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Abstract

The paper deals with the seismic stability assessment of two existing earth dams in Italy using a
fully-coupled effective stress non-linear approach implemented in a finite element (FE) code. The
mechanical behaviour of the involved clayey and granular soils is described through advanced
elasto-plastic constitutive models, calibrated on laboratory and in-situ test results. Before the
application of the seismic motions, appropriate FE static analyses are performed in both cases to
define the initial stress state and the internal variables of the material models.

The stability of both dams during dynamic loading is proved by the inspection of the cumulated
horizontal and vertical displacement time histories of the monitored solid nodes, which become
constant immediately after the end of the seismic actions. Moreover, the computed crest settlements
induced by the earthquakes are considerably lower than the service freeboard of the dams. Being the
applied seismic actions characterised by high return periods, the presented results are indicative of a
satisfactory dynamic performance of the two embankments during extreme dynamic loading

conditions.
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1. Introduction

The construction sites of a number of earth dams and embankments, built all over the world, were
once considered as non-seismic in the past. Recent evolution of the seismic hazard mapping
requires a careful assessment or re-assessment of the dynamic stability of a significant number of
such existing structures. In fact, consistent with modern performance-based approaches, the analysis
of the effects of seismic loads on the stability and serviceability conditions becomes crucial to

establish and manage the safe operation of such existing earth dams in the future.

The dynamic response of earth embankments has been usually analysed using pseudo-static

analyses, displacement methods derived from Newmark (1965)’s rigid block model or by means of

site response analyses based on the equivalent visco-elastic method (e.g. Schnabel et al., 1972),

extended linear approaches (e.qg. Kausel and Assimaki, 2002; Delépine et al., 2009) or more

advanced hypotheses (e.q. Borja et al., 1999: Bonilla et al., 2005; Amorosi et al., 2010).

To perform advanced FE dynamic analyses of this class of geotechnical structures, the fully-
coupled effective stress formulation for the solid-fluid interaction (Biot, 1941; Zienkiewicz et al.,
1999) has received increasing attention in recent years (e.g. Arulanandan and Scott, 1993;
Dewoolkar et al., 2001; Dakoulas and Gazetas, 2005, 2008; Liu and Song, 2005). At the same time,
it is relevant to describe with appropriate constitutive models the essential features of the
mechanical behaviour of soils when subjected to cyclic loading, such as state dependency, early
irreversibly, non-linearity, build up of excess pore water pressures, evolution of microstructure (de-
structuring) and related decrease of nominal stiffness (e.g. Sangrey et al., 1969; Castro and
Christian, 1976; Vucetic and Dobry, 1991). In this respect, a number of advanced models have been
proposed within the framework of Critical State Soil Mechanics, all developed by adding further

features to the classical single surface Modified Cam-Clay model, in order to capture the soil



©CO~NOOOTA~AWNPE

response under both monotonic and cyclic loading conditions (e.g. Dafalias and Popov, 1975; Mroz
et al., 1978; Prevost, 1978; Bardet, 1986). The implementation of these non-linear constitutive
models into numerical codes has, therefore, significantly improved the prediction capabilities of the
stress-strain response of large dams during static service conditions and under seismic loading (e.g.
Elgamal et al., 2002; Aydingun and Adalier, 2003; Muraleetharan et al., 2004; Amorosi et al.,

2008; Sica et al., 2008).

In this paper the dynamic behaviour of two existing earth dams located in the south of Italy, one
homogeneous and one zoned, is studied using a fully-coupled non-linear approach. The constitutive
assumptions for the clayey materials of the embankments and the foundation deposits and the
granular soils of the shells are the Model for Structured Soils (MSS), proposed by Kavvadas and
Amorosi (2000), and the Pastor-Zienkiewicz Mark 11 model (PZ3) developed by Pastor et al.
(1990), respectively.

The same procedure is adopted to study the dynamic behaviour of the two dams: after a brief
description of the geometrical and geotechnical characteristics of the two structures, a discussion of
the constitutive models calibration, based on laboratory ad in-situ tests results, is presented.

In order to define the initial stress state and the corresponding values of the internal variables in the
material models, appropriate FE static analyses are performed to simulate a simplified geological
history of the deposit, the dam construction stages and the reservoir impounding before the
application of the input seismic signals at the bedrock level. Finally, a class A prediction of the
dynamic response of the dams under different seismic motions is illustrated in terms of signal
amplification, permanent excess pore water pressures and cumulated displacements during the
seismic loading. The behaviour of the embankments is also analysed during the consolidation stage

at the end of the earthquake action.
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2. The Finite Element code and the constitutive models adopted

The non commercial program used in this work is DIANA-SWANDYNE Il (Dynamic Interaction
And Non-linear Analysis-SWANsea DYNamic program version I1), a two-dimensional (plane
strain and axi-symmetric) FE code that implements the fully-coupled Biot (1941) dynamic
equations using the u-p simplification (where u is the skeleton displacement and p the pore
pressure), i.e. assuming that the fluid acceleration relative to the solid skeleton is negligible. The
code can be used for static, consolidation, and dynamic analyses carried out under drained and
undrained conditions. The mathematical and numerical formulation of the code is described in
detail by Chan (1995) and Zienkiewicz et al. (1999). The employed time integration scheme is the
GNpj method (Generalised Newmark pth order scheme for jth order equation) proposed by Katona
and Zienkiewicz (1985). In the solution of the Biot dynamic equations the code allows to introduce
the viscous damping to account for non-plasticity related damping and to supplement the amount of
hysteretic damping required by the geotechnical system under study. Viscous damping is included

via the frequency dependent Rayleigh damping matrix (Clough and Penzien, 1993).

The constitutive model adopted for the cohesive soils involved in the numerical simulations
presented in the paper is the Model for Structured Soils (MSS) developed by Kavvadas and Amorosi
(2000) for structured clayey materials. The model, based on multi-surface plasticity concepts, is
characterised by two nested Cam-Clay like elliptical surfaces in the stress space: the external one,
called Bond Strength Envelope (BSE), which represents the material states associated with the onset
of degradation of structure at appreciable rate, and the internal yield surface (PYE) geometrically
similar to the BSE, but scaled by a factor £<<1. For states inside the PYE, the behaviour is
reversible and described by stress dependent bulk and shear moduli. For the states on the PYE, early
irreversibility is accounted for by the onset of plastic strain. In this case, when the PYE and BSE

surfaces are not in contact, the model predicts a realistic degradation of the soil stiffness, controlled
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by the smooth decay of the hardening modulus with the distance between the surfaces. Once the
two surfaces are in contact, the formulation coincides with that of a single surface Modified Cam-
Clay like model. MSS includes both isotropic and kinematic hardening. The isotropic hardening rule
controls the size of the BSE, i.e. it describes the evolution of material bonding by means of a
damage-type mechanism to model volumetric and deviatoric structure degradation, whereas the
kinematic hardening rules describe the motion of the two characteristic surfaces in the stress space
and thus account for the evolution of material anisotropy. The formulation of MSS allows the model
to reproduce some of the key features of the cyclic behaviour of clays as the decay of the shear
stiffness with strain amplitude, the corresponding increase of hysteretic damping and the related
accumulation of excess pore water pressure under undrained conditions (Amorosi and Kavvadas,

1999; Elia, 2004; Elia et al., 2004).

