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ABSTRACT: Potential instability of large existing earth dams is a major source of seismic
vulnerability of Italy. In fact, most of them were designed before the adoption of modern
building codes, without accounting for seismic loads explicitly. Hence, there is an urgent
necessity to investigate the response of most existing earth dams to severe earthquake loading.
This paper compares some aspects of the seismic performance of a homogeneous and a zoned
earth dam. The numerical analyses were carried out using two models which were calibrated
on the data available from two existing and well documented earth dams. The geometry of the
dams was converted into two simplified schemes characterised by the same height and mech-
anical properties of the foundation soil but by different schemes of water retention. The seis-
mic response of the dams was evaluated through time-domain dynamic analyses in which the
same input ground motion, represented by real-time histories, was applied at the base of the
models.

1 INTRODUCTION

Most of the existing large earth dams in Italy are aged over 60 and were designed without
accounting for seismic actions explicitly. Therefore, the development of reliable analysis pro-
cedures of such large earth structures subjected to severe earthquake loading is of primary
importance to estimate the safety conditions with respect to deformation phenomena which
can compromise the water retention capability. Earth dams are complex structures and their
seismic behaviour is strongly affected by the inertial forces that develop during the ground
motion and change with time and space. The distribution and evolution of these forces
depend on the characteristics of the embankment and the foundation soil, the effective stress
state induced by the construction and impounding phases as well as on the geometry of
the dam.
This paper presents the main results of non-linear dynamic analyses carried out to compare

the seismic performance of two earth dams characterised by a different scheme of water reten-
tion: a homogeneous and a zoned earth dam. Based on the actual geometry of two existing
dams, two schematic layouts were defined that are characterised by the same height and
impoundment level, as well as by the mechanical properties of the embankment and founda-
tion soils detected by the available in situ and laboratory investigations. With this assump-
tions, other conditions being equal, the geometry of the core (if present) and the
corresponding portions of the dam with larger stiffness contrasts (e.g.: core - shoulders con-
tact) result in a different seismic response of the embankment and in the activation of different
temporary plastic mechanisms, that may result in different deformation patterns at the end of
the earthquake. The two reference dams are located in Southern Italy and are well docu-
mented case-history, with a comprehensive geotechnical characterisation for the embankment
and the foundation soils and monitoring data available for both the construction and the
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impounding stages: the Marana Capacciotti homogeneous earth dam (Calabresi et al., 2000;
Cascone and Rampello, 2003; Rampello et al. 2009; Elia et al. 2010) and the San Pietro dam,
along the Osento stream (Calabresi et al., 2004; Elia et al., 2011).

2 MODELS LAYOUT AND PARAMETERS CALIBRATION

The main cross sections of the Marana Capacciotti and the San Pietro dam were converted into
two simplified plane-strain numerical models. Figure 1 shows the layout of the zoned (Figure 1a)
and the homogeneous (Figure 1b) embankments endowed with the same height H = 50 m. The
actual cross sections of the real existing dams are depicted with a thin line in the figure, while the
geometry adopted for the models is plotted with a thick line. The zoned dam has a width of 240
m and a constant slope of the flanks α = 23°. The vertical fine-grained core extends from the crest
to the base of the embankment, with a maximum width of 30 m. An impervious diaphragm is
embedded into the lower firm soil to prevent seepage through the alluvial soil deposit lying under
the dam. The drainage system at the downstream toe has been modelled as a horizontal drain
about 40 m long. The homogeneous model dam has a width of 400 m and a constant slope of the
flanks α = 14°. The drainage system is composed by a sub-vertical central drain discharging into a
tunnel parallel to the longitudinal axis of the dam and a horizontal drain located at the toe of the
downstream slope. As for the zoned dam, seepage through the foundation soil is prevented by an
impervious diaphragm.
The numerical analyses were carried out in terms of effective stresses using the finite differ-

ence code FLAC v.7. The mesh adopted for the analyses extends horizontally to 150 m from
both edges of the dam and vertically down to a depth of 50 m.
The embankment and the foundation soils were modelled as elastic-perfectly plastic mater-

