Vulnerability of Rockfill Dams to Seismic Hazard

Anténio A. Veiga Pinto

Abstract. The occurrence of a 5.9 magnitude earthquake, in February 2007, that affected two rockfill dams in Portugal, led to a
study presented in this paper about the structural performance of rockfill dams under earthquake influence. Taking into account
the world knowledge it can be concluded that the dynamic actions have mainly produced some displacements, and the opening of

displacements based on a parameter related with quantification of the dynamic action and with settlements measured on

prototypes.
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1. Introduction

Portugal is one of the zones with higher seismic activ-
ity, in the world, and particularly in Europe. In February
2007, a 5.9 magnitude earthquake occurred, which, accord-
ing to the Dam Safety Regulations, led to the analysis of the
structural behaviour of such structures that are located
closer to the epicentre. For the purpose, both the inspection
and the reading of devices of the observation system of
Beliche and Odeleite rockfill dams, located on the South-
cast part of Algarve, were performed. Nevertheless, no ef-
fect was observed on those dams as a result of dynamic
actions. Subsequently, it was considered that it could be of
interest to perform a study about the structural behaviour of
such type of dams under the influence of seismic actions.

Earthquakes particularly produce large displace-
ments in dams. Therefore, this paper presents an expedite
method for predicting those displacements on the basis of
the magnitude of dynamic loads.

2. February 2007 Earthquake

Various countries are adopting the criteria defined by
the International Commission on Large Dams for inspect-
ing dams after earthquake occurrence (ICOLD, 1988 and
Lamontagne & Dascal, 2006). Considerin ¢ the earthquake
occurred in February 2007, in the South of Portugal, a deci-
sion was made to inspect Beliche and Odeleite rockfill
dams.

Beliche Dam is 54 m high and has a clay central core.
Odeleite Dam is 65 m high and has an upstream reinforced
concrete membrane as waterproofing system. Figures 1 and
2 present, for each dam, the standard cross-section and a
general view.,

Ambraseys ef al. (1996) and Ambraseys & Simpson
(1996) proposed attenuation relationships that can be used
to estimate the effect of seismic action in terms of response
spectra. So, the peak ground motion can be obtained by the
following equation:
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in which g, is the acceleration ground motion spectra to a
frequency j (in g), M the magnitude and R the distance to
the epicentre, s, is the standard deviation of the logarithmic
law and P a coefficient equal zero for the average value of
4. C,, C,, C,, C,, C, ¢ Cy, are numerical coefficients of at-
tenuation estimated by the regression analysis for each fre-
quency and S, e S, values are related with the geological
local conditions.

For Beliche and Odeleite Dams it was estimated a
very approximately period, 7, of 0.50 s corresponding to a
frequency j. This value was used to obtain from tables the
coefficients of the attenuation Ambraseys” laws. The dis-
tance of Beliche and Odeleite Dams from the epicentre is
approximately 340 km and the earthquake magnitude was
5.9. Therefore, a very low value for the peak ground accel-
eration was estimated, less than 0.002 £, and due mainly to
the fairly attenuating effect of the dynamic impact with dis-
tance.

On the two dams, both the visual inspection and the
reading of the magnitudes of the observation system were
performed, but it was not possible to observe any damage or
significant evolution in those magnitudes, which could in-
dicate that these were related with the dynamic action.

3. Performance of Rockfill Dams Under
Earthquake

Earthquakes have led to a reduced number of dam fail-
ures (ICOLD, 2002). In fact, only a few dozen tailings dams,
built by hydraulic fill, collapsed due to earthquakes. Further-
more, there has been no loss of human lives due to the failure
of dams as a result of seismic action. Experience has shown
that fill dams, compacted in accordance with state-of-the-art
techniques, have presented no problems under dynamic
earthquake action. Particularly, rockfill dams have exhibited
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Figure 1 - Beliche Dam - Typical cross section and general view.

a remarkable performance under seismic actions, both the
earth-rockfill type with clay core (Ohmachi, 1994) and those
consisting of an upstream membrane (Bureau et al., 1985).
Only tailings dams, consisting of sand or silt poorly com-
pacted by their deposition by hydraulic fill, have suffered
damages caused by earthquakes (ICOLD, 2002).