The stress-strain behaviour of the granular soils involved in the presented finite element analyses
has been simulated through the Pastor-Zienkiewicz Mark 111 model (PZ3), developed within the
framework of generalized plasticity. The failure condition is based on the Critical State Theory,

which postulates that all residual states lie on a unique line in p'—q—e space (where p', g and e

are the mean effective stress, the deviatoric stress and the soil void ratio, respectively), regardless of
the stress path followed. However, deviatoric hardening is also included so that the critical state line
(or sometimes called phase transformation line) can be crossed for the first time when modelling
undrained behaviour of dense sand before returning to it at failure. Consistently with experimental
evidence for cohesionless soils, the model uses a non-associative flow rule for modelling the
behaviour within the hardening region. The PZ3 model does not require the explicit definition of the
yield and potential functions, but only of the direction vectors normal to each surface. The direction
of the plastic strain increment vector depends on dilatancy, which is approximated by a linear

function of the stress ratio 7 =q/ p'. In contrast to classical plasticity, the model does not require

the application of the consistency condition to define the hardening modulus. This considerably
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simplifies the computational aspects and improves computational efficiency. As the elastic modulus
and loading hardening modulus are all scaled by the mean effective stress, the soil model achieves
very low values for the elastic and plastic moduli when liquefaction occurs and this is consistent
with physical observations. For loose contractive sand PZ3 predicts the densification and strain-
hardening in drained shear and the development of excess pore pressure and liquefaction in
undrained shear. For very dense dilative sands in drained shear the model accounts for strain-
softening and residual conditions at the critical state. Comparisons between predictions of the
original model and experimental data on undrained monotonic loading of contractive and dilative
sands, on cyclic loading leading to liquefaction of very loose sands and on cyclic mobility of dense
sands showed very good agreement (Pastor et al., 1990). Detailed descriptions of the basic model

are given in the original publications by Pastor and Zienkiewicz (1986) and Pastor et al. (1990).

3. The Marana Capacciotti dam

The first embankment studied in the present work is the homogeneous earth dam located in Puglia,
south-east of Italy, along the Marana Capacciotti stream, about 13.5km south-west of the city of
Cerignola (FG, Italy). The embankment was built between 1970 and 1975 using cohesive materials
(represented mainly by sandy and clayey silts of low plasticity) with homogeneous granulometry
and index properties (Calabresi et al., 2000). It has a volume of 3.71x10°m*-Mm® and retains
49x10°m>-Mm® of water with a service freeboard of 2.6m. With respect to its main cross-section
(Figure 1), the dam is 48m high and has a base of 370.5m; it overlays a foundation soil composed
by a first layer of a slightly overconsolidated alluvial silt, with a thickness of about 12m, and a
deeper stiff overconsolidated silty clay deposit. The drainage system consists of a sub-vertical drain,
that discharges the water into a tunnel parallel to the dam longitudinal axis, and of a drain disposed
at the toe of the downstream slope. An impervious concrete diaphragm located in the alluvial silt

layer along the centre line of the dam prevents the seepage flow underneath the embankment.
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The seismic behaviour of the Marana Capacciotti dam has been already described by Elia et al.
(2010). In this paper the constitutive model calibration and the static analyses results are briefly
illustrated, while a more detailed discussion on the effects of different boundary conditions on the
FE dynamic results is presented. The additional settlements of the embankment due to the

dissipation of the excess pore pressures cumulated during the earthquake action are also evaluated.

3.1 Constitutive model calibration

In the case of the Marana Capacciotti dam, the MSS model has been used to simulate the
mechanical behaviour of both the natural clayey soil deposit and the cohesive material of the
embankment. In order to re-assess the dynamic stability of the dam, a new geotechnical
characterization of the site was recently carried out (Calabresi et al., 2000): in particular, 21
undisturbed samples, obtained from three boreholes performed along the dam crest (named S1 and
S2 in Figure 1) and the downstream slope (S3), were tested in the laboratory and the main
experimental results have been used to calibrate the constitutive model adopted in the static and
dynamic numerical simulations. Specifically, the results of oedometer and undrained triaxial
compression (CU-TRX) tests have been used to calibrate the MSS model for static loading
conditions, while the results of resonant column (RC) and bender element (BE) tests have been
employed to assess the small-strain shear stiffness profile along the dam axis and to calibrate the
model parameters for cyclic/dynamic loads.

A detailed description of the model calibration procedure for the different soils involved in the FE

analyses of the dam is reported in Elia et al. (2010) and is not discussed here.

3.2 Finite element model of the dam and static analysis results

The numerical analyses of the Marana Capacciotti dam have been performed using the mesh shown
in Figure 2. In order to minimise the lateral boundary effects during the dynamic analyses, the

length of the foundation layer has been chosen to be three times the base of the dam. Moreover, on



©CO~NOOOTA~AWNPE

the left and right side of the foundation layer, viscous boundaries have been simulated using two
columns of finite elements characterised by a Rayleigh damping equal to 25%, in order to avoid

wave reflections along the boundaries of the mesh during the seismic action. These far-field

boundary conditions have been already employed in the past (Elia et al., 2005; Amorosi et al.,

2008) and their efficiency has been recently analysed by Semblat et al. (2010). A discussion on the

effectiveness of those absorbing boundaries Fhe-cerrectness-of these-cheices-is proved-presented in

the followingfinal part-efthe-papersection.

No direct seismic site measurements were available to characterise the shear stiffness profile with

depth of the deep silty clay stratum. Therefore, the thickness of the bedrock formation to be
assumed in the FE discretization has been selected based on typical shear wave velocity profiles
obtained by in-situ tests performed in similar sites located in the same region and characterised by
comparable geotechnical conditions (Mucciarelli and Gallipoli, 2006). As a result, a shear wave
velocity of 800m/s (typical of a bedrock formation) was reached within the first 30m of the stiff
clay layer and, consequently, a foundation soil deposit of 42m (12m of alluvial soil and 30m of stiff
clay) has been considered in both static and dynamic numerical simulations. A mesh of 794
isoparametric quadrilateral finite elements with 8 solid nodes and 4 fluid nodes has been used,
assuming plane strain free draining condition for all the analyses. The solid nodes at the bottom of
the mesh have been fixed in both the vertical and horizontal directions, while the nodes on the
lateral sides of the mesh have been fixed in the horizontal direction only.

