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ABSTRACT: An increasing number of dams worldwide reveal permanent displacements due to
concrete expansion occurrences. In most cases, concrete expansion occurs at a slow rate and
becomes visible 20÷30 years after construction. Thus, the phenomenon is generally at the initial
stage of development, and apart from the measured displacements, no evidences are observed
and the concrete quality is unaffected. Laboratory investigations might allow to detect the kind
of chemical reaction, but it is still difficult to reproduce and predict its actual development. In
few cases the rehabilitation of the dam was necessary to maintain the required safety conditions. In particular, cracks can arise as secondary effect since the concrete expansion and the related upstream drift can significantly change the equilibrium state and the stress distribution
within the dam. The present work focuses on the behavior of dams affected by chemical expansion, the influence of the phenomenon on their safety is evaluated and several feasible remedial
works are presented and discussed.

1 INTRODUCTION
Concrete swelling represents today the leading factor of dam ageing. After an initial period of a
regular and reversible behavior of the dam, the above mentioned swelling mechanism provokes
permanent deformations that progressively change the statical equilibrium of the structure.
The phenomenon is relatively slow, so that up to now, even in 60 years old dams, generally
only observation of evolution has been sufficient. Apart from the measured displacements, in
many dams no others evidences can be noticed. However the progressive ageing determines a
reduction of their structural safety requiring sooner or later some remedial works. For single
cases, a rehabilitation or reinforcement of the structure has already been undertaken.
The most common chemical reactions causing concrete swelling are alkali aggregate reaction
(AAR) and sulfate reaction (ISA), which can also appear in combined form.
AAR is a reaction between the alkali of the cement (typical alkali content is 1%) and certain
minerals included in the aggregates, as for example silica (SiO2). The reaction occurs in presence of water (moisture of at least 80%), which in the case of dams does not seem to be a determining criterion. According to the ICOLD Bulletin 97, published in 1991, the term AAR includes three types of reactions: the most common alkali-silica reaction (ASR), the slow rate
alkali-silicate reaction (ASSR) and the less frequent alkali-carbonate reaction (ACR). The AAR
was first recognized in USA (Stanton 1940), but many dams built more recently are now still
affected by this type of expansive phenomena. The main cause is that at beginning only few
types of rock were considered to be reactive, while today the variety of reactive rocks increased
considerably, here in particular the low reactive ones. The principal minerals related with the
AAR are amorphous or poorly crystalline silica (opal and chalcedony) and strained quartz.
These minerals are included in a wide variety of rocks: granite, granodiorite, rhyolite, dacite,
andesite, basalt, obsidian, tuff, gneiss, schist, slate, quartzite, sandstone, siltstone, chert, silex,
limestone, calc and dolomite can be mentioned as example.
ISA is a reaction between sulfates, present in aggregates or in water, and the cement paste,
accompanied by the formation of expansive ettringite. ISA occurs often in correlation with oxidation of pyrite and with the delete ettringite formation (DEF). ISA was known as “cement corrosion” since beginning of 20th century (Charlwood 2009), but due to the complexity of the
process which is difficult to predict, ISA does nowadays still represent a problem.
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From the practical point of view, for the engineers in charge with the safety of dams, the difference between the various kinds of expansive reaction is of low significance. Even though they
might develop with different rapidity, the consequences on the structure and the possible remedial measures are rather similar. More relevant for the understanding of dam behavior is the
kinetics of the reaction, which cause a variable expansion within the dam.
Distinctive consequences of AAR and ISA are concrete swelling, surface cracking and degradation of mechanical properties.
2 OBSERVED DAM BEHAVIOR
The behavior of a dam is monitored by specific instrumentation allowing to detect and follow
the development of possible expansive phenomena, in some cases even long before cracks become visible. The concrete swelling leads to an increase in crest elevation. The value of rising
allows a direct estimation of the expansion rate. This can vary from few 5 µm/m/year up to 200
µm/m/year. Swelling of concrete might occur also more rapidly, but these cases have generally
been able to be detected before dam construction. The observed expansion at the Mactaquac
dam for example, with a rate between 50 and 150 µm/m/year, can be identified as slow type
(Hayward et al. 1991). It must be considered that the swelling tests performed to assess the
presence of concrete swelling did not indicate any potential problem from AAR. At Chambon
the crest rise of 3.6 mm/year allowed to estimate an expansion rate of 70 µm/m/year in the upper part of the dam (Bister et al. 1991). In some particular cases a crest rising is more difficult
to detect, even if the presence of concrete expansion is confirmed. At Pian Telessio (Amberg et
al. 2009), for example, the upstream drift was able to mitigate the crest rising due to the shape
of the vertical section, considerably inclined toward upstream. The estimated expansion rate in
this case reaches only 10 µm/m/year.
The expansion rate in vertical direction is often not uniform over the dam height. At Chambon
the expansion in the upper part is higher than in the lower part. This was directly measured with
level measurements on the crest as well as within galleries. A greater expansion in the upper
part was also measured at Isola and Illsee. At Pian Telessio it was necessary to assume a greater
expansion rate in the upper part in order to achieve for the structural analysis a similar distribution of permanent displacements as measured by the pendulums.
In arch dams, the presence of expansive phenomena induces an upstream drift. Said drift is governed by the expansion of the arches. In straight gravity dams, such an upstream drift can also
by observed, but in these cases the mentioned drift is due to non uniform expansion within the
wall thickness. In gravity dams the drift might also be downstream directed (e.g. Chambon).
In the Alpine region it is possible to observe a very slow upstream drift at crest elevation of
various thin arch dams (Figure 1). The measured value of 0.5 to 1.0 mm/year allows to estimate expansion rates of 5 to 10 µm/m/year.
The current behavior of dams affected by extremely slow expansive phenomena is generally satisfactory since the swelling is at its initial state of progress, but small cracks do typically develop in those dams. Basically, it is possible to distinguish between two types of cracks: cracks
induced directly by differential swelling and cracks induced indirectly by the structural response to the concrete expansion.
Cracks produced directly by differential swelling are visible in particular in the inspection
galleries. Such type of cracks is present in various dams: e.g. Pian Telessio, Isola (Otto 2007) or
Portodemouros (Pérez Rodríguez et al. 2010). These cracks are characterized by a relative continuity along the gallery, but they are often not visible or less visible on both dam faces. On the
contrary, the typical diffuse cracking at the surface of structures affected by swelling is not visible in many dams.
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Figure 1: Example of upstream drift observed at crest elevation of an arch dam
(Reference displacement means displacement after correction of water and temperature effects).