The next few paragraphs present some aspects refer-
ring to rockfill dams that were subject to seismic actions.

3.1. Malpasso Dam

This is a 78 m high dam with an upstream reinforced
concrete membrane. The downstream shoulder was built by
dumped rockfill and the upstream face consists of both
hand-placed and mechanically-placed rock blocks, which
makes it possible to achieve a high slope inclination
(0.5H:1V). The dam has a concrete membrane, of reduced
thickness, at its central zone. A 6.0 magnitude earthquake in
1938, with full reservoir, caused, at the dam crest, a maxi-
mum settlement of 7.6 cm and a horizontal displacement to-
wards downstream of 5.1 cm (Ambraseys, 1960). Additional
information on this case-history can be found in Table 1.

3.2. Cogoti Dam

Cogoti Dam was built with dumped rockfill and the
waterproofing system consists of a reinforced concrete
membrane on the upstream face. In 1943, it was subject to
an 8.3 magnitude earthquake, which led to a maximum set-
tlement, at the crest, of 28.1 cm. Furthermore, some blocks
also fell from the rockfill of the downstream slope, but no
fissures on the membrane or an increase in the infiltration
flow rates were observed (Cooke, 1984).

3.3. Miboro Dam

This dumped rockfill dam, which is 131 m high and
has an upstream inclined core, was subject, in 1961, a
year after its construction, to a 7 magnitude earthquake.
The epicentre was located at just 16 km from the dam.
The displacements measured at the crest were less than 5
c¢m and no structural damage was observed (Seed, er al.,
1978). Subsequently, in 1969, a 6.6 magnitude earth-
quake occurred, and, similarly, no effect on the work was
observed.
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Figure 2 - Odeleite Dam - Typical cross section and general view,

3.4. Minase Dam

This 67 m high dam with an upstream reinforced con-
crete membrane was built with dumped rockfill and sub-
stantial sluicing water. This structure was subject to an
earthquake, in 1964, having had a 7 mm settlement. In the
same year, another earthquake occurred (Niigata earth-
quake), with a 7.5 magnitude, and which led to a maximum
settlement and horizontal displacement, at the crest, of
61 mm and 40 mm, respectively. Some cracking was ob-
served on the upstream membrane and on the pavement of
the road crossing the crest. The infiltration flow rates in-
creased from 90 L/s to 220 L/s, approximately. The dam
was subject to new earthquakes, in 1970, 1978 and 1983,
which did not produce further damage or a variation in the
magnitudes of the monitoring scheme (Matsumoto er al.,
1985a).

3.5. Oroville Dam

This structure consists of gravel shoulders and a clay
central core. It is the highest fill dam (235 m) in the USA.

An earthquake occurred in 1975, with a 5.7 magnitude and
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apeak 0.12 g acceleration at the crest, which caused a maxi-
mum vertical displacement at the crest of 0.9 cm and a
settlement on the foundation surface of a few dozen centi-
metres (Vrymoed, 1981).

3.6. El Infernillo Dam

This dam has a central core and is 148 m high. It was
subject to a 7.6 magnitude earthquake and even thou gh it
was located at a significant distance from the epicentre
(110 km), the accelerations measured at the foundation and
at the crest corresponded to about 0.12 g and 0.35 g, respec-
tively. A maximum settlement of 13 cm at the crest was
measured, on the upper part of the fill, i.e., for a crest thick-
ness of 40 m. A few cracks were also detected on the dam
surface (Romo & Resendiz, 1981).

3.7. La Villita Dam

This 60 m high rockfill structure with a clay central
core was subject to earthquake action in 1979, of which the

epicentre was at 110 km from its location, and, similarly to
El Infernillo Dam, significant seismic accelerations were
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Table 1 - Characteristics and effects of seismic actions on rockfill dams.

