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ABSTRACT: The paper proposes a methodology to evaluate seismic safety conditions of
existing dams showing an application to a representative case, the Monte Cotugno dam. After
a brief description of the dam, the interpretations of laboratory tests and of the in-situ obser-
vations are discussed. The procedure adopted to analyse dam behaviour by means an
advanced dynamic approach is then illustrated with reference to a two-dimensional numerical
model set up by PLAXIS. The calibration of soil parameters was firstly based on the interpret-
ation of laboratory tests and literature recommendations. A staged-construction analysis is
then simulated to reproduce the observed behaviour. Doing so, some material parameters
have been recalibrated for the subsequent seismic analysis stages. The reference seismic hazard
was defined by a deterministic approach considering both data collected from the list of his-
torical earthquakes occurred at the dam site and those provided by Italian Technical Code. In
the paper, the seismic performance of the Monte Cotugno dam is finally discussed in terms of
peak acceleration and permanent displacement.

1 INTRODUCTION

Since 1930s large dams have been among the structures designed against earthquakes. Now-
adays, the design criteria and methods of analysis used at that time must be considered out-
dated and the actual seismic safety of large dams is to be considered an unknown in view of
the current performance-based requirements. As a matter of fact, in the “old” design methods
earthquake loadings were represented by pseudo-static forces expressed as the product of a
seismic coefficient times the weight of the structure, acting in upstream-to-downstream direc-
tion, combined with the weight of the structure and, in the case of impervious face rockfill
dam, the hydrodynamic force acting on the upstream face of the dam.
For embankment dams’ great efforts were made to better understanding the dynamic

behaviour after several failures occurred in the 1960s due to liquefaction induced by major
earthquakes and especially after the 1971 catastrophic failure of the San Fernando dam in
California. Prior the 1960s, the safety assessment was mainly empirical, using engineering
judgement guided by past experiences, giving relatively little attention to the consequences of
a possible failure. In other words, for decades simplified methods have been preferred over
possible advanced approaches due to their simplicity and low cost application.
In Italy, great attention is nowadays focused on the seismic safety of existing dams in the

perspective of the new seismic classification of the Country (INGV, 2006) and the consequent
identification of many earth dams requiring a revaluation of seismic safety by the national
General Management for Dams authority. The main question to be solved is if, under the
actual action of an earthquake load, more severe than that applied in the design stage, the
existing dams are still able to avoid the uncontrolled release of reservoir water, although
severe damage or economic loss may be tolerated.
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2 THE MONTE COTUGNO DAM

The Monte Cotugno Dam is a bituminous faced rockfill dam (BRFD) located along the river
Sinni in Senise, not far from the city of Potenza, in southern Italy. It has a maximum height of
65.50 m, a crest length of 1850 m and a reservoir capacity of 482·106 m3. The slope of the
upstream face is 1:2, whereas the downstream face is characterized by 4 berms along a con-
stant slope equal to 1:1.7 (Figure 1).
The dam body consists of 11·106 m3 of sandy gravel taken from the valley floor of Sinni

river. The upstream face of the dam includes a layered sandwich made of two bituminous
impervious membranes and an intermedia draining layer. The watertight system covers all the
upstream face of the dam laying on a regular base of compacted sandy gravel and is anchored
to a concrete plinth hosting an inspection tunnel all along the dam base. In order to prevent
seepage in the foundation soils, a concrete diaphragm wall connects the plinth with a clayey
formation below the dam foundation.
The dam was built between July 1973 and September 1978 on an alluvial soil deposit, about

12 m thick, covering a stiff clayey stratum (Trimigliozzi 1978). The clayey formation consists
of middle-pliocene (MP) and late-pliocene (LP) soils. The sands, silts and sandstones of MP
formation are located close to abutments and downstream, whereas the marly clays of LP for-
mation can be found below the main cross section.

2.1 Laboratory tests and monitoring data

Before dam construction, laboratory tests on the foundation soils were performed at the Uni-
versity of Naples. As shown in Figure 2a, a quite variable range of particle-size distributions
characterizes the fine-grained portion (sands and silts) of MP formation. Dominant clay and
silt fractions are observed in LP marls. The grain size distribution of the alluvial soils and of
the embankment material are very similar and can be both classified as sandy gravels.
According to the Casagrande chart (Figure 2b), MP and LP are inorganic clays of medium

and high plasticity, respectively.
The mechanical properties of the above mentioned materials were obtained by oedometer

and triaxial tests for the foundation soils, whereas large triaxial tests were performed for the
embankment material.
In situ tests indicated a permeability ranges from 4·10-7 m/s to 3·10-5 m/s for the alluvial

deposit and from 5·10-5 to 4·10-4 m/s for the embankment sandy gravel. Oedometer tests on
marls LP formation highlight permeability values as low as 10-12 m/s ÷ 10-11 m/s.