As discussed in the previous section, the mechanical behaviour of both the natural clayey soil
foundation layers and the embankment cohesive soil has been modelled using MSS. The internal
variables of this constitutive model, i.e. the position and dimension of the two characteristic
surfaces in the stress space, allow to keep track of the material anisotropy, non-linearity and
irreversibility. Therefore, their initial values play a significant role in the simulated dynamic
behaviour of the dam and, as such, should be initialised consistently with the previously

experienced stress history of the soil. This implies that, in order to obtain realistic results from the
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dynamic analyses, appropriate FE static simulations have been performed before the application of
the seismic action at the bedrock level in order to reproduce a simplified, though realistic,
geological history of the deposit, the following dam construction and the subsequent reservoir
impounding stages (Elia et al., 2010). Once the static analyses of the dam and its foundation layer
have been completed, the stress states and the values of the internal variables of the constitutive
model have been checked to be consistent with the laboratory data. For this purpose, Figure 3

illustrates the profile of the initial shear modulus G, with mean effective stress predicted along the

dam axis by the assumed constitutive model at the end of the static analyses: the computed values
of the small-strain shear modulus are in fair agreement with the experimental ones, also reported in

the figure.

3.3 Dynamic analysis results

The stability assessment of real earth dams subjected to dynamic loading requires the definition of
the input ground motion at the bedrock level based on a site specific seismic hazard study.

For the evaluation of the dynamic stability of the Marana Capacciotti dam the results of a seismic
hazard study carried out by the Italian National Institute of Geophysics and Volcanology (INGV) on
the entire Italian territory have been used (Gruppo di lavoro MPS, 2004). From the INGV
interactive maps of seismic hazard (http://essel-gis.mi.ingv.it/), a peak ground acceleration of
0.275¢g can be obtained at the dam site for a return period of 1000 years and 0.194g for a return
period of 475 years. Three acceleration time histories have been selected from a database of
earthquake records (Ambraseys et al., 2000) and linearly scaled to the mentioned maximum

acceleration values. Appropriate technigues should be fulfilled to select real records, scale and

match them to target spectra (e.q. Hancock et al., 2008), but this is beyond the purpose of the paper.

The peak ground accelerations predicted by the seismic hazard study are referred to input motions
recorded at the ground surface, i.e. at the “outcropping” rock. In the dynamic analyses of the dam,

the scaled records have been filtered to a maximum frequency of 10Hz, transferred to the “inside”
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bedrock formation through a standard de-convolution analysis and applied at the base of the FE
discretization of the system (as suggested by Kwok et al., 2007). The relevant characteristics of the
obtained input motions are listed in Table I in terms of return period (T ) at the dam site, maximum
acceleration (amax), maximum frequency content (fmax), dominant frequency and record length._The

corresponding acceleration time histories are shown in Figure 4.

The dynamic behaviour of the Marana Capacciotti dam has been studied with the code DIANA-
SWANDYNE Il by applying the above mentioned real input motions to the fixed-solid nodes at the

base of the mesh (now fixed in the vertical direction only) as prescribed horizontal displacement

time histories.

Differently from what presented in Elia et al. (2010), the results of the fully-coupled FE dynamic
analysis of the dam subjected to the E-W horizontal component of the accelerogram registered at
Nocera Umbra (PG, Italy) during the earthquake of September 1997 (characterised by a moment

magnitude M,, =6.0 and a surface-wave magnitude Mg =5.9) are discussed here in detail. The

applied seismic motion (indicated as NOCERA in Table I) has a peak ground acceleration of 0.148g,
a length of 40s and a dominant frequency of 2.63Hz. Its Fourier spectrum is plotted with a thick
black solid line in Figure 5(a). The dynamic response of the dam has been studied for a duration of
60s, using a time step of 0.01s, equal to the time interval of the earthquake trace.

A Generalized Newmark time-stepping procedure has been used for time integration during the

dynamic simulation, with algorithm parameters equal to B =0.6 and £, =0.605 for the solid

phase and B =0.6 for the fluid phase, in order to obtain an unconditionally stable time-step

scheme (Zienkiewicz et al., 1999). The small numerical damping introduced by these values has
been proved not to be sufficient to remove spurious high frequencies due to the finite element
ehiseretizationdiscretisation. As the hysteretic damping provided by the adopted constitutive model
is very small for cycles with a shear strain amplitude smaller than 0.001% (Elia et al., 2010), the

addition of a small amount of viscous damping of the Rayleigh type has been necessary in the FE



©CO~NOOOTA~AWNPE

dynamic analysis of the dam. At this scope, a user-defined elastic stiffness matrix has been
employed for the Rayleigh damping matrix calculation, assuming different constant values of the
stiffness parameters with depth consistently with the stress state predicted at the same depth at the
end of the static analyses. After a preliminary parametric study of the problem, a damping ratio
equal to 2%, associated to the frequencies of 0.477Hz48Hz and 2.385Hz, has proved to be effective
in reducing the unrealistic amplification of the high frequencies during the seismic excitation of the
dam (Elia et al., 2010) and has been adopted in all the FE dynamic simulations of the dam.

Figure 5(a) shows the comparison between the input motion applied at the bedrock and the
acceleration time histories computed along the dam axis at the crest of the embankment and at the
dam base in terms of Fourier spectra. The results indicate that the amplification of the seismic
signal eeedrrsoccurs between the bedrock and the crest: the peak ground acceleration at the top of
the dam is equal to 0.39g, with a magnification factor of about 2.6 over the peak bedrock amplitude.
The energy content of the seismic wave computed at the crest level is concentrated in the range 0 to
6Hz, with the highest amplification effect at 0.85Hz and a maximum peak of the spectral
acceleration at 2.69Hz, corresponding to the dominant frequency of the bedrock signal.
Furthermore, the adopted viscous damping manages to restrict the high frequencies amplification

effect of the input motion, which nevertheless still occurs during the simulation.

As mentioned before, the far-field boundaries have been simulated using two columns of elements

(30m wide), disposed along the left and right side of the dam foundation layer (Figure 2) and

characterised by a Rayleigh damping equal to 25%. In order to prove the effectiveness of this

choice, the dynamic analysis of the dam has been re-run assuming different boundary conditions: in

a first case, the two columns of elements with 25% of Rayleigh damping have been removed (this

simulation has been named “no viscous boundaries”). Repeatable boundary conditions (Zienkiewicz

et al., 1999) have been applied at the vertical sides of the foundation layer in a second FE

simulation, named “‘tied-nodes”. Moreover, the free-field response has been obtained applying the
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NOCERA input motion at the base of a soil column (42m high and 5m wide) representative of the

foundation layer only (without the dam), using the tied-nodes boundary conditions. The material

states and the MSS internal variables obtained at the end of the static analyses of the dam along a

vertical far from both the mesh boundaries and the dam axis ( x =555.5m, Figure 2) have been

used as input for this third dynamic simulation. The results of this latter analysis (named “1D

response”), representative of the free-field response of the foundation layer, have been compared

with the ones obtained during the previously presented FE simulation (named ‘“viscous boundaries™)

and during the other two additional dynamic analyses performed without viscous boundaries and

employing the tied-nodes boundaries, respectively. The comparison, presented in terms of Fourier

spectra of the acceleration time histories recorded at ground level along the vertical at x =555.5m,

is shown in Figure 5(b). The dynamic behaviour of the foundation layer obtained during the three