Dam (country), year of Type of  Slope (H/V) Earthquake Max. displ. crest Reference
completion (H (m)) dam Upstream Vet M R(km) PGA (g) HVc.mcal fcm))
e annstrgfam PCA (g) orizontal (cm ~
Malpasso (Peru), CFRD 0.5 1938 6.0 - 0.10 7.6 Ambraseys

1936 (78) DR 1.3 - 5.1 (1960)

Cogoti (Chile), CFRD 1.6 1943 8.3 16 0.20 28.1 Cooke (1984)
1939 (84) DR 1.8 = -

Miboro (Japan), ICRD 2.5 1961 7.0 16 0.20 3.0 Seed et al. (1978)
1960 (131) DR 1.8 4 5.0

Minase (Japan), CFRD 1.35 1964 7.5 16 0.08 6.1 Matsumoto er al.
1964 (67) DR 2.0 - 4.0 (1985a)

Oroville (USA), CCRD 2.8 1975 5.7 6.9 0.10 0.9 Vrymoed (1981)
1968 (235) CR 2.0 0.12 -

El Infernillo (Mexico), CCRD 1.8 1979 7.6 110 0.12 13.0 Romo &

1964 (148) CR 1.8 0.35 4.5 Resendiz (1981)
La Villita (Mexico), CCRD 2.5 1979 7.6 110 0.10 4.5 Romo &

1967 (60) CR & 0.36 3.0 Resendiz (1981)
Leroy Anderson (USA), CCRD 2.0 1984 6.2 16 0.41 1.5 Tepel et al.

1950 (72) DR 2.0 0.63 0.9 (1984)

Coyote (USA), CCRD 3.0 1984 6.2 25 1.30 6.7 Bennet & Sher-
1936 (43) DR 3.0 - 3.7 bune (1984)
Makio (Japan), CCRD 3.0 1984 6.8 5.0 0.4 - Matsumoto ef al.
1961 (105) DR 2.25 - 10.0 (1985b)

La Villita (Mexico), CCRD 25 1985 8.1 B - 30.0 Pina er al. (1985)
1967 (60) CR 2.5 0.21 -

Anbuklao (Philippines), CCRD 1.75 (2.0) 1990 7.8 80 - 80.0 JSCE (1993)
1956 (129) CR 1.75 (2.0) - 50.0

H - Height. CCRD - Central core rockfill dam. H/V - Horizontal/Vertical. ICRD - Inclined core rockfill dam. M - Richter Magnitude.
CFRD - Concrete face rockfill dam. R - Epicentral distance. CR - Compacted rockfill. PGA - Peak ground acceleration. DR - Dumped

rockfill. PCA - Peak crest acceleration.

also observed on this dam. However, the permanent dis-
placements measured at the crest did not exceed 5 cm. Fur-
thermore, also similarly to El Infernillo Dam, the duration
of the seismic movement at foundation was substantially
reduced, comparatively with the vibration time recorded at
the crest (Romo & Resendiz, 1981).

In September 1985, another earthquake occurred,
with a magnitude equal to 8.1 and an epicentre very close to
the dam site. The acceleration at the crest was 0.21 g, and it
was possible to observe the opening of many longitudinal
cracks on the crest. Cracks of considerable size were also
observed on the upstream and downstream faces. In the lat-
ter case, one with a 300 m length, a maximum opening of
I5 cm and a relative settlement of 20 cm. The vertical dis-
placements on the surface were also significant and reached
a maximum value of 40 cm (Pina ez al., 1985).

3.8. Leroy Anderson Dam

This 72 m high dam consists of dumped rockfill
shoulders and a central core of compacted sand-clayish

gravel. In 1984, a 6.2 magnitude earthquake occurred,
which caused two longitudinal cracks, each being about
305 m long, as a result of differential settlements between
the core and the shoulders. The accelerations measured at
the base and at the crest were fairly high, about 0.41 g and
0.63 g, respectively. Both the vertical and horizontal dis-
placements at the crest were less than 2 em (Tepel er al.,
1984).

