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ABSTRACT: In this paper the results of a series of 2D dynamic hydro-mechanically
coupled FE numerical analyses concerning the San Pietro dam are illustrated. The analyses
have been carried out by using the numerical code TOCHNOG and the strain-hardening
elasto-plastic constitutive model proposed by di Prisco, combined with the non-linear elastic
model by Lade and Nelson. The parameters of the model have been calibrated by fitting the
laboratory test results obtained on samples extracted from the dam. The input motions consist
of accelerograms selected from a worldwide database, assuming as a reference the seismicity
of the area where the dam is located. The numerical results show that for the selected seismic
loading the dam exhibits a satisfactory performance.

1 INTRODUCTION

The San Pietro dam is a zoned earth dam located in Campania (Southern Italy) along the
Osento river. The dam embankment, built from 1958 to 1964, is 48 m high, has a volume of
about 2.2 Mm3 and retains 17.7 Mm3 of water with a maximum freeboard of 2 m and a service
freeboard of 1.5 m at the maximum reservoir impounding level. The main cross section of the
dam is shown in Figure 1. The geotechnical characterization of both the foundation soils and
the dam is based on the results of recent investigations (Calabresi et al 2004). The core is made
of low plasticity clayey silts, the shells are made of granular soils and the foundation soils con-
sist of a layer of alluvial gravels (improved by grouting under the dam), overlying a deep stiff
overconsolidated flysch deposit. Further details on the geotechnical soil properties can be
found also in the papers by Aliberti et al (2019a,b). The seepage flow through the alluvial
layer underlying the embankment is prevented by an impervious concrete diaphragm, extend-
ing along the centre line of the dam.
The seismic performance of the dam was checked by means of coupled dynamic 2D numerical

analyses carried out, with reference to the main cross section of the dam, using the numerical
code TOCHNOG (Roddeman 2001). Some of the results of the analyses are described herein.

2 SELECTION OF INPUT MOTION

According to the prescription of the Italian technical codes (NTC18, NTD14), the seismic ana-
lyses were carried out by considering the Collapse Limit State (CLS). For this limit state the
expected peak horizontal acceleration at the dam site is agT = 0.414 g for a mean return period
TR = 1950 years. The input motions to be adopted in the seismic analyses were defined in terms
of horizontal acceleration time-histories recorded on level rock outcropping sites and selected
from an Italian (ITACA) and an international (PEER) database of seismic records. Moment
magnitude MW and Joyner & Boore (1981) site-source distance RJB were initially considered as
selection parameters assuming 6 ≤ MW ≤ 7 and 1 km ≤ RJB ≤ 15 km according to the seismic
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hazard disaggregation data provided by the Italian Seismic Hazard Map (Spallarossa & Barani
2007). The selection (Aliberti et al 2016, Aliberti et al 2017) was further refined checking the
similarity between the elastic response spectrum of each accelerogram and the target response
spectrum provided by the NTC 18 for the site at hand and for the selected limit state.
The similarity was checked limiting the scale factor FS of the maximum horizontal acceler-

ation (FS < 2.5) and assuming a Pearson correlation index R2 > 0.8 and an average root-mean
square deviation Drms < 0.15 (evaluated for T = 0.1 ÷ 0.5 being T1 = 0.32 s the natural period
of the dam, Aliberti et al 2019b).
This procedure led to the selection of five accelerograms (#1 − #5) listed in Table 1 while

Table 2 reports the values of the mean period Tm, of the Arias intensity IA, of the destructive-
ness potential factor Pd and of the equivalent number of loading cycles Neq (Biondi et al 2012)
evaluated for the accelerograms scaled to agT = 0.414 g. Figure 2a and b show the normalized
response spectra of the selected accelerograms (Figure 2a) and the comparison between the
target spectral shape prescribed by NTC 18 for the site of San Pietro dam and the average
normalized response spectrum of the selected records (Figure 2b). The average spectral shape
and the target spectrum are in a fair agreement at the periods T < 0.5 s, close to the fundamen-
tal period of the dam, while smaller spectral accelerations are estimated at larger periods.