ials with Mohr-Coulomb’s failure criterion and zero dilatancy. Table 1 lists the mechanical
properties of the soils. The strength and stiffness parameters were obtained from the geotech-
nical investigations carried out in the sites of the two existing dams, as reported in detail by
Calabresi et al. (2000) for the Marana Capacciotti and Calabresi et al. (2004) for the San
Pietro dam. The homogeneous embankment is mainly formed by sandy silt and clay, while a
clayey silt of low plasticity was used for the core of the zoned dam. Figure 2a plots the results
of standard triaxial tests carried out on undisturbed samples retrieved from the dam body of
the Marana Capacciotti and the core of the San Pietro dams. All data plot close to a single
strength envelope, with φ′ = 28° and c′ = 20 kPa. The small-strain shear modulus G0 was

Figure 1. Layout of the two models adopted for the numerical analyses.
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obtained in the laboratory from resonant column (RC) and bender elements (BE) tests per-
formed in stress-path controlled triaxial cell. Figure 2b plots the G0-p′ values obtained for the
Marana Capacciotti and the core of San Pietro dam. A fair agreement is obtained for the G0

values of the two dams, although some scatter and slightly larger values are observed for the
zoned dam. The small-strain shear modulus G0 was expressed as a function of the mean effect-
ive stress p′ using the equation:

G0 ¼ Aþ B �
p0

pref

� �n

ð1Þ

where pref = 1 kPa is a reference pressure. Values of coefficients A, B, and n reported in
Table 1 were selected to match the data of Figure 2b.
For the material of San Pietro shells, Eq. (1) was calibrated using the results of site cross-

hole tests (CH), as shown in Figure 3a, while the values of the strength parameters obtained
by Calabresi et al. (2004) were adopted in the analyses (Table 1). For both the model dams,
the foundation soil consist of an alluvial deposit 15 m thick, overlying a thick and stiff deposit.
For the alluvial deposit, Eq. (1) was calibrated using the results of site cross-hole tests (CH)
performed in the alluvial gravel deposit of the San Pietro dam (Calabresi et al., 2004), as
shown in Figure 3b, while the strength parameters are equal to those reported by Calabresi
et al. (2004) and listed in Table 1. The stiff deposit lying underneath the alluvial layer was
regarded as an elastic bedrock characterised by a shear wave velocity Vs = 1000 m/s, with con-
stant values of small-train shear modulus G0 = 2060 MPa and bulk modulus K = 5026.4 MPa.
In the dynamic analyses, the cyclic behaviour of the dam body and the foundation soil was

described through the hysteretic damping model Sigmoidal4, implemented in FLAC. The
model requires to specify in input the small-strain shear modulus G0 and a backbone curve.
The former was expressed as a function of the mean effective stress through Eq. (1), while the
backbone curve τ–γ was calibrated to reproduce the curves of modulus decay obtained from
the resonant column (RC) tests carried out in the fine-grained soil, while for coarse-grained
material of the shells’ of the zoned dam and the foundation soil it was calibrated using the
curves proposed by Rollins et al. (1998) for gravelly soils.

Table 1. Mechanical soil properties

soil γ (kN/m3) c′ (kPa) φ′ (°) k0 (-) k (m/s) A (MPa) B (MPa) n (-) ν (-)

dam body 20.8 20 28 - 10-7 19.48 1.573 0.75 0.30

foundation soil 20.6 3 40 1.5 10-6 560 0 0 0.32

firm soil 20.6 - - 1.5 10-9 2060 0 0 0.32

shells 23.0 5 38 - 10-6 3.2 56 0.50 0.20

Figure 2. Model calibration for the fine-grained soil of the embankment: a) shear strength envelope; b)

small-strain stiffness.
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For both the models, the initial state of effective stress prior to the dynamic calculation
phase was computed simulating the static staged construction of the dam, assumed as a
drained process, and the impoundment stage; the operative values of shear stiffness adopted
in the static calculations were calibrated to reproduce the settlement profiles observed at the
end of construction as discussed by Masini et al. (2016).
At the end of each calculation stage, the soil stiffness was updated to correspond to the new

effective stress state. To evaluate the steady-state seepage flow through the dam, the impound-
ing of the reservoir was simulated by applying a hydrostatic pressure to the upstream slope of
the dam and to the bottom of the basin following three stages of 15 m each, reaching the max-
imum storage level of 45 m. During the steady-state seepage calculation, negative pore water
pressures u were allowed to develop in the homogeneous dam and in the core of the zoned
dam, with a cut-off at -100 kPa.