3.9. Coyote Dam

The dam with a central core was subject, in 1984, to
the action of a 6.2 magnitude earthquake, and was located
at just 25 km from the epicentre. The seismograph located
at the left bank abutment recorded a peak acceleration of
1.3 g and 0.4 g in the horizontal and vertical directions, re-
spectively. Immediately after the earthquake, a few cracks
were detected, particularly one on the upstream face, right
below the reservoir level, which was at about 1.6 m from
the sill of spillway. That crack had a 30 cm width, a 3 m
length and a 2 m depth. The maximum settlement of the
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crest was 6.7 cm. Considering the type of cracks and defor-
mations observed on the dam, it was assumed that its over-
all safety was not into jeopardy and, therefore, no repair
was performed (Bennet & Sherbune, 1984).

3.10. Makio Dam

The 105 m high Dam was subject to a 6.8 magnitude
earthquake, in September 2004, and it was located at Jjust
about 5 km from the epicentre. The seismic shake was so
intensive that it damaged the system for reading accelera-
tions in the foundation. Nevertheless, the earthquake was
assumed to have an acceleration of about 0.4 g. The dam
presented slight displacements and the opening of small
cracks, which did not require the need for repair (Matsu-
moto ef al., 1985b).

3.11. Anbuklao Dam

The 129 m high Anbuklao Dam has a clay central
core. In 1990, it was subject to an earthquake of magnitude
equal to 7.8, with the epicentre at an 80 km distance. The
earthquake caused some damages due to significant dis-
placements, the higher settlement occurred being observed
at the rockfill close to the spillway wall, reaching a value of
80 cm and 50 cm, in the vertical and horizontal directions,
respectively. Nonetheless, there was no increase in infiltra-
tion flow rates and no defective behaviour in the water-
proofing system of the dam was detected (JSCE, 1993).

Additional information on the characteristics of dy-
namic actions and effects caused on the dams is briefly de-
scribed in Table 1.

4. Predicting Displacements

As previously mentioned, the dynamic actions have
led, particularly in rockfill dams, to displacements and to
opening of cracks and fissures, particularly in the zones
closer to the crest. Therefore, an attempt has been made to
deduce, on the basis of case histories, simplified methods
for estimating the deformations in dams subject to dynamic
actions.

Rockfill dams with upstream membrane have a
higher resistance to earthquake than earth ones, because the
membrane operates as a waterproof barrier. Thus, the earth-
quake effects on that type of dams have only been repre-
sented by small-scale permanent deformations.

Dumped rockfill dams, due to the less compactness
state of the particulate medium, are those having obviously
suffered higher deformations. Nevertheless, even for those
dams, of which the construction technology is no longer
used, no failure has been observed yet.

The analyses to earthquakes in rockfill dams with up-
stream membrane are mainly intended for estimating the
magnitude of displacements and to establish if the possible
cracks occurring in the membrane are likely to reduce their
watertightness, Le., to increase the infiltration flow rates.

Even though recently new mathematical models have been
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prepared for designing dam behaviour to earthquakes, the
methods related with the performance observed in dams
have been among the most reliable ones.

On the basis of observed displacements, Bureau ef al.
(1985) deduced a simplified method for predicting dis-
placements in rockfill dams under seismic actions.

The previously mentioned authors established a non-
dimensional parameter, ES/ (Earthquake Severity Index),
which is defined by the equation below (Bureau et al., op.
cit.):

ESI = A(M -45)° 2

In which A is the value of the peak acceleration in the
foundation in g’s and M is the magnitude in Richter’s scale.

Figure 3 presents the relation between the vertical
unit displacements and the values of the ESI parameter de-
termined for various dams.

S. Knowledge Gained

The behaviour of fill dams under earthquake action
depends on the nature and strength of the material of the
dam body and foundation. As previously mentioned, no
failure of any dam due to dynamic forces has yet occurred,
except for a few hydraulic fill dams, which are very rare
and with a construction technology that is been replaced by
more reliable ones. The most serious accident caused by an
earthquake occurred in 1971, in California, at Lower San
Fernando Dam (Fig. 4). In fact, even though the dam did
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Figure 3 - Relation between settlements observed on rockfill

dams as a result of seismic actions and the parameter ES] (Bureau
et al., 1985, adapted).
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not fail totally, it suffered nonetheless considerable dam-
age, due to liquefaction and, therefore, had to be completely
rebuilt (ICOLD, 1974).