Structural cracks, produced indirectly by expansion, appear typically along structural discontinuities, as for example at the transition between a straight gravity and a curved part like at Illsee dam (Otto 2007), or along the foundation as peripheral cracks on the downstream face of
arch dams (Figure 2), e.g. Serra (Leroy et al. 2010). In fact, the upstream drift in arch dams
produces tensile stress at the downstream dam toe in case of low reservoir.

Figure 2: Peripheral crack on the downstream face of an arch dam produced by the upstream drift
(with borehole 150 mm in diameter)

Summarizing, the typical phenomena observed in correlation with concrete expansion in dams
are:
– Rising of dam height and horizontal permanent displacements (often upstream drift).
– Greater expansion in the upper part of the dam.
– Non uniform expansion within the dam body causing cracks in galleries which are less visible at both dam faces.
– Structural cracks due to the new equilibrium induced by permanent displacements.
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In addition to visible cracks, the expansion can cause microcracking in the aggregates and the
cement paste. The measurable consequence of this microcracking is a reduction of concrete
quality, in particular strength and stiffness. Although, a concrete quality reduction can be observed in laboratory tests, for the dam safety this aspect seems to be of secondary importance.
At Serra dam, with an estimated total expansion of almost 1100 µm/m the concrete has excellent properties: the average compressive strength is 63 MPa and the average young's modulus
36 GPa (Amberg 2007). The dam was demolished by intense cracking along the foundation.
Unchanged concrete properties could also be observed at the Pian Telessio dam, which required
a rehabilitation, too.
3 EVALUATION OF OBSERVED BEHAVIOR
The measured displacements of dams affected by expansive phenomena generally show an initial period of normal behavior without signs of concrete swelling. This delayed start of the expansive reaction varies between some view years (first cracks in Portodemouros spillway appeared already 5 years after completion) up to a period of 30 years and more. The reasons for
this delayed start can be various. First of all the swelling reaction effectively requires an initiation time before development. Second, the macroscopic swelling becomes visible only after a
certain time period. The observed expansion may be influenced by the presence of pores within
the concrete since the gel resulting from AAR might initially fill the voids. The reaction is active but any macroscopic effects do not occur at this stage. This could explain the behavior of
the Illsee dam, built in two different stages: the first, up to an elevation of 2553 m a.s.l., was
built in 1926/27, the second up to 2560 m a.s.l. in 1941/43. Permanent movements started
around 1955, i.e. 25-30 years after construction of the original dam and 10-15 years after dam
heightening. The old concrete, less compacted and thus more porous than the more recently
placed one, suffers less from any expansive reaction, even with the same aggregates.
Other factors, which might contribute to the delayed start of swelling, are creep or thermal
cooling and shrinkage at early age. In arch dams these factors cause downstream displacements
that in an initial period can compensate the upstream drift due to expansion. Creep in particular
can produce permanent displacements in large and thin arch dams up to 30 or 40 years after
dam completion.
For extremely slow rate expansive phenomena in dams, i.e. less than 30 µm/m/year, it appears
that the effect of moisture is of secondary importance for the reaction kinetics. This is, for example, proved by the relative moderate presence of surface cracking, which in structures affected by expansive phenomena is caused by a lower expansion at the surface, which is more
dry, towards the internal part.
Another confirmation of the rather limited importance of moisture is the case of the Illsee
gravity dam. In 1995/97 an impervious membrane was installed on the upstream dam face in
order to reduce the moisture within the dam and so to prevent the further expansion. Until 10
years after rehabilitation no slowdown of the drift could be observed (Otto 2007).
The presence of internal cracks (Figure 3), observed in the inspection galleries but which were
not found at the faces, clearly indicate a greater expansion near the surface than in the internal
part of a dam. The most probable reason, apart the confirmation that moisture cannot be relevant, is that the reaction at the faces is accelerated by the higher temperatures. Many dams located in south facing slopes are strongly subjected to solar radiation. The average yearly temperature downstream can be 4-5°C higher than at the upstream face, and the maximum
temperature in summer might be even more than 10°C higher (due to impounding). The effect
of temperature on the kinetics of chemical reaction is well recognized and was clearly verified
by laboratory tests for concrete expansive reactions. The temperature dependency could also
explain the greater expansion observed in the upper part relative to the lower part of many
dams. In fact, in the upper, thinner part the concrete reaches higher temperatures.
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Figure 3: Example of crack observed inside a gallery but not at the external dam face

Additional factors are also to be taken into considerations to explain a greater expansion near
the faces of a dam than within the structure: a facing concrete with higher cement content, and
thus higher alkali content, or a higher content of oxygen near the faces exposed to air, which is
favorable for the ISA reaction (Aguado et al. 2007).
In gravity dams, the mitigating effect of compressive stress on the expansion can clearly be observed. In a straight gravity structure like Portodemouros spillway, for example, with a length
of 130 m and a height of 10 m (Figure 4), the expansion rate in vertical direction is around 150
µm/m/year while in horizontal direction it measures only 10 µm/m/year. The horizontal expansion is clearly hindered by the structure and therefore an increase of compressive stress is expected. If the horizontal expansion were the same as the vertical one, the horizontal compressive stress should increase yearly by some 4 MPa (with a typical Young’s modulus of 30 GPa).
The compressive strength should be reached after around 10 years. In 1983 in situ stress measurements have been performed by means of over-coring testing method. The results indicated
compressive stress up to 5-6 MPa, thus clearly lower than the potential one.
In arch dams it is generally more difficult to give evidence for the effect of compressive
stress, since the thin and curved structure is nearly free to expand upstream, in particular in periods of reduced reservoir level.
Since the chemical expansion is a slow load condition, creep is included in the structural behavior, where it plays an important role. In fact, similar results can be obtained using a model
with stress dependency and a model without, but with creep. Creep must also be taken into account in laboratory tests, for example by performing tests with non reactive samples in order to
quantify creep, which is to be subtracted from the outcome of expansion tests.
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Figure 4: Spillway of Portodemouros (Spain)