The static behaviour of Monte Cotugno dam was examined analyzing data collected by
monitoring instruments. Figure 3 shows settlements evolution of 3 points at different depths
along the main cross section of the dam since embankment construction stages. The points are
placed at the base of the embankment, at middle height and near the crest. The same figure
also shows the evolution of dam height and water reservoir level. The weight of the embank-
ment has generated a consolidation process in the foundation soils lasting more than 20 years.
At the end of construction deformations of the embankment were completed and further
settlement increments are thus exclusively due to delayed vertical strains occurring in the
clayey formation. This is clearly demonstrated by the constant difference between the settle-
ments measured near the top and at the base of the dam.

Figure 1. Main cross section of Monte Cotugno Dam.
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3 SEISMIC ACTIONS AT THE DAM SITE

A crucial step in the evaluation of the seismic performance of earth dams is the definition of
the input motion. In the case-study here discussed, seismic actions were defined comparing the
indications given by national and international guidelines.
To evaluate the seismic actions, the Italian Technical Regulation on Dams (D.M. 26/06/

2014, also known as NTD) requires referring to site-specific seismic hazard analysis and to
Technical Regulation on Construction (NTC). These latter are specified (nationwide) in terms
of reference peak ground acceleration, PGA, in free-field conditions on the bedrock (type A
ground). The reference PGA corresponds to different reference return periods, TR, of the seis-
mic action depending on the particular Limit State considered.
Table 1 lists the TR values for a prefixed probability of exceedance (P) and different Limit

States for the Monte Cotugno Dam (strategic dam according to D.M. 26/06/2014).

Figure 2. Particle-size distribution ranges of the foundation soils and of the embankment material (a).

Casagrande plasticity chart of the foundation soils (b).

Figure 3. Settlements evolution measured along the vertical dam axis.

Table 1. Return periods, TR, for existing dams.

Existing dams
Operating Limit
State (P = 81%)

Damage Limit
State (P = 63%)

Life Limit State
(P = 10%)

Collapse Limit State
(P = 5%)

Strategic 60 100 950 1946

1889



According to the Italian seismic hazard map (INGV, 2006), for the Collapse Limit State
(CLS) the expected value of PGA at the dam site is 0.18 g.
On the other hand, international guidelines (e.g. FEMA 65, 2005), indicates that the input

motions used for the safety evaluation analysis of an existing dams must be specified referring
to the Maximum Credible Earthquake (MCE), i.e. to largest earthquake magnitude expected
along a recognized fault or within a particular seismotectonic regional source. For the case at
hand, the MCE has been defined analysing the compilation of historical earthquake data
occurred at the dam site, obtained from the Parametric Catalogue of Italian Earthquakes
(http://emidius.mi.ingv.it/CPTI15-DBMI15). The results of the analysis are listed in Table 2.
For each seismic event, acceleration response spectra have been estimated by means of the
attenuation relationship proposed by Bommer et al. (2003):

log y ¼ C1 þ C2M þ C4 log
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ h2
p

� �

þ CASA þ CsSS þ CNFN þ CRFR ð1Þ

Where y is the response spectral ordinate, M is the magnitude of the event, r is the epicentral
distance, C1, C2, C4, h, CA, CS, CN, CR are empirical parameters that vary with natural
period, SA equals 1 for stiff soil sites (0 otherwise), SS is to 1 for soft soil sites (0 otherwise),
FN is 1 for normal faulting earthquakes (0 otherwise), FR is 1 for reverse faulting earthquakes
(0 otherwise).
Figure 5 reports the response spectra related to the seismic events with local macroseismic

intensity, IS, equal or higher than 5, except for the so-called Val d’Agri event of 1995, charac-
terized by a relatively short epicentral distance. The response spectrum associated to the Col-
lapse Limit State obtained from Italian NTC is also plotted in the same graph.
Analysing the different spectra, the so-called Basilicata 1857 earthquake was assumed as the

Maximum Credible Earthquake at the dam site, characterized by a PGA value of 0.22 g,
higher than the value provided by the national seismic hazard map (INGV, 2006) at Collapse
Limit State (0.18 g). A set of natural accelerograms have been selected from international
databases, i.e. PEER (https://ngawest2.berkeley.edu/) and ESM (http://esm.mi.ingv.it),

Table 2. Seismic events occurred at the dam site.