The tailings dams, comparatively with other types of
dams, are fairly more vulnerable to earthquakes, due to the
following reasons:

= they are not compacted;

¢ they consist of deposits of granular materials of a
prevailingly sand size;

* they present a high probability of liquefaction:

* they produce mud seepage zones inside them:

* the observation actions have fewer resources than
the observation of conventional dams.

After S. Fernando earthquake, the methods of analy-
sis of the stability of dams to earthquakes were thoroughly
revised. Nevertheless, those methods require a sophisti-
cated characterization of materials and mathematical meth-
ods, procedures of which the representativeness is difficult
to demonstrate, in view of the very poor frequency of re-
sponse of the prototype to dynamic actions.

Since the S. Fernando Dam accident, it has been con-
sidered that such structures and nuclear power plants
should be designed for the highest possible hazard, i.e., for
the Maximum Expected Earthquake. Nevertheless, on the
basis of both the study and the statistical analysis of acci-
dents due to dynamic actions, it has been observed that such
method is fairly conservative.

Fill dams designed and built with the present con-
struction techniques have exhibited an excellent earthquake
performance. However, hydraulic cracking phenomena
may occur in earth dams. Therefore, it is recommended that
a particular attention should be paid to the design of seep-
age control systems (filters and drains), in seismic zones.

Recently, there have been no cases of dams subject to
significant earthquakes, except the one occurred in J apan,
in January 1995, in Hyogoken-Nambu region (Tamura er
al., 1997). The earthquake reached a 7.2 magnitude, lead-
ing to extensive damage in residential areas. Fifty dams lo-
cated at a distance less than 50 km from the epicentre were

Figure 4 - Lower S. Fernando Dam failure.
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also affected. Furthermore, a few rather old dams, located
close to the city of Kobe were also affected. Immediately
after the earthquake, the Authority created inspection teams
for assessing the effects of dynamic actions. According to
those inspections, it has been observed that no dam had suf-
fered significant damage to the point of requiring corrective
measures or emergency repairs (Tamura et al., 1997).
There were only a few fissures on the crest pavement of
some dams and a slight increase in infiltration flow rates,
which, nonetheless, normally decreased and stabilised.

The success of the performance of dams in Japan
seems to be due both to the preparation of designs with a
careful structural analysis, based on reliable methodologies
and criteria, and to a construction with high quality levels,
which is associated with a meticulous inspection. Mention
must be made of the fact that, whereas the dams had a good
earthquake performance, a significant number of other
types of structures demonstrated a poor safety, because
they exhibited failure and extensive damage (Tamura et al.,
1997).

From the analysis of dam failure, it has been verified
that rockfill dams are more resistant to earthquakes than
earth ones (Yanagisawa, 1990). Due to the absence of pore
pressures and to the high values of shear strength of com-
pacted rockfills, that type of dams has a high strength under
dynamic actions (Cooke, 1991).

Rockfill dams have exhibited an excellent perfor-
mance under dynamic actions, even when built with
reduced compactness conditions (dumped rockfill). corre-
sponding to a defective technique that was replaced, a few
years ago, by compaction with heavy vibrating rollers. The
occasional high displacements observed in those dams had
no significant influence on their safety (Veiga Pinto, 1990).
It is the case of dams mentioned in Table 1. Reference must
be made to the fact that, in some of these works, apart from
displacements, there are also some cracks, but the increase
in infiltration flow rates was only observed in one case.
Special mention must also be made to the fact that the total
failure of a waterproofing element in rockfill dams with up-
stream reinforced concrete membrane is not a critical sce-
nario for the stability of this type of dams and. as such, it
does not compromise their safety (Wieland & Brenner,
2007).

After the analysis of the performance of dams, when
subject to significant dynamic actions (8.1 magnitude at La
Villita, 1.3 g and 0.4 g accelerations measured in the verti-
cal and horizontal directions at La Coyotte) and to consid-
erable effects (80 cm instantaneous settlement, at Ambu-
klao) various authors were led to consider that rockfill
dams with clay cores are fairly resistant to dynamic actions.