2D simulations is similar, regardless of the adopted boundary conditions, and results in good

agreement with the free-field response, thus indicating that the adopted length of the mesh is

sufficient to avoid wave reflections along the vertical boundaries during the seismic action. The

same resemblance between the three 2D dynamic analyses results has been observed along different

monitored verticals throughout the mesh, thus indicating that the adopted boundary conditions have

a negligible effect on the results of the presented FE dynamic simulation.

nodes—displaced-along-the-dam-axis—isThe contour lines of horizontal and vertical displacements

obtained at the end of the dynamic simulation are shown in Figures 6(a) and 6(b), respectively. In

these figures and the following ones, the horizontal displacements are positive when the movement
is from left to right while the vertical displacements are negative when directed downwards. The
advanced constitutive assumption adopted in the FE analysis allows the realistic simulation of the
non-linear and irreversible response of the soils subjected to the dynamic action, leading to a final
permanent horizontal displacement of the crest equal to 0.35m and a crest settlement of 0.54m,

essentially due to plastic strains accumulation throughout the shaking. The computed displacement
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time histories become constant immediately after the end of the earthquake {i-e—after40-s}-in all the
monitored nodes, indicating a stable behaviour of the dam once the seismic action is over.

The overall behaviour of the dam in terms of displacement points out a greater deformation pattern
of the downstream slope with respect to the upstream one, but does not give a precise indication of
the occurrence of a failure mechanism inside the embankment and its foundation layer. Being the

seismic action applied at the bedrock very demanding (T, =1000 vyears), the results can be

considered indicative of a satisfactory dynamic performance of the dam in this extreme condition.

As the FE code DIANA-SWANDYNE |1 is based on an effective stress formulation, it allows the user
to monitor the pore pressure regime at every single node of the mesh during the simulations. The
contour lines of excess pore water pressures computed at the end of the earthquake are plotted in

Figure 7.

Although it was not directly imposed by the user, the system behaves in undrained conditions

during and after the shaking, the materials permeabilities being too low to allow the dissipation in
60s of the excess pore water pressures cumulated during the first 40s. At the end of the dynamic
simulation, the satisfaction of the equilibrium condition for both the solid and the fluid phase has
been imposed (i.e. a long term, fully drained, condition has also been considered). This leads to
further settlements of the downstream slope of about 0.025m. The contour lines of the vertical

displacements induced by the excess pore pressures dissipation are shown in Figure 8.
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Finally, the contour lines of the shear strains (in absolute value) cumulated after 40s are reported in
Figure 9, showing the seismic induced concentration of plastic strains propagating from the toe of

the downstream slope into the alluvial silt layer.

4. The San Pietro dam

The San Pietro dam is located in Campania, southern Italy, along the Osento stream, between the
towns of Aquilonia (AV, Italy) and Monteverde (AV, Italy).

The embankment has a volume of 2.2x10°m’-Mm?® and retains 17.7x10°m>-Mm® of water with a
freeboard of 2.0m at the maximum impounding level of the reservoir. It was built in the early 60’s,
using clayey silts of low plasticity for the core and granular soils for the shells. With reference to its
main cross-section (Figure 10), the dam is 49m high and has a base of 250m; it overlays a
foundation soil composed by a first layer of alluvial gravels, with an average thickness of 7m, and a
deeper stiff overconsolidated flysch deposit. Two sub-vertical drains are interposed between the
clayey core and the shells. During the construction, the alluvial layer mechanical properties were
improved by concrete injections, also reducing the soil permeability. Moreover, the seepage flow
underneath the embankment is prevented by an impervious concrete diaphragm, disposed along the
centre line of the dam and reaching the flysch deposit.

The same procedure employed for the stability analysis of the Marana Capacciotti dam has been
adopted to study the dynamic response of the San Pietro dam, as described in the following: at first,
the advanced constitutive models used to simulate the mechanical behaviour of the clayey and
granular soils of the embankment have been calibrated against laboratory and in-situ data, then
appropriate FE static analyses have been performed to initialize the material states and the model
internal variables and, finally, the seismic action has been applied at the bedrock level to evaluate

the dynamic response of the dam.
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4.1 Constitutive models calibration

Also in the case of the San Pietro dam, the re-assessment of its dynamic stability has required an
improved geotechnical characterization of the embankment site (Calabresi et al., 2004): 31
undisturbed samples, obtained from five boreholes performed along the dam crest (named S1 in
Figure 10), the downstream slope (S2 and S3) and outside the dam on the downstream side (S4 and
S5), were tested in the laboratory. Moreover, five cross-hole (CH) tests were performed close to the
boreholes, while two CPT and three SCPT tests were performed along the dam crest and the
downstream slope.

FSpecitically,—for the core material the results of oedometer and undrained triaxial compression
tests have been used to calibrate the MSS model for static loading conditions, while cross-hole,
resonant column and bender element tests have been employed to assess the small-strain shear
stiffness profile along the dam axis and to calibrate the model parameters for cyclic and dynamic
loads. The PZ3 model has been calibrated with reference to the in-situ test results relative to the
gravel used for the dam shells and standard literature curves (Mucetic and Dobry, 1991) relating the
decay of shear modulus with cyclic shear strain to the material plasticity index.

As regards the core silty clay soil, the results of the undrained triaxial compression tests carried out
on sample S1-C6 (borehole S1, depth 18m) at different consolidation pressures are reported in

Figure 11 (solid line) as stress paths in the p'—q plane, deviatoric stress - axial strain (q—¢,) and

pore pressure - axial strain (u—g,) curves. Dashed lines in the same figure show the corresponding

MSS predictions: a part from the positive deviatoric hardening shown during the test performed at
the highest consolidation pressure, the model simulations are able to catch the fundamental features
of the material mechanical behaviour. For the same soil, Figure 12 shows the experimental results
obtained from two different RC tests carried out on sample S1-C5 (borehole S1, depth 15m) in

terms of normalised shear modulus G /G, with cyclic shear strain y . The corresponding prediction
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of the MSS model, reported in the same figure with a dashed line, is in reasonable agreement with
the laboratory data.
A more detailed description of the models calibration for the soils involved in the FE analyses of

the San Pietro dam is reported in Rampello et al. (2005) and is not discussed here.