4 REQUIREMENTS FOR LABORATORY INVESTIGATIONS
Laboratory investigation have been principally conceived for accelerating the expansion reaction in order to obtain results at short time, to assess if the aggregates are reactive and thus not
adequate to be used for a new construction. Laboratory investigations are therefore not intended
to simulate the development with time of the actual reaction occurring in dams.
The existence of large dams affected by expansion phenomena, and in particular of cases
with extremely slow rate expansion, is putting new challenges to laboratory investigations.
Large dams cannot be simply demolished and replaced with a new construction and thus it is
necessary to face with the consequences of the concrete swelling. The safety assessment for the
actual condition and the evaluation of the static equilibrium for medium and long term behavior
thus becomes of primary importance for optimizing the maintenance and the exploitation of
such types of structures. For evaluating the behavior of a dam affected by expansive reaction,
the structural engineer should get the main parameters that characterize the reaction within the
specific concrete of the dam and for the specific boundary conditions.
In the laboratory tests the acceleration of the expansive reaction is necessary for practical reasons, in particular for the cases of extremely slow rate expansions, i.e. less than 20 µm/m/year
in the actual structure. Suitable results can be obtained by limiting said acceleration and by increasing the time of observation. This implies however others difficulties in order to assure
carefully the control of the test over a long period (e.g. leaching of alkali).
The simulation of the reaction in laboratory and the identification of the main parameters influencing the expansion rate in the dam has to take into account different factors, such as:
– The already mentioned temperature, moisture and constraint.
– The alkali content in concrete, which depends also on the cement content.
– The dimension of the aggregates: smaller aggregates have a higher specific surface and
therefore the reaction occurs more rapidly. In addition it can be mentioned that also the
aggregate shape could influence the reaction: by using natural gravel of a schistose rock,
the flattened aggregates tend to dispose horizontally within the concrete causing a possible
higher vertical expansion than the horizontal one.
– The dimension and thickness of the structure: moisture needs more time to penetrate
through a thick structure than in a thin one. For a dam it must also be considered that the
water firstly infiltrates along cracks and joints and only subsequently diffuses through the
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concrete mass. The effect of the dimension can be observed at various dam sites, where the
state of thin secondary structures, such as walls and piles, is often worse than that of the
main dam body.
The qualitative influence of each factor is known, but the major problem is due to the fact that
the quantitative effect is uncertain, here in particular the interaction between the different factors. The effect of moisture, for example, has probably not the same importance in a rapid expansion as in a very slow rate one. Each factor can significantly influence the reaction only in
case it becomes the determining one that regulates the expansion rate, i.e. all the other factors
would also allow a greater expansion.
A similar question may arise with respect to the deterioration of the concrete quality: the
quality degradation is probably not the same in a slow rate expansion as in an accelerated one.
The main problems of dams affected by expansive phenomena are not related to the deterioration of the concrete properties.
5 SAFETY ASSESSMENT AND DAM PERFORMANCE
A realistic simulation of the expansion in a structural analysis taking into account all the factors
influencing the chemical reaction is theoretically possible. Recently various interesting constitutive models have been developed, e.g. Saouma & Perotti (2006), but the parameters required
for these models are often difficult to determine. The analysis results have to be compared with
the observed behavior as well as the visual appearance of the actual structure. The interpretation is in any case very difficult since a plausible result can be obtained in different ways.
A simple simulation of the non reversible displacement with a thermal uniform expansion in
a linear elastic model clearly leads to an over estimation of stresses. The chemical expansion
undoubtedly is in a certain manner auto-adaptive, i.e. the concrete expands, the shape changes,
but the general state remains more or less acceptable. The visual appearance of the 60-years-old
Molina gravity dam, in Switzerland, is satisfactory and does not show any particular signs of
swelling, even if the estimated expansion has reached about 1100 µm/m. Stress variations due
to concrete expansion can be reduced by including both, the mitigating effect of compressive
stresses and/or creep in the simulation. The effect of stresses determine that in direction of high
compressive stresses no expansion occurs, limiting any further increase of compressions, while
in the direction of tensile stresses the free expansion reduces the tension with time. The expansion becomes anisotropic. Creep just reduces the effect of a permanent deformation applied to a
