the cause is probably external.

To find out if the problem that the dam suffers is generalized or localized, a method is presented (although
others that are equally valid can also be developed) that establishes two relationships between the remaining
movements registered and the geometry of the dam blocks. The first is between the collimation movements
(C) and the slenderness of the blocks (j = h?/beg), and the second is between the levelling movements (N)
and the height of the blocks (h). If a clear correlation exists between movements and geometry, the problem
is likely to be widespread. If, on the other hand, there is no correlation, a localized problem is probably the
cause.

These relationships are obtained from a simplified geometrical analysis of compatible deformations that
may occur in a block. Both levelling and collimation movements can be expressed as a function of the
geometric parameters of the structure and the specific deformation of the walls (assuming a compatible
linear distribution in the interior of the block). Thus, as the block of a dam is recessed in the floor (bracket
type behavior) and imposes a constant deformation gradient along its height, movements in the crest can be
defined according to the equations ec. 1 and ec. 2.

&+ ¢ 2
N="2"2n [1] C=(e—&) — [2]
2 beq

Where ¢ is the deformation in the downstream face, ¢ is the deformation in the upstream face, h is the
block height, bw is the major base of the block, by is the minor base of the block and beq is the equivalent

block base (ec. 3)

(bm - bM)
beq = [3]
T bm n (b—m) -1
(b — by) by

The theoretical basis of this relationship was proposed by Martinez Roig et al. (1991) in a paper examining
the possible causes of the anomalous behavior of the Graus dam. In this case, to not complicate the

calculations, beq = 2bwm is used, which is not entirely correct, although it is acceptable for an initial estimate.



Carrying out this analysis requires at least three blocks representative of the recorded movements and a
clear definition of the blocks’ geometric characteristics. Before comparing the geometry with the
movements on a graph, the height and slenderness of all blocks must be standardized with the height and
the slenderness of the block for which the greatest movements were recorded. Also, the reported movements
must be standardized with the values of the block for which the greatest movements were recorded. In

Section 8, an example of this analysis is illustrated in a case study.

Interpretation of the movements and prediction of their evolution

This task’s objective is to determine the timeframe for the pathological process and make a prediction about
how it will evolve. This entails attempting to fit a curve z to the registered movements. This allows
determining the approximate maximum magnitude of the movements and when it will occur.

If there is a reasonable set of data (40 years), the analytical model proposed by Aguado et al. (1998) can be
used to predict the evolution of movements. This model uses an exponential function, equation ec. 4, to fit
a mathematical equation that satisfactorily represents the abnormal movement of structures. The basis of
this model was developed to study the remaining movements observed in the crests of gravity dams affected
by sulfidic reactions. It can also be used to analyze any type of dam movements, regardless of the source

of the damage.
t\P
z=A+B <1—e_(f) > [ec. 4]

Where A is the value of the ordinate at the origin, B is the range of variation of the curve in order, t is the
time, C is the value of the abscissa for which there is a turning point for curves with values of p greater than
1 and p is a parameter that gives the shape of the curve. Parameters A, B, C, and p are obtained thanks to a
statistical adjustment by least squares. If a curve is found that fits the registered movements (a correlation
index of over 0.9), an order of reasonable magnitude of the evolution over time and the extent of these
movements in time can be obtained. These predictions, which should be understood as such and not treated

as infallible, allow technicians to orient the rehabilitation or maintenance work with some notion of what



awaits them in the short term.

Figure 10 illustrates (with the dashed line) the adjustments made for the collimation movements of concrete
in a dam (data from 2010). Figure 10a shows the different adjustments made for the one block (4),
depending on the value of the variable C. Figure 10b shows the adjustments made for all the blocks with

350 months as the value of C.

[Figure 10 near here]

These graphs reveal that the tendency of the movements is that they will keep rising, at least for some years
(ten, approximately), until reaching a maximum collimation movement (base C3) of approximately 250
mm. However, note that any change in the diagnosis of this dam (Campos, 2012) could modify these initial

forecasts.

Initial diagnostic hypothesis

The end of the first phase of the study entails identifying the source of the damage, which should enable
coming up with the initial diagnostic hypothesis. This section aims to help the engineer, particularly those
with less experience, to properly manage the information collected at the different stages so they can
achieve their goal efficiently.

As explained in Section 2, the actions that can cause significant damage to a concrete dam include expansive
reactions, acid attacks, erosion by abrasion, erosion by cavitation, freeze-thaw cycles, thermal effects,
actions (deformation) of the rock mass and negative pressure. Other actions that could affect dams include
design flaws (own weight, hydrostatic thrust, thrust/impact of ice, etc.) and actions caused by extraordinary
phenomena outside the realm of the structure’s ordinary operation (earthquakes, extraordinary waves, etc.),
which thus have not been taken into account in this section. The summary table in figure 11 aims to help
technicians identify the cause of the damage by guiding their reasoning via the identification of the most

relevant damage, i.e., cracking (mapped and longitudinal), remaining movements and surface degradation



of concrete. Via the approach developed in this paper, a framework of symptoms comes to tell a clear story.
Starting with the main signs of damage, a series of concepts and questions lead the technician to determine
a pathological action, which should therefore be considered the main cause of structural dysfunction. This
symptom framework obviously does not reveal all the cases or types of conditions that a concrete dam may
have, but it does attempt to collect the most significant phenomena.