4.2 Finite element model of the dam and static analysis results

The mesh adopted for the numerical analyses of the San Pietro dam is shown in Figure 13. The CH
measurements indicate that the bedrock formation can be identified at a depth of 25m below the
base of the embankment: therefore, a foundation soil deposit composed of 7m of alluvial gravels
and 18m of flysch has been considered in the static numerical simulations. A mesh of 894
isoparametric quadrilateral finite elements with 4 solid and 4 fluid nodes has been used, assuming
plane strain and free draining condition for all the analyses. The same boundary conditions adopted
for the Marana Capacciotti dam along the bottom and the vertical sides of the mesh have been here

employed. The sub-vertical drains have been simulated using the same constitutive model adopted

for the core of the dam but imposing a permeability value intermediate between those assumed for

the core and the shells of the embankment. A linear elastic model has been employed to simulate

the mechanical behaviour of both the alluvial layer treated with concrete injections, the stiff

overconsolidated flysch deposit and the impervious concrete diaphragm using the appropriate

elastic properties and permeability values coming from in-situ measurements.

After the simulation of the geological history of the deposit and the dam construction and
compaction phase layer by layer, the impounding stage has been analysed imposing a reservoir
level 4.5m below the crest. The pore water pressure distribution obtained at the end of the seepage
analysis is reported in Figure 14: the maximum value of suction attained in the upper part of the
dam is equal to 20kPa at the crest.

At the end of the static analyses, the profiles of the initial shear modulus G, with the mean effective

stress predicted by the employed constitutive models have been compared with the laboratory and
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in-situ data: for the core clayey soil, the computed values of the small-strain shear modulus
represent a reasonable compromise between the experimental values obtained by the BE tests and
the ones observed during the cross-hole measurements (CH1), which are usually higher (Figure
15(a)). In the case of the shells granular material (Figure 15(b)), for which no BE tests were

available, the G, computed values are close to the lower bound of the CH measurements (CH2 and

CH3).

Figure 16 shows the settlement profiles (Poulos et al., 1972) computed along two verticals through
the dam core (Figure 16(a)) and the downstream slope (Figure 16(b)) at the end of the static
analyses: the obtained settlements at different depths are in good agreement with the values
measured during the embankment construction (also reported in the same figure with solid lines and

named A5, A7, A9 and A10), thus validating the calibration of the two constitutive models.

4.3 Dynamic analysis results

The dynamic behaviour of the San Pietro dam has been studied applying two different input
motions directly at the base of the embankment, i.e. neglecting the wave propagation in the dam
foundation layer due to the high stiffness of both the injected alluvial gravels and the
overconsolidated flysch deposit. The first seismic motion is represented by the E-W horizontal
component of the accelerogram registered at Bisaccia (AV, Italy) during the earthquake of
November 1980, while the second is an artificially generated earthquake (Calabresi et al., 2004).
For the dam site, the CNR-GNDT (Galadini et al., 29992000) seismic hazard study predicts a peak
ground acceleration of 0.35¢g for a return period of 475 years. Therefore, the maximum acceleration
of the real input motion and the elastic response spectrum, from which the artificial earthquake has
been generated, have been scaled to this reference value. The main characteristics of the two input

ground motions are summarized in Table Il in terms of return period (T, ), maximum acceleration

(amax) and velocity (vmax), bracketed duration (T, ), Arias intensity (1,), maximum frequency
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content (fnax), dominant frequency and record length. The artificial earthquake has a frequency
content compatible with the design spectrum proposed by Eurocode 8 for a soil of type A and is not
characterised by a well-defined dominant period. On the contrary, the real input action has a
frequency content limited in the range 0.5+1.1Hz and is characterised by a much higher energy
content with respect to the artificially generated accelerogram. The FE dynamic simulation
performed using the real accelerogram has a time length of 80s, while the seismic response of the
embankment subjected to the artificial earthquake has been studied for a duration of 40s, using a
time step of 0.01s in both cases.

A small amount of Rayleigh damping, {equal to 3%) for the frequencies 1.27Hz and 3.90Hz, has

been added in the FE dynamic simulations, while the numerical damping introduced by the time-
stepping procedure has been reduced (with respect to the previously commented dynamic analysis

of the Marana Capacciotti dam), employing algorithm parameters equal to S =0.51 and

3, =0.515 for the solid phase and B =0.51 for the fluid phase.

Figure 17 shows the comparison in terms of Fourier spectra between the input motions applied at
the base and the corresponding acceleration time histories computed, during the two simulations,
along the dam axis at the crest of the embankment. The results point out the amplification of the
seismic signal occurred in both cases between the base and the crest. The Fourier spectrum of the
acceleration time history recorded at crest using the real input motion shows two peaks at 0.51Hz
and 1.11Hz, corresponding to the dominant frequencies of the base signal, and the maximum peak
at 2.6Hz59Hz, representing the first natural frequency of the system (Figure 17(a)). The same value
of the dam fundamental frequency appears to be excited by the artificial earthquake: from Figure
17(b) it is evidentclear that the highest amplification effect of the input signal occurs again at
2.6Hz59Hz.

The results of the fully-coupled dynamic simulations are summarized in Figure 18 in terms of

profiles with non-dimensional depth z/H of the ratio a,/a,, between the maximum
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acceleration recorded along the dam axis and the base input value. In both the analyses, the profiles
are characterised by a significant amplification of the seismic signal at the crest of the dam. In the
case of the real input motion, the peak acceleration at crest is equal to 0.93g, while applying the
artificial earthquake the corresponding maximum acceleration is equal to 0.81g, with a
magnification factor of about 2.3 over the peak base amplitude in both cases. Moreover, the results
are consistent with those obtained from the response analyses of different dams reported in the
literature (Cascone and Rampello, 2003) whose envelope is indicated in the same figure with the
shaded area.

The contour lines of horizontal and vertical displacements obtained at the end of the real earthquake
simulation are shown in Figures 19(a) and 19(b), respectively. The maximum crest settlement
relative to the dam base induced by the earthquake (equal to 0.68m) is equivalent to the 15% of the
service freeboard (4.5m) and to the 34% of the freeboard at the maximum impounding level of the
reservoir (2.0m). Similar results have been obtained in terms of final permanent horizontal and
vertical displacements when the artificial input motion is applied at the base (Figure 20): in this
case, the crest horizontal displacement is equal to 0.35m, while the maximum crest settlement is
equal to 0.77m, equivalent to the 17% of the service freeboard and to the 38.5% of the freeboard at
the highest impounding level.

More generally, the dam behaviour is stable during and after the dynamic input motions and no
failure mechanism inside the embankment can be recognized in both the FE simulations. As the
seismic actions applied at the base of the dam are very demanding (representing two “near field”
earthquakes), the overall results can be considered indicative of a satisfactory dynamic performance
of the embankment in these extreme conditions.