hyperstatic structure, like a dam.
The structural behavior of a dam and thus its safety condition strongly depends on the nonuniform distribution of the expansion. If this aspect is not analyzed with sufficient reliability,
the simulation of the expansion development with time becomes just a calculation exercise
without real consequences for the safety evaluation.
Another way to assess the safety condition of a dam is to analyze the structure taking into account the actual observed condition: analyze the presence of observed cracks and define its
maximum acceptable extension or verify whether the possible additional compressive forces
induced by the expansion can be supported by the dam and can be safely transferred to the abutments. This type of analysis is much easier as an exhaustive and refined simulation of the expansion and is in many cases equally effective for safety evaluations.
An essential question is how much expansion can be supported by a dam. There is no general
answer, since every dam represents a unique case. Some order of magnitudes can however be
proposed.
The compressive stress directly produced by the chemical expansion does not represent the
main problem for concrete strength: concrete properties reduction appears to be of secondary
role and compressive stress mitigate the expansion development. According to Charlwood et al.
(1992) no expansion should occur by a compressive stress higher than 8 MPa. Compressive
stresses can be a problem in case of geometrical discontinuities, i.e. spillway openings or abutment blocs, where the forces, that can not be supported, produce permanent displacements.
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In vertical direction the expansion can more or less freely take place without major consequences. This statement is not generally valid since in narrow valleys it is possible to observe
that the vertical expansion of the dam produces vertical displacements also within the rock
mass. The dam equilibrium is changing: an increase of the vertical forces at the dam foot and a
reduction towards both flanks is expected. This phenomenon might affect the stability at the
dam shoulders.
A non-uniform distribution of vertical expansion across the wall thickness can produce horizontal cracks. The effect of these cracks on the dam stability has to be investigated. In some
cases, however, it was possible to conclude that the presence of a cracks is acceptable, e.g. Pian
Telessio or Isola (Malla & Wieland 1999). Obviously, the analysis has to consider any possible
increase of the uplift pressure due to water seeping into the crack.
In arch dams the upstream drift induced by the expansion of the arches might cause the development of peripheral cracks at the downstream face along the foundation, even with a relatively slight expansion. In fact, it must be considered that the shape of a thin arch dam is already the result of an optimization process and that the action of unexpected load conditions
may have some consequences on its performance. At the Roggiasca dam a peripheral crack is
going to develop while the total estimated expansion reaches only 60-70 µm/m.
The presence of a crack might initially have little consequences on the dam stability, but it is
clear that a fully regular behavior is preferable. An arch dam has generally large safety margins
before stability problems can arise, but with the development of cracks these margins decrease.
The Serra dam, for example, had to be replaced because of the presence of an important peripheral crack, where the expansion reached about 1100 µm/m.
Further examples can be taken from others type of imposed displacements on arch dams. At
Kölnbrein dam (Lombardi 1991) the sum of measured joint opening at crest elevation produced
by the grouting process reached about 400 mm. Compared to the crest length of 600 m, the
equivalent expansion is 670 µm/m. The dam required an intensive rehabilitation before being
taken into normal operation.
At the Zeuzier dam (Amberg & Lombardi 1982) the drainage induced settlement of the rock
foundation caused by the excavation of a tunnel led since 1978 also to a valley closure. At crest
elevation the final closure reached 75 mm and important cracks, up to 15 mm wide, developed
on the downstream face along the foundation. The dam clearly required important rehabilitation
works to assure a safe stability condition. The valley narrowing of 75 mm over a distance of
173 m is comparable with an expansion of 430 µm/m.
A last example presents the Pian Telessio dam. With a total expansion of almost 250 µm/m
the dam required a rehabilitation consisting in systematic slot cutting within the upper half of
the dam. In case of low reservoir level during summer time, the compressive stress in vertical
direction at the upstream dam heel reached values up to 15 MPa. The rehabilitation was proposed in order to prevent possible damages to the structure (Figure 5), since the concrete
strength was relatively modest, i.e. around 20 MPa. This last case shows how, for arch dams,
the unfavorable loading condition in case of expansive phenomena occur with low reservoir
level.
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Figure 5: Rehabilitation of Pian Telessio dam by slot cutting