Figure 1. Cross section of the dam (adapted from Aliberti et al 2019a)

Table 2. Main parameters of the scaled accelerograms and maximum values of vertical and horizontal

component of computed permanent displacements.

upstream downstream

No. Tm (s) IA (m/s) Pd (10
-4g∙s3) Neq uy,max (cm) ux,max (cm) uy,max (cm) ux,max (cm)

#1 0.290 1.07 5.63 8.0 -6.8 -10.7 -36.1 44.1

#2 0.387 1.29 11.09 7.9 -17.6 -20.8 -29.2 34.7

#3 0.366 0.49 3.40 3.4 -8.5 -9.1 -11.7 45.1

#4 0.449 0.84 10.96 5.0 -3.9 -39.4 -18.9 44.6

#5 0.448 1.16 13.28 6.4 -10.3 -13.1 -15.6 31.7

Table 1. Results of the accelerograms selection for the CLS (agT = 0.414g) and values of FS, R
2, Drms

No. Earthquake Station – record (date) MW amax (g) FS R2 Drms

#1 Loma Prieta Gilroy Array # 1 – 000 (18/10/1989) 6.9 0.411 1.008 0.817 0.072

#2 Loma Prieta Gilroy Array # 1 – 090 (18/10/1989) 6.9 0.473 0.875 0.843 0.148

#3 Parkfield -02 CA Turkey Flat # 1 – 270 (28/09/2004) 6.0 0.245 1.688 0.908 0.106

#4 Parkfield -02 CA Turkey Flat # 1 – 360 (28/09/2004) 6.0 0.196 2.111 0.900 0.095

#5 Northridge Wonderland Ave – 185 (17/01/1994) 6.7 0.172 2.406 0.941 0.087
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3 CONSTITUTIVE RELATIONSHIP AND PARAMETER CALIBRATION

The FE numerical analyses were carried out by discretizing the dam and the foundation soils
with a mesh of triangular elements. The mesh extended laterally to about three times the
width of the base of the embankment (where the influence of the earth dam is negligible) and
to a depth of 25 m where a stiff formation is encountered.
The anisotropic strain-hardening elasto-plastic constitutive model proposed by di Prisco

(1993) and described in detail in di Prisco et al (2007), combined with the non-linear elastic
model by Lade & Nelson (1987) were adopted for the soils of the shells and of the core, while
the foundation soils were assumed to behave elastically.
The constitutive parameters of the models by di Prisco (1993) and by Lade & Nelson (1987)

have been calibrated by fitting the laboratory test results (standard consolidated drained and
undrained triaxial compression tests) carried out on soil samples retrieved in the dam during
the geotechnical investigation. For the parameters describing the extensional behaviour of the
soils of the shells, no experimental data were available; for this reason the values calibrated by
di Prisco (1993) on Hostun sands under dense condition were adopted.
In the soils of the shells, the constitutive parameters were selected in order to reproduce the

deviatoric stress (q) - axial strain (εa) and volumetric deformation (εv) - axial strain (εa) curves
obtained in the standard consolidated drained triaxial compression tests (TX-CID) with mean
effective stress p’= 400 kPa. Figure 3 shows an overall reasonable agreement achieved between
the results of the laboratory tests (TX-CID) carried out on the soils of the shells and the
numerical simulations performed using the di Prisco model, assuming the constitutive param-
eters listed in Table 3. Similar results have been achieved also for values of the mean effective
stress lower and higher than 400 kPa (Aliberti 2017).
Also for the soils of the core the constitutive parameters of the models have been calibrated

in order to reproduce the q-εa and εv-εa curves obtained in the TX-CID tests at the mean
effective stress p’= 200 kPa. In this case the model has been tailored to cohesive soils by
assuming all the parameters related to the kinematic hardening to be nil, in other words the
yield surface is assumed neither to rotate nor to change its shape. Figure 4 shows that the
simulations conducted using the di Prisco model (assuming the value of the constitutive
parameters listed in Table 3) match the stress-strain response observed in the laboratory tests
performed on the soils of the core (Figure 4a, c). A reasonable agreement was reached in
terms of relations q-εa also for the mean effective stress larger than 200 kPa (Aliberti 2017).
The volumetric behaviour is not analogously so satisfactorily predicted. The use of the aniso-
tropic hardening model is justified by the goal of correctly reproduce the mechanical behav-
iour of the granular materials of the shells. In particular, on the reservoir side, under very