The evolution with time of the excess pore water pressures computed during the two FE dynamic
analyses in two fluid nodes (both placed in the dam core, along its axis, at a depth of 19 and 34m
from the crest, respectively) is reported in Figure 21: in both cases, positive excess pore pressures

cumulate at z=34 m, with a maximum value of 250kPa when the real accelerogram is applied at
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the base. On the contrary, the excess pore water pressures generated by the two earthquakes at
z=19m are negative, reaching a peak value of about -300kPa during the real input motion
analysis. This result is related to the initially strongly overconsolidated state of the core material at
19m depth from the crest, as a consequence of the simulation strategy employed to numerically
reproduce the compaction procedure adopted in the construction of the core.

In any case, the cumulated pore water pressures tend to dissipate after the end of the seismic
actions. This latter consolidation process, once simulated numerically, leads to negligible additional

vertical displacements of the downstream slope and dam core, as indicated in Figure 22.

5. Comparison between the seismic response of the two dams

In the previous sections the seismic response of two real earth dams has been studied using similar

procedures and approaches but applying different earthquakes at bedrock. In order to perform a

direct comparison between the dynamic behaviour of the two embankments, the San Pietro dam has

been subjected to the same NOCERA input motion used for the study of the Marana Capacciotti

dam. The numerical damping introduced in this new simulation and the adopted Rayleigh

parameters are the same of those employed for the Marana Capacciotti analysis. The results of this

comparison are presented in Figure 23 in terms of Fourier spectra obtained at the crest of the two

embankments: i) in both cases the signal is amplified at about 2.6Hz, close to the dominant

frequency of the input motion (2.63Hz); ii) the Marana Capacciotti dam amplifies more the

frequencies in the range 0.85+1.56Hz, which are close to its fundamental period of vibration (equal

to 1.21Hz, as shown by Elia et al. 2010), than those in the range 4.5+5.5Hz; iii) in the San Pietro

dam analysis some amplification occurs at 1.53Hz, but a larger amplification can be observed for

the frequencies between 4.85 and 6.95Hz. Moreover, the figure shows a higher overall

amplification effect in the case of the San Pietro dam, as the NOCERA earthqguake is shaking the

system close to its first natural period (2.59Hz). The same effect can be observed if the profiles of
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a4 | 8, ODtained along the two dam axes are compared (Figure 24(a)): a bigger amplification of

the input signal occurs in the top part of the San Pietro dam, with an acceleration magnification

factor at its crest of about 4.0 over the peak bedrock amplitude. The result is essentially correlated

to a lower shear strain level induced by the seismic action in the San Pietro embankment, as

indicated by Figure 24(b) where the profiles of maximum shear strain recorded along the two dam

axes are reported with non-dimensional depth. The lower shear strain amplitude induced by the

earthquake is accompanied by higher material stiffness and lower hysteretic damping during the

shaking, thus enhancing the transmission of the high frequencies of the seismic signal and

increasing the amplification of the peak acceleration at the surface. Nevertheless, the seismic

induced displacements recorded during the San Pietro analysis are significantly lower than those

induced by the same earthquake on the Marana Capacciotti dam, as shown in Figure 24(c) in terms

of profiles of maximum horizontal displacement relative to the dam base recorded at the end of the

simulations along the dam axes. According to the hazard studies, the first structure is in fact located

in a seismic-prone zone characterised by higher peak ground accelerations for the same return

periods with respect to the Marana Capacciotti embankment and, therefore, has been correctly

designed and constructed with a higher initial shear stiffness in order to suffer lower structural

deformations.

6. Conclusions
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The paper has highlighted the possible benefits deriving from the use of a fully-coupled effective

stress non-linear approach in the analysis of the dynamic response of large earth embankments: the
advanced constitutive models and the soil skeleton-pore fluid dynamic interaction scheme adopted
in the simulations have allowed to reasonably estimate the permanent displacements of the dams
and the development of excess pore water pressures inside the structures during the seismic action,
providing a realistic prediction of the additional settlements due to consolidation. As no direct
displacement and pore pressure measurements during real seismic motions are available, the results
of the presented FE simulations represent a class A prediction of the dynamic response of the two
embankments in view of modern performance-based design approaches.

In both cases, the stability of the dams has been proved by the inspection of the cumulated
horizontal and vertical displacement time histories of the monitored solid nodes, which become
constant immediately after the end of the seismic actions. Moreover, the computed crest settlements
induced by the earthquakes resulted considerably lower than the threshold values imposed by the
service freeboard of the dams. Being the applied seismic actions characterised by high return
periods, the overall results can be considered indicative of a satisfactory dynamic performance of
the two embankments during extreme seismic loading conditions.

Finally, the comparison between the dynamic response of the two dams, performed applying the

same input motion at bedrock level, has shown how the propagation of the seismic wave inside the

embankments and the corresponding dynamically induced deformations are significantly influenced

by the combination between the energy content of the input signal, its relation to the natural

frequencies of the structures and the mechanical properties of the involved soils in terms of initial

shear stiffness and hysteretic damping.
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Table I: Characteristics of the input motions used in the dynamic analyses of the Marana Capacciotti dam

Tq Amax - OULCrOp  amax - bedrock  fnax  Dominant frequency Record length

MPUL (years) () (9) (H2) (H2) (sec)

LOMA_1 1000 0.275 0.177 10 1.39 40.0
LOMA_2 475 0.194 0.128 10 1.39 40.0
TOLMEZZO 1000 0.275 0.214 10 1.49 35.0
10 NOCERA 1000 0.275 0.148 10 2.63 40.0
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Table Il: Characteristics of the input motions used in the dynamic analyses of the San Pietro dam

Input T, amax - Dedrock  vpax  Tp I fnax ~ Dominant frequency Record length
(years) (9) (m/s) (s) (m/s) (Hz) (Hz) (sec)

Real 475 0.35 0.65 696 4.4 10 0.51 2.7
Artificial 475 0.41 038 264 4.1 10 4.34 30.0
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Figure 1. Cross-section of the Marana Capacciotti dam.

Figure 2. FE mesh and boundary conditions adopted for the Marana Capacciotti dam.

Figure 3. Comparison between the results of resonant column and bender element tests and the initial shear modulus
profile computed along the dam axis at the end of the static analyses of the Marana Capacciotti dam.

Figure 4. Acceleration time histories of the input motions employed in simulations of the Marana Capacciotti dam.

Figure 5. Comparison between the Fourier spectra computed: a) along the Marana Capacciotti dam axis and b) at

ground level along the vertical x =555.5m assuming different boundary conditions.

Figure 6. Contour lines of: a) horizontal and b) vertical displacements at the end of the shaking (Marana Capacciotti
dam).

Figure 7. Contour lines of excess pore pressures at the end of the shaking (Marana Capacciotti dam).

Figure 8. Contour lines of additional settlements due to consolidation (Marana Capacciotti dam).

Figure 9. Contour lines of shear strains at the end of the shaking (Marana Capacciotti dam).

Figure 10. Cross-section of the San Pietro dam.

Figure 11. Comparison between experimental results of undrained triaxial compression tests performed on the silty clay
soil of the San Pietro dam core and the computed response with MSS: a) stress paths; b) deviatoric stress - axial
strain curves and c) pore pressures - axial strain curves.