6 REMEDIAL WORKS
Basically, there are two intervention categories: the first one aims to mitigate any expansion
phenomenon while the second category acts on the effects of the reaction. The types of remedial works might be quite various.
In the first category it is possible to mention following remedial works:
– Installation of an impervious membrane on the upstream dam face in order to prevent the
provision of water for the reaction. The effect of this type of intervention is uncertain: at
Illsee no effect was observed, but at the Pracana buttress dam (Portuguese National Committee on Large Dams 2003) the effect of the upstream waterproofing turned out to be
conducive. However, in this case the previous period of 12 years with empty reservoir has
also played a role on the observed behavior. Probably in letting the concrete dry out.
– Reduction of temperature, for example through watering as proposed for the Portodemouros dam. Nevertheless, the effect of this measure was limited, both probably why the temperature decrease was not sufficient and additional water was provided.
– Increase of compressive stress by means of anchorages or additional masses. Theoretically
a possible solution, but in practice, it is not feasible since the forces required to limit the
expansion in a dam would be very high.
The possibilities to mitigate the reaction in an existing structure are therefore rather limited. A
larger choice of remedial works is available to reinforce or to rehabilitate a dam damaged by
expansion phenomena. These remedial works have more or less all a temporary character, because in order to reach an exhaustion of the reaction, a long time is often required. Possible remedial works are:
– Grouting of the cracks with cement grout or epoxy resins to enhance the structural continuity, reduce leakage or increase sliding safety on the lift joints.
– Improve the drainage and/or the grouting curtains to reduce uplift pressure and seepage.
– Sealing the upstream face with a membrane to avoid possible water inflow through cracks
(e.g. Isola) causing flooding in the galleries or increase of the uplift pressure (Figure 6).
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Figure 6: Sealing of the upstream dam face to avoid possible water inflow
through cracks in the inspection gallery