3 DYNAMIC ANALYSIS

Starting from the end-of-construction stage, time-domain dynamic analyses were carried out
by applying time-histories of the input motion to the bottom boundary of the grid. Before
this, the initial soil stiffness was set equal to the small strain shear stiffness. Figure 4 shows the
contour lines of the small-strain shear modulus G0 computed for the two models. In the homo-
geneous scheme, G0 increases smoothly throughout the dam body, up to a maximum value of
about 200 MPa; conversely, an abrupt change in the stiffness is seen close to the core-shell
contact for the zoned dam, with a maximum of about 190 MPa in the core and about 1300
MPa in the stiffer right flank.
In the dynamic calculations, the static boundary conditions were replaced by FLAC “free-

field” boundaries at the lateral sides of the grid, and “quiet” (viscous) boundary conditions at
the base. In addition to the hysteretic damping, a small amount of Rayleigh damping was also
introduced in the analyses to attenuate the soil response at very small strains and to reduce
spurious high-frequency noise. Rayleigh’s coefficients were calibrated to this purpose in order
to obtain a maximum damping of 1% in the range of frequencies defined by the first and the
last frequency excited by the input motion.
To account for the possible reduction in the shear strength of the fine-grained soil due to

the excess pore pressure induced by earthquake loading, the hysteretic and Mohr-Coulomb
models were coupled with the Finn-Byrne model implemented in the FLAC code. The model
allows for the development of excess pore water pressure until the stress state reach the yield
surface. It was calibrated to reproduce the ratios of excess pore water pressure to the mean
effective stress, Δu/p′0, observed in resonant column tests performed on undisturbed samples
retrieved from the Marana Capacciotti dam (Rampello et al., 2009; Masini et al., 2017).

Figure 3. Small strain stiffness profile for a) the shell soil of the zoned dam and b) the foundation soil.
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Two seismic records were used as input motions, selected to be compatible with the seismi-
city of the site (Cascone and Rampello, 2003); these are the Takarazu record of the 1995 Kobe
earthquake and the Coolwater record of the 1992 Landers earthquake. In the analyses, the
horizontal and vertical components of the acceleration records were multiplied by the same
scaling factor F, to match the elastic response spectrum required by the Italian code for dams
(Ministero Infrastrutture e Trasporti, 2014); this was computed assuming the ultimate limit
state of collapse prescribed for newly-built large earth dams of relevant importance (return
period TR = 2475 years). Figure 5 shows the Fourier spectra and acceleration time histories of
the two input motions. The Kobe and the Landers records were scaled by a factor F to obtain
the same Arias Intensity, as reported in Table 2. The Kobe input has a mean quadratic period
Tm close to the fundamental period of the homogenous dam (T0 = 0.74 s), while for the Land-
ers input the mean period Tm is very close to the fundamental period of the zoned dam (T0 =
0.45 s). The Landers record is also characterised by a significant duration about twice longer
than that of the Kobe record. The analyses were carried out assuming a compliant bedrock,
by applying the input motions as a time history of the shear stress τxy and the normal stress
σyy at the base of the model. Undrained conditions were assumed in calculations adopting a
water bulk modulus Kw = 1 GPa.
Figure 6 shows the contour lines of the horizontal and vertical displacements computed for

both the dams at the end of the Kobe input. Positive horizontal and vertical displacements are
directed downstream and upwards, respectively. The overall deformative pattern is similar for
the two schemes of water retention, with the upstream slope experiencing the largest horizontal
displacements, while vertical displacements mainly develop in the upper portion of the dam
body. The white dotted lines in Figures 6a-b show the sliding surface defining the plastic mech-
anism obtained from an iterative pseudo-static numerical analysis performed according to the
procedure described by Masini et al. (2015). In both cases the critical plastic mechanism devel-
ops on the upstream slope, with a much larger volume involved for the homogeneous dam. The
values of the corresponding critical seismic coefficient are kc = 0.145 and 0.212 for the zoned
and the homogeneous dam, respectively. Since kc can be considered as a measure of the overall
seismic resistance of the system, a better performance of the homogeneous dam could be antici-
pated, though the seismic behaviour strongly depends on the characteristics of the input motion
and on how they combine with the system dynamic properties. Figure 6 shows that larger dis-
placements were computed when the Kobe record is applied to the homogeneous dam, that is
when the mean period of the input motion is close to the fundamental period of the system.
Figure 7 shows the time histories of the displacements computed at the crest of the two