Furthermore, rockfill dams with an upstream rein-
forced concrete membrane, when correctly designed and
having proper rock foundations are considered to be fairly
safe, even when subject to significant earthquakes (Wie-
land & Brenner, 2007).
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The International Commission on Large Dams has
promoted studies, namely of a statistic framework, about
accidents and failures in that type of works (ICOLD, 1983,
1995). Both from those studies and from others collected in
expert bibliography, it is possible to establish the vulnera-
bility of dams to earthquake action.

In Turkey, for instance, as Tosun & Seyrek (2006)
mention, just in the last decade, there were about 55000
losses of human lives due to the occurrence of seismic ac-
tions in residential areas. Even though there has been the
need to perform repairs in some dams affected by those
earthquakes, no failure was observed.

From a universe of 14600 large dams built in 33 coun-
tries until 1975, about 1014 deteriorations were observed.
That sampling corresponded to about 92% of dams built all
over the world (excluding China). Thus, 6.9% of deteriora-
tions have been observed, which means, one in every fif-
teen dams (ICOLD, 1983).

From that universe of 1014 deteriorations, 96 oc-
curred in rockfill dams, 10 failures having been observed in
that group. From among the deterioration causes, special
reference is made to: deficiency in the outlet works, internal
erosion through the foundation, excessive infiltration
through the upstream membranes, as well as internal ero-
sion and infiltration through clay cores. Generally, how-
ever, the seismic actions had a reduced influence on
deteriorations (Veiga Pinto & Rui Faria, 2001).

Foster er al. (2000) collected the existence of 136 dam
failures from a group of about 11192, which does not
include dams in China and in Japan built prior to 1930.
Considering all dams, the average failure frequency is ap-
proximately 1.2%, to which a historic probability of 4.5 x
10", per dam and per year, corresponds. Those authors only
recorded the collapse to earthquake of S. Fernando Dam.
Therefore, the average failure frequency due to dynamic
actions is only 1.8 x 10* (Foster e al., 2000). Even consid-
ering these statistical results, a few authors, such as Tosun
& Seyrek (2006), assume that more conservative criteria
and dynamic analyses should be adopted for dams rather
than for other types of structures, in view of the higher po-
tential damages that are likely to occur in the former struc-
tures.

Seed et al. (1978) performed a detailed analysis about
the performance of fill dams under dynamic actions. The
study was focused on 127 dams from 3 countries (United
States of America, Japan and Russia), which, as a whole,
were subject to 16 earthquakes. The magnitudes reached
exceptional values of 8.3 in Richter’s scale and peak accel-
erations of 1.3 g.

After the study developed by Seed et al. (1978), those
authors concluded that: “A knowledge of field performance
data of this type can provide a valuable supplement to ana-
lytical studies in the final assessment of the seismic stabil-
ity of an earth dam and in some cases can eliminate entirely
the need for analytical studics”, They also mention that:
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“Since there is ample field evidence that well-built dams
can withstand moderate shaking with peak accelerations up
to at least 0.2 g with no harmful effects, we should not
waste our time and money analysing this type of problem”,

The verification of the performance of dams must be
based on dynamic analyses, wherever justified, and particu-
larly, on a discerning reasoning ability. That procedure
must be the main factor in the adoption of actions intended
for ensuring the stability of dams to earthquakes (Seed et
al., 1980).