–
–

Reinforcing using anchorages to assure the stability of a damaged dam.
Slot cutting to relief the compressive stresses (Figure 7), in particular in cases where the
expansion might have concentrated impacts along structural discontinuities, such as the
transition between a gravity and a curved dam (e.g. Illsee) or near spillway openings. Slot
cutting, however, has a limited impact on internal cracks, i.e. observed mainly in galleries
and less on the faces, as can be typically encountered in gravity or arch-gravity dams. Slot
cutting has never been achieved on a thin arch dam, but it can be assumed that its effects
are rather conducive, in particular to avoid the progress of cracks along the foundation on
the downstream face.

Figure 7: Slot cutting

Finally, a possible remedial work, which is rather to be considered for the long term, is the replacement of a dam by a new structure or the partial change of the structure (e.g. moving of a
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spillway). These more extreme interventions, which are possible in certain cases, such as for
the 20 m high Serra arch dam, have a long term character, provided the chemical expansion can
be excluded in the new construction.
CONCLUSIONS
Alkali-Aggregate Reactions (AAR) and Internal Sulfate Attacks (ISA) are different types of
chemical reactions that cause a concrete swelling. However, their impact on the structural behavior of dams is similar: delayed start of a slow rate expansive process that influences the dam
equilibrium in time.
The concrete expansion is a very complex phenomena, which is influenced by many parameters: moisture, temperature, confinement, creep, alkali content, oxygen (for ISA), aggregate dimensions and shape, pore characteristics and discontinuities in dams, e.g. lift or contraction
joints. The effect of the different influencing factors is qualitatively known, but their precise interaction and the parameters to describe the actual expansion occurring in a dam are very difficult to reproduce in laboratory. The theoretical knowledge still needs to be significantly improved.
Concrete swelling represents a new loading case, which has not been considered in the structural design and which thus might lead to unfavorable conditions for the dam. The presence of expansion phenomena in concrete dams requires special consideration related to possible consequences during their service life, since no reliable methods are known to inhibit such kind of
behavior. Thus, remedial works have generally a temporary character and need to be repeated
after a certain period.
The problem is far from being completely solved, even if both the slowness of the reaction
and a correct maintenance of the dam will certainly allow to maintain various affected dams in
safe condition for still a long time.
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