Figure 2. a) Normalized response spectra of the selected accelerograms; b) Comparison between target

spectral shape and average spectral shape of the selected records.
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strong seismic action cyclic mobility could not be excluded a priori and cyclic mobility could
cause unacceptable displacements in the dam.
The stiffness of the foundation soils was obtained from the results of Cross Hole tests (Ali-

berti et al 2016); constant values of E0 = 2.64 GPa and E0 = 1.34 GPa were considered for the
alluvial gravels underlying the dam and aside its foundation, respectively, and E0 = 2.64 GPa
was also assumed for the stiff flysch deposit; the Poisson coefficient was set equal to 0.2.

Figure 3. Results of the calibration procedure on the soils of the shells (standard drained triaxial

compression tests): a) stress-strain curves; and b) volumetric behaviour.

Figure 4. Results of the calibration procedure on the soils of the core (standard drained triaxial com-

pression tests): a) stress-strain curves; b) volumetric behaviour; (standard undrained triaxial compression

tests) c) effective stress paths; d) excess pore pressure versus axial strain curves.
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4 NUMERICAL RESULTS

The study of the seismic response of the dam required a preliminary static analysis aimed at
reproducing the total and the effective state of stress at the end of the dam construction. The
static analysis was carried out by simulating the staged construction of the embankment as a
drained process by progressively increasing gravity up to its real value, the impoundment of
the reservoir and the ensuing steady state seepage flow. The pore pressure distribution in the
foundation soils before the dam construction, was assumed hydrostatic with the water table at
the original ground surface. The vertical boundaries of the numerical model were restrained
along the horizontal direction, while displacements of the bottom of the mesh were restrained
both horizontally and vertically. Figure 5a, b shows (a) the contours of pore water pressures u
obtained from the steady state seepage flow, considering the maximum water storage level
(464.8 m a.s.l) and (b) the contours of the effective vertical stress σ’v.

The coupled dynamic analyses were carried out by using the accelerograms listed in Table 1
scaled to agT as horizontal input motion. At the base of the model the horizontal acceleration
time history was applied together with the corresponding vertical acceleration component of
the seismic record, scaled by using the same scale factor FS (Table 1).

At the bottom of the mesh vertical and horizontal viscous boundaries were introduced,
while boundaries simulating the free-field response were applied at the lateral sides. The ana-
lyses were extended 10 s beyond the actual duration of the input motion to study the behav-
iour of the dam immediately after the earthquake. In Figure 6 the contours of both vertical
and horizontal components of permanent displacement and pore pressure obtained by using
the records #2 and #5, which resulted the most severe input motions in terms of upstream
vertical displacement for the considered limit state are shown. In Figure 7 the comparison
between the time histories of vertical displacements in two points (A, B) of the upstream and
downstream shell, where the maximum deformations have been obtained, are illustrated.
Plastic strains mainly affect the downstream side of the dam, with larger permanent dis-

placements occurring in the shallow portion of the downstream shell where a sliding surface
not crossing the core can be detected. The horizontal displacements of upstream and down-
stream shells have opposite sign implying a bulging of the dam during the ground motion. By
comparing the vertical and horizontal components of the permanent displacement (Figures 6
and 7) it can be observed that the maximum values were obtained for record #2. This result

Table 3. Values of constitutive parameters adopted in the numerical analyses.