Figure 12. Comparison between experimental results of resonant column tests performed on the silty clay soil of the San
Pietro dam core and the computed response with MSS.

Figure 13. FE mesh and boundary conditions adopted for the San Pietro dam.

Figure 14. Contour lines of pore water pressures at the end of the seepage analysis (San Pietro dam).

Figure 15. Comparison between the laboratory data and the computed G, profiles relative to: a) the core and b) the
shells of the San Pietro dam.

Figure 16. Comparison between the observed settlements and the FE analysis profiles obtained along: a) the core and b)
the shells of the San Pietro dam.

Figure 17. Comparison between the Fourier spectra obtained along the San Pietro dam axis applying at the bedrock
level: a) the real and b) the artificial input motion.

Figure 18. ama/ansse profiles computed at the end of the FE dynamic analyses of the San Pietro dam and comparison

with literature results.



Figure 19. Contour lines of: a) horizontal and b) vertical displacements obtained using the real input motion (San Pietro
dam).

Figure 20. Contour lines of: a) horizontal and b) vertical displacements obtained using the artificial input motion (San
Pietro dam).

Figure 21. Excess pore water pressure time histories along the San Pietro dam axis computed applying: a) the real and
b) the artificial input motion.

Figure 22. Contour lines of consolidation settlements relative to: a) the real and b) the artificial input motion analysis
(San Pietro dam).

Figure 23. Comparison in terms of Fourier spectra recorded at crest between the Marana Capacciotti and the San Pietro
dam analyses performed applying the same input motion at bedrock.

Figure 24. Comparison between the Marana Capacciotti and the San Pietro dam analyses in terms of: a) profiles of
Amax/@nase along the dam axes, b) profiles of maximum shear strain with depth and c) profiles of maximum

horizontal displacement relative to the dam base with depth.
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Reviewers' comments:

We have received two reviews of this manuscript (see below). The comments are
informative and useful. It is suggested that the manuscript be revised in
light of these comments. Changes made should be highlighted in color. An
itemized response to the review comments should be included at the end.
Related papers published previously in IJOG should be cited. The revised
manuscript will be reviewed by the editor only.

Reviewer #1: The goal of the paper is very interesting (dynamic behavior of
earth dams using a fully-coupled nonlinear approach) but the paper should be
revised since several important issues are unclear or not correct as presented.
First of all, the main problem are the boundary conditions at the bottom of
the FEM models ("by applying the real input motions to the fixed solid nodes"):
it is not possible to have "fixed" nodes and to prescribe a non-zero motion
(acceleration or displacement??) at the same time. The paper by Kwok et al.
(2007) concerns the type of motion to consider (outcrop, in-depth, etc) but
the consequence of this paper is the assumption in terms of velocity contrast
(rigid or elastic bedrock) and not a choice between free or fixed boundary
conditions.

As the reviewer correctly points out, the earthquake 1is applied as a
prescribed horizontal displacement time history to the nodes at the bottom of
the mesh, as it is usually modelled in many FE dynamic codes. During the
dynamic simulations the nodes at the bottom of the mesh are no more fixed in
both the directions, but only in the vertical one. The statement has been
clarified in the paper.

In the proposed FEM models, the depths of stiff soil under the dams are small
since a rigid bedrock condition should probably be deeper. Furthermore the
wavefield radiated from the dam is probably strong.

In the case of the Marana Capacciotti dam, no direct seismic site measurements
are available to characterise the shear stiffness profile with depth of the
deep silty clay layer. Nevertheless, the depth of the rigid bedrock has been
assumed on the base of typical shear wave velocity profiles measured in-situ
in similar sites reported in the literature. In the case of the San Pietro dam,
the cross-hole measurements allow to clearly identify the bedrock at a depth
of 25m below the base of the dam. In both cases, the assumed depth of the
bedrock formation has been related to the real in-situ conditions and seems
reasonable.

Concerning the lateral boundary conditions, the use of two finite elements as
absorbing layers is probably not sufficient. Recent results on such simple and
original absorbing layer methods should be considered in the analysis (A
simple numerical absorbing layer method in elastodynamics, Comptes Rendus
Mecanique, 338(1), 2010, pp.24-32) in order to optimize the absorbing layer
size, the damping values and the overall efficiency.

The 1lateral boundary conditions adopted in this work during the dynamic
simulations of the Marana Capacciotti dam are exactly the same of those
recently proposed by Semblat et al. 2010 (this reference has been added in the
revised manuscript). The validation of the boundary conditions, reported in
the new Fig. 5(b) and commented in section 3.3, shows that the adopted length



of the mesh is sufficient to avoid wave reflections along the vertical
boundaries during the seismic action, thus indicating that the adopted
boundary conditions have a negligible effect on the results of the presented
FE dynamic simulation. Nevertheless, the authors agree with the reviewer that
the absorbing layer size, the damping values and the overall efficiency of the
method should be investigated and this will be part of future research.

These remarks only concern the motion of the solid phase; what about the
boundary conditions for the fluid phase?

The u-p formulation adopted in the finite element code Swandyne II to describe
the solid-fluid interaction scheme requires the solution of a system of two
ordinary differential equations (once the spatial discretisation has been
performed): one for the solid and one for the fluid phase. While the equation
relative to the solid phase gives two roots, the one relative to the fluid
phase 1is characterized by one root only. This mathematically means that no
wave 1is propagating in the fluid phase during the dynamic action and,
therefore, no particular boundary conditions are needed for this phase. In the
presented dynamic simulations, in fact, standard impermeable boundaries have
been employed for the fluid phase along the vertical and bottom sides of the
mesh.

Finally, the accelerograms being scaled, it should be mentioned that the
scaling between different quakes must fulfil such scaling relations as those
proposed by D. Boore (plot the accelerograms in order to illustrate their time
variations).

The need of appropriate techniques to select, scale and match real records has
been mentioned in the paper, although it is beyond the purpose of the work. As
requested, a new Fig. 4 showing the acceleration time histories of the input
motions employed for the dynamic analyses of the Marana Capacciotti dam has
been added in the revised manuscript.

Secondly, the paper presents the seismic response of two different dams. The
goal may be to compare their seismic response and stability but no direct
comparison is performed. Another possibility is to consider one dam only and
to discuss the results in deeper details.

As correctly suggested by the reviewer, a direct comparison between the
seismic response of the two dams subjected to the same input motion has been
introduced in the revised manuscript and reported in a new section 5. In order
to fulfil the limits imposed on the length of the manuscript, the discussion
regarding the influence of viscous damping on the results of the Marana
Capacciotti analysis has been removed from the final section of the paper. The
reader is referred to the work of Elia et al. (2010) for more details on the
Rayleigh damping calibration. The conclusions have been included in a separate
final section (new section 6).