Seismic event Date

Coordinate

Mw

Epicentral
Intensity
I0

Local
Intensity
IS

Epicentral
Distance
(km)Lat. Long.

Basilicata 16/12/1857 40.352 15.842 7.12 11 7-8 47

Pollino 28/05/1894 39.995 16.036 5.01 7 4-5 33

Irpinia-Basilicata 23/11/1980 40.842 15.283 6.81 10 6 116

Pollino 08/01/1988 40.011 15.94 4.7 7 4-5 39

Potentino 05/05/1990 40.738 15.741 5.77 4-5 81

Potentino 26/05/1991 40.689 15.821 5.08 7 4-5 72

Val d’Agri 29/05/1995 40.272 16.047 4.18 5 4 28

Figure 5. Acceleration response spectra for the seismic events occurred at the dam site.
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considering magnitude-distance intervals defined by a disaggregation approach. Afterwards,
five different accelerograms have been chosen as input motion for dynamic analysis, adopting
the spectrum compatibility criterion described by Bommer & Acevedo (2004).
Synthetic parameters of the seismic events are listed in Table 3, being Rjb the Joyner &

Boore distance, TP the predominant period, IA the Arias Intensity, SI the Housner Intensity,
D5-95 the significant duration of each accelerogram.

4 NUMERICAL MODEL

The longitudinal length of Monte Cotugno dam allows to analyse its seismic behaviour in
plane strain conditions. A two-dimensional domain (Figure 6) representative of the main
cross-section of the dam has been adopted by the finite element code PLAXIS 2D (Brinkgreve
et al. 2016). Five different material models were adopted for the foundation soils, the dam
body and the lining. The Hardening Soil with Small Strain Stiffness (HS-small) model (Schanz
et al. 1999, Benz 2006) have been used the simulate the mechanical behaviour of all soils. A
simple linear elastic constitutive law has been used to describe the lining behaviour.

4.1 Geometrical model

The geometrical model was defined on the basis of the original design drawings and geotech-
nical investigations as reported in Figure 6. The dam body is divided into 20 layers, activated
one by one to simulate the real construction process and take into account the influence of
loading history (Sica et al. 2008). The mesh consists of 15 nodes triangular elements, charac-
terized by a maximum height defined according to Lysmer & Kuhlemeyer (1969) criterion.
Different boundary conditions have been assumed for static and dynamic analyses. For the
static analyses, total fixities and horizontal fixities were applied at the bottom and lateral
boundaries, respectively. In the dynamic analysis, a compliant base has been adopted at the
bottom of the model, in order to simulate the wave propagation into the deep subsoil with
minimum reflection; for the lateral boundaries, absorbing boundaries were introduced at dis-
tances from the dam higher than its width, to minimize lateral reflections.

Table 3. Synthetic parameters of selected seismic events.

Event Date
Mw

(-)
Rjb

(km)
amax

(g)
Tp

(s)
IA
(cm/s)

SI
(cm)

D5-95

(s)

NW Balkan Peninsula 15/04/1979 6.9 62.9 0.21 0.25 76.5 56.5 10.89

Irpinia 23/11/1980 6.9 23.80 0.06 0.26 111.8 84.8 39.77

Northridge 17/01/1994 6.7 23.10 0.14 0.20 81.4 75.5 7.32

Centro Italia (a) 24/08/2016 6.0 37.7 0.07 0.14 55.6 37.2 14.88

Centro Italia (b) 30/10/2016 6.5 26.0 0.12 0.23 41.3 28.8 10.91

Figure 6. Finite element mesh with indication of dimensions and materials.
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4.2 Materials model

The HS-small requires the definition of 13 parameters. For the marls foundation soils, the
parameters controlling strength and stiffness have been obtained interpreting triaxial and oed-
ometer tests results (Costigliola, 2017). The parameters G0

ref and γ0.7, required to describe the
variation of shear modulus and damping ratio with shear strain, were calibrated from the
curves suggested by Darendeli (2001) for soils with analogous physical properties, namely
plasticity index PI, in such a way that the model predictions were adapted to the experimental
data relative to a soil with a PI = 40% (average value of PI for marls) (see Figure 7a). The
model parameters of the alluvial soil deposits, the dam body and the filter, results of triaxial
tests on large dimensions specimens (d = 35 cm; h = 80 cm) prepared from compacted scaled
material have been used. For these coarse-grained soils, as for marls, G0

ref e γ0.7 were defined
referring to literature suggestions relative to materials having similar particle size distribu-
tions, adapting the model predictions to experimental data in terms of variation of shear
modulus and damping ratio with shear strain (see Figure 7b). In this case, unfortunately, the
HS-small model fails to satisfy both aspects, so it has been chosen to adapt the model predic-
tion to experimental curves of G/G0 at the expense of the dissipative capacity of the soils,
which results overestimated compared to experimental data.