[Figure 11 near here]

All hypotheses require establishing a cause and effect relationship between the pathology, the structural
behavior and the damage. If this cause and effect relationship cannot be found, the pathology is secondary
and co-exists with another which is the main cause of the damage.

If the initial diagnostic hypothesis is accepted, then either the second phase of the diagnostic process
(laboratory tests and numerical model studies) is initiated, or, where the diagnosis is found to be sound and

there is an urgent need to repair the damage, corrective measures can be taken.

Case studies

The practical feasibility of this diagnosis methodology has been demonstrated with the study and diagnosis
of various dams. By way of example, this section briefly describes the diagnosis of a concrete buttress dam
completed in 1955 (Figure 12a), with an A section (Figure 12b), a maximum height from the foundation of
31 and a crest of 487.4 m in length, located in the north of Spain. This dam creates a reservoir of 72hm3
over an area of 869 hm?. A particularity of this structure is that it is covered by stonework, which obscures
the exterior state of the concrete from view. Over the years, certain indicators of damage have appeared

that warranted undertaking a detailed study of the dam.

[Figure 12 near here]



Historical documentation revealed that while a range of conservation and maintenance work had been
carried out on the dam, none of these actions had stemmed the advance of the damage, which basically
consisted of remaining movements that were in the vertical plane and slightly more towards the downstream
face, as well as the presence of many cracks. During the physical examination of the inside of the dam
buttresses, the dam was found to have both map and longitudinal cracking, with more on the upstream than
the downstream face. In addition, calcium carbonate was found in these fissures and the concrete joints

(Figure 13, which was taken from point “p” of Figure 12b on the ceiling of the gallery).

[Figure 13 near here]

To determine if the pathology was general or localized, the formula for the relationships set out in Section
6.1 was used. Four representative blocks were chosen for study: V, XII, XVIII and XXIV, situated on the
ground as shown in Figure 12a. The geometric characteristics of the four blocks were very similar, as they
all had the same profile but were of different sizes. Table 3 lists the geometric characteristics of the blocks
studied, the registered movements and the standardized relationships required to create the graph. Each of

the selected blocks had levelling (N) and collimation (C) bases with separate numbering.

[Table 3 near here]

Note that XI1 is the block with the greatest movement and height, and, consequently, the largest base values.
This means there is a correlation between the geometry and movements. Note also that the collimation
movements, even when negative (the dam moves downstream), give a positive normalized relationship.
The graph in Figure 14 shows a comparison of the normalized values. Measured values of levelling (year
2010) are compared against the heights of the blocks in Figure 14a, while measured values of collimation

(year 2010) are compared against the thinness of these blocks in Figure 14b.



[Figure 14 near here]

As the two graphs show (it is more obvious in the first), there is a correlation between the movements and
the geometry of the blocks. Thus, the effect the blocks suffer from is independent of their location, and the
difference in the measured values corresponds only to the geometric differences. Therefore, the structure
suffers a generalized pathology.

This diagnosis rules out a problem of ground-structure interaction in the area where the dam is anchored. It
also rules out the foundation as the cause because in this case all the blocks would experience a similar
movement, regardless of their geometry. Therefore, in this case, the cause of the problem is the material
(concrete).

With this information, the technicians used the summary table in Figure 11, starting with “fissures”. From
this point, they could follow two different paths that lead to the same diagnostic hypothesis. The first option
was the path created by mapped fissures, uniform remaining movements and newly formed material.
Alternatively, the second option was the path created by longitudinal (horizontal) fissures, uniform
remaining movements, collimation downstream movements and the newly formed material, the point where
both paths converge. Thus, the origin of the damage was determined to be an expansive reaction. As no
aggregate reagent was found, the hypothesis could be ruled out that the slight volume increase in the
concrete of the dam was due to a slight expansion owing to a delayed reaction of free lime immersed in the
concrete mass with water filtered by the stonework. Although this is not a normal reaction, it has been
demonstrated in studies by Gonnerman et al. (1953) and Chatterji (1995), which show there can be a
delayed expansion from subsequent hydration of free lime contained in cement. Gonnerman et al. (1953)
assumes, furthermore, that this expansion can go on for years, even when the concrete is saturated. There
was a high level of free lime in the cements of the 1950s. Maybe even as high as 5%, according to Johansen
(1977) and Calleja (1980). A hypothesis was consolidated after performing the relevant laboratory tests in

the second stage of the diagnostic process.