Furthermore it is unclear how the drains, the injections and the concrete
diaphragm are accounted for in the FEM model of the San Pietro dam.

Those aspects have been clarified in section 4.2.
Thirdly, in the FEM model, the wavelength/element size ratio should be

estimated in order to assess the numerical accuracy for such strongly
nonlinear models. In the 1linear range, considering a 800m/s shear wave



velocity, the wavelength is only 80m at 1@Hz. What about soft soils at large
shear strain (i.e. accounting for a large shear modulus decrease leading to
much shorter wavelengths)?

For the soft soils involved in the two dams the average value of shear wave
velocity is 250m/s. Therefore, the wavelength is 25m at 10Hz. The maximum
height of the elements of the two dams is smaller than 1/4 of this minimum
wavelength (25m) associated with the highest frequency component of the input
wave (10Hz).

In 3.3, the (conditional) stability criterion should be given and the related
frequency range estimated.

The adopted time integration scheme 1is unconditionally stable if the
coefficients S 205, ﬁ220.5(0.5+ﬁ1)2 and B >0.5 are chosen. This is the
case for all the presented dynamic simulations.

Finally, here are some more specific remarks on the text and figures:

* in the introduction, seismic ground motion assessment and site effects
should be mentioned and several related approaches for strong motion
estimation should be recalled (incl. some references):

- equivalent linear approaches: e.g. Schnabel P.B., Lysmer J., Seed H.B.
(1972). SHAKE: A computer program for earthquake response analysis of
horizontally-layered sites, Report No. EERC-72/12, Earthquake Engineering
Research Center, University of California at Berkeley, Berkeley, CA, USA.

- extended 1linear approaches : 1/ Kausel E., Assimaki D. (2002). Seismic
simulation of inelastic soils via frequency-dependent moduli and damping,
Journal of Engineering Mechanics (ASCE), 128(1), 34-47; 2/ Delepine N., Bonnet
G., Lenti L., Semblat J-F (2009). Nonlinear viscoelastic wave propagation: an
extension of Nearly Constant Attenuation models, 3Journal of Engineering
Mechanics (ASCE), 135(11), pp.1305-1314.

- hysteretic models: 1/ Bonilla L.F., Archuleta R.J., Lavallee D. (2005).
Hysteretic and Dilatant Behavior of Cohesionless Soils and Their Effects on
Nonlinear Site Response: Field Data Observations and Modeling, Bulletin of the
Seismological Society of America, 95(6) pp.2373-2395; 2/ Cacciola P., Biondi
G., Cascone E. (2009). Site Response Analysis using the Preisach Formalism,
Proc. of the 12th Int. Conf. on Civil, Structural and Environmental Eng.
Computing, B.H.V. Topping, L.F. Costa Neves and R.C. Barros, (Editors), Civil-
Comp Press, Stirlingshire, Scotland.

- mechanics or porous media: Coussy, 0. Poromechanics, John Wiley & Sons (2004)

Seismic ground motion assessment and site effects have been mentioned in the
introduction. Most of the suggested references have been recalled in the text
and added in the reference section.

* the variational formulation should be briefly described (solid phase, fluid
phase, etc)

The authors agree with the reviewer that the variational formulation should be
recalled in the text, but this would lengthen the paper. Therefore, these
details have not been reported in the manuscript and the reader is referred to
the original work of Biot (1941) and Zienkiewicz et al. (1999).

* the time integration scheme should be briefly recalled (as well as the
related stability conditions)



As before, the integration scheme has not been reported in the paper for the
imposed 1limits to its 1length. The reader 1is referred to the work of
Zienkiewicz et al. (1999).

* the damping variations for the Rayleigh formulation should be given earlier
(esp. frequency range)

The Rayleigh formulation can be found in any standard structural dynamics
textbook (e.g. Clough and Penzien, 1993) and therefore is not presented in
section 2 relative to the FE code and the adopted constitutive models. As
regards the frequency range used for the calibration of Rayleigh damping
parameters, it looks better to introduce the relevant information in section
3.3 for the Marana Capacciotti dam and section 4.3 for the San Pietro dam, as
the frequency range adopted is different for the two dams. In any case, the
range employed in the dynamic simulations of the San Pietro dam has been now
specified in section 4.3.

* a few equations or schematics are needed to briefly describe the mechanical
models considered in the paper

Once again, the paper would become very long if such information is added.
Therefore, the reader is suggested to refer to the original papers by Kavvadas
& Amorosi (2000) and by Pastor et al. (1990) for the details of the
constitutive models formulation.

* in section 3, the use of unit "Mm~3" is probably inappropriate (does it mean
10718 m™3?)

The unit “Mm"3” means 106 m"3. The text has been changed accordingly.
* in subsect. 3.3, PGD or PGV isovalue plots may be given

In section 3.3 relative to the Marana Capacciotti dam, the old Fig. 5 showing
the +time histories of vertical and (relative) horizontal displacements
recorded at different depths along the dam axis has been substituted with a
new figure (Fig. 6) reporting the contour lines of horizontal and vertical
displacements obtained at the end of the earthquake. This is also consistent
with similar figures reported for the San Pietro dam.

* in most of the Figures, the text and lines are too small/thin
The figures have been revised and enlarged.

* Fig.16: is it possible to compare linear effects and nonlinear ones (i.e.
geometry vs rheology)?

The authors agree with the reviewer that the comparison reported in Fig. 16 in
terms of Fourier spectra recorded at dam base and dam crest includes the
amplification effects due to both the 2D geometry of the embankment and the
soil nonlinear mechanical behaviour, but in reality the two effects occurs
together and cannot be distinguished unless a linear elastic analysis of the
dam is performed.

* p.18-L.57: "obvious" instead of "evident"

The word “evident” has been changed with “clear”.



* p.19: give and discuss profiles of maximum shear strain vs depth

As a direct comparison between the two dams is now included in the revised
version of the manuscript (see the answer to one of the previous points raised
by the reviewer), the profiles of maximum shear strain with depth are given
for the new simulations presented and discussed in the final part of the paper
(new section 5).

* in sect.5, the discussion on the absorbing conditions should be given
earlier in the paper. The validation of these conditions should be made with
the dam included since no lateral reflections should occur in a purely
horizontal profile.

The discussion on the absorbing conditions has been anticipated in the text
from section 5 to section 3.3. As regards the validation of the adopted
boundary conditions, the new Fig. 5(b) shows the comparison in terms of
Fourier spectra between different hypotheses which, in fact, include the dam
on top of the foundation layer.



Reviewer #2: Seismic stability of two dams in Italy have been analysed using
coupled (Biot-type) effective stress formulation. An existing elastoplastic
constitutive model with multi- yield surfaces has been implemented in a finite
element nonlinear code. The results included predictions with comparisons with
observed results. The paper is recommended for publication after revision as
per review comments.

The figures appear too small and difficult to read. They should be revised.

The figures have been revised and enlarged.