4.3 Static and dynamic analysis

A multi stage analysis representative of construction process, experimental filling and operation
stage of the dam have been performed using a hydro-mechanically coupled approach. The results
of the analysis have been then compared with the long-term in-situ observations on the real dam
(see Figure 3) in order to adjust some material parameters by back-analysis (Pagano et al. 1998,
Pagano et al. 2010). Doing so initial state variables and parameters have been optimized.
In the advanced dynamic analysis, each seismic event was applied together with the oper-

ation phase of the dam (reservoir water level at 242 m a.s.l., 10 m below maximum flood con-
trol level). The input motions defined as acceleration time histories scaled to a PGA value of
0.22g were applied at the bottom of the model domain.

Figure 7. Literature curves versus predictions by HS-small model for describing the variation with

shear strain of normalized shear modulus, G/G0, and damping ratio, D, of marls (a), alluvial deposits and

embankment materials (b).
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5 SEISMIC PERFORMANCE

The main damage mechanisms that might develop in earth dams under strong earthquakes
can be summarized as follows: global instability, freeboard loss, water-tightness reduction and
liquefaction. These can occur both on seismic and post-seismic conditions. For the case at
hand, due to the nature of the materials constituting the dam body, the focus has been placed
on the analysis during the seismic phase.
Maximum horizontal acceleration profiles (in absolute value) calculated along the vertical

through the dam axis of the master section are plotted in Figure 8, clearly show that the peak
accelerations values at the base of the embankment are amplified or lightly attenuated com-
pared to maximum input value. At the crest, conversely, acceleration values are amplified
with respect to the base (and to the input motion) due to topographic amplification effects.
Although the values of maximum acceleration increase with the elevation from the base, the

equivalent acceleration of a soil mass within the embankment can significantly decrease due to
the beneficial effect of asynchronous motions inside the mass itself (Bilotta et al. 2010).
Safety conditions with respect to global instability mechanisms were assessed by examining

the shear stress ratio, η, defined in domain nodes as the ratio between the peak mobilized
shear stress and the soil shear strength. Figure 9 shows that, referring to the Irpinia earth-
quake, the instability phenomena may interest shallow slip surfaces on downstream face with-
out affect the lining watertight.
The maximum values of both permanent horizontal displacement (4 cm) and vertical settle-

ments (5 cm) on crest were induced in the case of the Irpinia earthquake, i.e. that with the
highest Arias Intensity and significant duration values (see Table 3). Further settlements are
expected, because of post-seismic consolidation process in foundation soils generated by
excess pore water pressure induced by the earthquake; nevertheless, their values do not induce
the uncontrolled release of reservoir water due to dam freeboard loss.

Figure 8. Maximum horizontal acceleration profiles along vertical dam axis, with indications of amplifi-

cation ratios.

Figure 9. Shear stress ratio induced by Irpinia earthquake.
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6 CONCLUSIONS

The paper summarizes a methodology to assess the safety conditions of existing impervious faced
rockfill dams. Data collection from laboratory tests, in-situ measurements and monitoring are
essential for interpreting the behaviour of dam-foundation system. Since results of analyses per-
formed by means of an advanced dynamic approach depend on state variable values, is important
to model all the history of loading of the dam since construction. Static analysis based on coupled
approach to reproduce the observed behaviour helps to calibrate soil parameters by back-analysis
procedures. The definition of seismic actions can be based on indications given by national and
international guidelines, selecting accelerograms to be applied for the dynamic analyses.
The seismic performance of the dam was assessed not only with respect to damage mechan-

isms such as permanent settlements and global instability, but also to lining water tightness
(Costigliola, 2017). The satisfactory performance expected for Monte Cotugno dam is in
agreement with those expressed in other BFRD dams already subjected to strong earthquake
loads (Sica & Pagano, 2009).
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