Despite this slight expansion, in 2009 the dam was in a good state of repair, so it was not necessary to
undertake anything beyond the ordinary maintenance carried out in accordance with the sound judgement

of the dam's technicians.

Conclusion

This paper presents a diagnostic methodology for determining an initial hypothesis regarding the origin of
major damage that can affect an operational concrete dam. The methodology is eminently practical and is
aimed at technicians responsible for the maintenance and upkeep of hydraulic works, although by no means
have scientific fundamentals been cast aside. This tool remedies an historical knowledge gap caused by the
fragmented approach with which the subject has been treated and the lack of attention this topic has received
in the literature by the scientific-technical community, which has focused mainly on laboratory studies and
numerical models. Such tools are much needed but belong in the stage of confirming the diagnostic
hypothesis.

As argued in this paper, the best way of knowing what is happening in a structure is to study it directly,
which saves both time and money. For this reason, the methodology put forward is exhaustive and proposes
the analysis of various elements in a staggered and transversal manner. The sequence of activities proposed
allows technicians of operational dams to determine the indicators necessary for establishing the initial
diagnostic hypothesis. The definitive decision on the initial diagnostic hypothesis is achieved in a simple
and intuitive way using the summary in Figure 11 that collects and synthesizes the different conclusions
that the technician has obtained through analyzing the pathological signs. This framework is designed to
distinguish between the signs of the main pathologies that can appear during the operational phase of a
concrete dam as set forth in the technical literature. The paper refers to real examples to facilitate
comprehension and applicability. Moreover, the practical feasibility of the tool has been demonstrated with
the study and diagnosis of a Spanish dam.

This methodology has the potential to optimize processes from a technical (knowledge management in the

one institution) and an economic point of view (prioritization of maintenance spending), with diagnoses



carried out in one dam assessed for potential adaptation to another.
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Fig. 4.- Horizontal fissure on a dam body



Fig. 6.- Cracks in an annexed structures



Fig. 7.- Damage in a dam: downstream face body and spillway
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TABLES

Table 1.- Causes of damage to operational concrete dams

REASON SIGN LOCATION CONSEQUENCES
Expansive Mapped fissures, remaining Irreversible process which can
reg ction movements and reaction products. Any concrete element affect vital elements of the

Locked mobile elements

dam

Concrete surface material loss.

Acid Attacks Formation of salt deposits

Dam body, especially around
the edges with water and air
presence

Low structural risks

Thickness loss, smooth concrete

Minor damage to the stability
of the dam; potential problems
during operation

Spillways, buffer bowls and
drain tunnels

Aé?;gisc')\ée surface and polished coarse
aggregate
Cavitation Random honeycomb.
erosion Noise and vibration

Spillways, discharge
springboard, discharge
tunnels, penstock, teeth of
buffer bowls

Minor damage to the stability
of the dam; potential problems
during operation

Cyclic freezing
and thawing

Extensions on the
concrete surface

Downstream face, crest

- Low structural risks
surface and spillways slabs

Thermal effect Fissures (without predominant

Downstream face (mostly)

directions) and upstream face Significant structural risks
Rock mass Longitudinal fissures; remaining Dam body and upper galleries  Significant structural risks
deformation movements
Uplift Op_er_ung. flssur_es_ and construction Dam body Significant structural risks
pressure joints; remaining movements




Table 2.- Activities of field (dam) inspection

Phase Study Zone Signs to analyze...
Quarry Reactive aggregate and surface degradation
Geological
formation Discontinuities, intrusions, newly formed
Abutments :
products and surface degradation
Annexed structures Tiny craters, re;inforcement corrosion,
moisture, biological growth, etc.
Field
inspection Remaining movements and concrete degradation cracks
Exterior (partial or local breaks, surface degradation, opening
of construction joints, stains, leaks, etc.)
Dam body
Concrete degradation (leaks, leachate products, newly
Interior formed reaction products, concrete surface
deterioration, etc.)
Mobile elements Concrete degradation and misalignment
Table 3.- Data for the study
Base Block h(m) bm(m) beq(m) j=h2/beq C(mm) N (mm) h/hiz N/N1iz j/jiz C/Ciz
N5-C13 \ 21,00 14,70 21,3 20,70 13,62 -1,17 0,70 0,79 0,68 024
N11-C7 XII 29,60 21,50 29,00 30,21 17,01 -4,82 1,00 1,00 1,00 1,00
N14-C4 XVIII 26,30 18,70 25,88 26,73 10,85 -4,07 088 0,72 088 0,84
N17-C1 XXIV 17,30 12,00 18,22 16,43 9,34 -2,83 0,58 0,54 0,54 0,58

bm = 4,5m for all blocks
X/X:= Variable X of block i, normalized with the variable X of the block ¢t