The requirements defined in the regulations and
which are intended to cope with the seismic risk should be
better justified. Such is the case of “The guide of seismic
risk to UK Dams”, published by BRE, in 1992 (Haws,
1994). Thus, in higher risk dams, an acceleration of 025¢
is required, for a recurrence interval of 3000 years, as well
as the execution of special studies with the most updated
dynamic analysis models, including the assessment of de-
formations. Therefore, many owners and engineers respon-
sible for the safety of dams consider those demands as
extremely conservative and controversial. Furthermore,
they sustain that if those recommendations are to be imple-
mented, for dams built more than 100 years ago, the owners
will have to endure considerable costs (Haws, 1994),

In Portugal, the legislation to safety of dams seems
also to have adopted rather conservative criteria as regards
the design of the earthquake performance of dams. Also ac-
cording to Serrano Tovar (1994), in Spain, the investment
to mitigate the seismic risk seems to be exaggerated in view
of the maximum expected acceleration value, which is
0.25 g for a recurrence interval of 500 years. The same au-
thor (Serrano Tovar, 1994) considers that the recent instal-
lation of digital accelerometers in various Spanish dams is
also controversial. This means that the safety in that type of
works will be undoubtedly better assessed by investing in
other aspects or in other types of monitoring equipment,

As previously mentioned, from the analysis of dam
accidents, it is possible to observe that the effects of seismic
actions have been less serious than those predicted on the
basis of theoretical studies. Nonetheless, presently, a sig-
nificant number of institutions responsible for the safety of
dams are re-assessing the earthquake stability of the oldest
dams, even in low risk regions (USA, Martin et al., 1994
Italy, ENEL SpA, 1994; United Kingdom, Haws et al.,
1994).

Mention must also be made to the fact that the model-
ling of the dynamic performance of fill dams is extremely
sensitive to proposed hypotheses. Consequently, the design
criteria of the seismic stability may sometimes be poorly
representative, when compared with real cases.

5. Conclusions

In February 2007, there was an earthquake with epi-

centre located on the Atlantic Ocean, Southeast of Portugal,
at about 340 km distance from Beliche and Odeleite Dams.
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Both dams are rockfill dams. Due to the significant distance
from the epicentre, a very low acceleration was estimated
for the dams site. Consequently, neither the inspection nor
the reading of magnitudes in the mentioned dams detected
any effect as a result of dynamic actions. Nonetheless, it
was considered that it could be relevant to study the struc-
tural behaviour of rockfill dams when subject to earthquake
action.

This study has demonstrated that this type of dams
has suffered minimum detrimental effects caused by earth-
quakes, even when the actions are considerable, with mag-
nitudes of about 8.3 and accelerations of 1.3 g. The ob-
served effects are represented by superficial displacements,
which usually do not exceed a few dozen centimetres, and
by the opening of fissures or cracks. Only in one case, there
was an increase in infiltration flow rates.

Reference must also be made to the fact that a large
number of analysed dams have been built with dumped
rockfill, which is a technique that has not been employed
for more than 40 years. In those dams, due to the less dense
state of granular material, the effects under the dynamic
pressures are likely to be much more detrimental than those
of current dams with powerful vibrating rollers. Further-
more, almost invariably, after the occurrence of earth-
quakes it was not necessary to adopt corrective measures.

Bureau et al. (1985) presented a method based on val-
ues observed on prototypes, which makes it possible to esti-
mate unit vertical displacements, in rockfill dams, as a
function of the approximate magnitudes of the dynamic
loads.

There is no record of dam failure due to earthquakes.
Only the San Fernando tailings dams underwent consider-
able damages and had to be completely re-built. These are
hydraulic fill dams, of which the loss of shear strength oc-
curred due to liquefaction, and therefore, they can be con-
sidered as much more vulnerable to earthquakes than the
other types of dams.

Earth dams have exhibited a fairly satisfactory seis-
mic performance. Nevertheless, these present higher vul-
nerability than rockfill dams due to the influence of pore
pressures and to the fact of soils usually having less shear
strength than rockfills.

From the statistical analysis of accidents in fill dams,
it is concluded that this type of structures has a fairly satis-
factory earthquake performance. Thus, Seed et al. (1978)
mentioned that for moderate earthquakes, i.¢., for accelera-
tions less than 0.2 g, no significant effect is expectable on
fill dams and, therefore, the dynamic analyses should have
a reduced development and should be based on judicious
reasoning. Regarding this aspect, various countries have
stressed the fact that, sometimes, the technical regulations
require too severe and too complex studies for the dams un-
der dynamic actions and that the resulting predictions sig-
nificantly overestimate the values of magnitudes observed

in prototypes.
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