dams using both the input motions. The horizontal (Δux) and vertical (Δuy) displacements are
relative to the base of the dams. For the homogenous dam, both components of the perman-
ent displacement at the end of Kobe record, Δux = 106 cm and Δuy = 84 cm, are about twice
the values obtained for the Lander record, Δux = 44 cm and Δuy = 36 cm. Conversely, for the
zoned dam, the larger permanent displacements, Δux = 115 cm and Δuy = 121 cm, are

Figure 4. Contour lines of G0: a) zoned dam; b) homogeneous dam (values in MPa).
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computed using the Landers record, characterised by a mean period Tm closer to the funda-
mental period of the dam than that of the Kobe input, for which it is Δux = 100 cm and Δuy =
73 cm. Comparing the seismic performance of the two dams, the zoned embankment, which is
characterised by a smaller seismic resistance, developed slightly larger horizontal displace-
ments (+8.5%) and sensibly higher settlements at the crest (+44%).
Figure 8 shows the profiles of the maximum horizontal (ax) and vertical (ay) accelerations

computed along the dam axis and the elastic spectra computed at two points located in the
upstream slope (point R) and at the upper third along the dam axis (point Q). For the homo-
geneous dam, the horizontal acceleration shows no sensible amplification along the dam axis,
except for Kobe record in the upper third of the dam. A similar behaviour can be observed for
the vertical component, although ay of the Landers input is seen to increase at the crest of the
dam. Conversely, much larger amplification occurs in zoned dam for the Landers record, with
values of ax and ay which are about twice and three times higher than the values at the base of
the dam, respectively. For all the cases, the elastic spectra computed in the upper third along
the dam axis (point Q) are larger than those computed in the upstream slope (point R), with
values of the spectral vertical acceleration Sa,y of the Landers record at point Q which are
about twice those computed at point R.

4 CONCLUSIONS

The seismic performance of two earth dams characterised by different schemes of water reten-
tion, a homogeneous and a zoned dam, was studied through a series of non-linear time-
domain dynamic analyses. The dam models were characterised by the same foundation soils,
height of the embankment and water storage level. Two real input motions of equal Arias

Figure 5. Fourier spectra and acceleration time histories of the input motions.

Table 2. Properties of the input seismic records

Record F amax (g) Ia (m/s) Tm (s) D5-95 (s)

Landers CLW LN 1.5 0.44 2.57 0.42 10.29

Landers CLW LN 1.5 0.25 1.39 0.23 17.12

Kobe TAZ000 0.9 0.63 2.56 0.80 4.6

Kobe TAZUP 0.9 0.38 0.87 0.50 2.2
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Intensity but different frequency content were applied at the base of the models. The two
dams showed similar deformation fields at the end of seismic shaking, consisting of a lateral
spreading with accumulation of settlements close to the crest of the embankment, and larger
horizontal displacements in the upstream slope. As it could be anticipated, the largest dis-
placements were computed using input motions characterised by a mean period about equal
to the first fundamental period of the system. The maximum settlement computed at the crest
of the zoned dam is consistent with the lower seismic resistance Kc evaluated iteratively by
pseudo-static numerical analyses. Amplification of the seismic motion was observed from the
flank to the crest of both the dams, especially in the case of the vertical component propagat-
ing in the zoned dam. In any case, despite the very severe seismic scenario considered in the
analyses (TR = 2475 years), the maximum permanent settlements computed at the crest of the
dams was always lower than the available freeboard (2.6 m), this suggesting a satisfactory per-
formance of the dams to intense earthquake loading.

Figure 6. Contour lines of a)-b) the horizontal and c)-d) vertical displacements (Kobe record).

Figure 7. Time histories of the relative displacements at the crest of the dam: a) horizontal and b) verti-

cal component.
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