Soil

Lade & Nelson (1987) di Prisco (1993)

B υ n γ θc θe ξc ξe cp βf βf0 tp Bp

Shells 1450 0.20 0.32 4.00 0.46 0.218 -0.45 -0.09 90.0 0.40 2.40 10.0 0.0007

Core 400 0.20 0.28 4.65 0.00 0.00 0.01 -0.01 0.00 0.60 2.60 0.00 0.01

Figure 5. Static analysis: contours of a) pore pressure, b) effective vertical stress
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can be ascribed to the slightly larger energy content of record #2 (IA = 1.29 m/s, Table 2) and
to the closeness of its mean period Tm to the fundamental period of the dam.

Maximum values of the vertical and horizontal components of upstream and downstream
permanent displacements obtained with the five accelerograms selected herein are given in
Table 2. The maximum vertical displacement is equal to about 36 cm and was obtained using
record # 1, while the maximum horizontal displacement is equal to about 45 cm and was com-
puted using record # 4. The maximum value of the vertical permanent displacement at the crest
of the dam (0.5 cm, #2) is much smaller than the service freeboard (1.5 m), thus envisaging a
satisfactory performance of the dam under seismic conditions. The maximum value of the nor-
malized vertical crest settlement wc/H, where H is the sum of the height of the dam embankment

Figure 6. Dynamic analysis results: contours of vertical (a,b) and horizontal (c,d) permanent displace-

ments and of pore pressure (e,f) computed for the records #2 and #5 at the end of the ground motion.

Figure 7. Comparison between time histories of vertical permanent displacements in some points of the

dam computed for the records #2 and #5.
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and the thickness of the deformable foundation soils, is about 0.01% which is smaller than the
threshold value wc,y/H = 0.1% corresponding to a no damage condition, according to Aliberti
et al 2019c. It is consequently much smaller than the threshold wc,y/H = 2.5% assumed by the
same authors as tolerable for the Collapse Limit State considered in the analyses.
In Figure 8 the time histories of the normalized vertical effective stress σ’v/γz and the normal-

ized pore pressure u/u0,where u0 is the initial pore pressure, concerning points C, D, E of the
dam for record # 5 are compared. At the end of the ground motion the vertical effective stress
σ’v increases in points D and E in comparison with its static value and decreases in point C,
while the pore pressure decreases in all the considered points with respect to the initial value u0.
The excess pore water pressures predicted in the shells, however, are not sufficiently large to
nullify the effective stresses and to compromise the stability of the embankment.
Finally, to evaluate the effect of the dissipation of excess pore water pressures, a consolida-

tion analysis at the end of the earthquake was simulated.
In Figure 9 the contours of both vertical and horizontal components of permanent displace-

ments obtained considering record # 5 at the end of the consolidation process are illustrated.
From the comparison of these results with those corresponding to the end of the seismic excita-
tion (Figure 6b, d) it is possible to derive that the dissipation of excess pore water pressures
induces an increase in the upstream vertical and horizontal displacements, of about 3 and 5 cm,
respectively, and a reduction in the downstream vertical and horizontal displacements, of about
6 and 9 cm, respectively. These results clearly emphasize the need to extend the dynamic analysis
beyond the duration of the input motion to evaluate the effect of the dissipation of excess pore
water pressures on the post-seismic stability conditions and state of deformation of the dam. At
any rate, the maximum value of vertical permanent displacements at the crest of the dam follow-
ing the consolidation analysis remains much smaller than the service freeboard (1.5 m).

Figure 8. Comparison between time histories of a) σ’v/γz and b) u/u0 in some points of the dam com-

puted for the record #5.

Figure 9. Contours of vertical (a) and horizontal (b) permanent displacements computed for the records

#5 at the end of the consolidation process.
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5 CONCLUDING REMARKS

The seismic behaviour of the San Pietro dam was examined by performing hydro-mechanically
coupled dynamic FE numerical analyses and by employing a strain hardening elasto-plastic con-
stitutive relationship. The constitutive parameters have been calibrated by fitting the laboratory
test results carried out on the dam. A preliminary static analysis was carried out simulating the
staged construction of the embankment, the impoundment of the reservoir and the steady state
seepage flow to reproduce the total and the effective state of stress at the end of the dam con-
struction. A set of input motions was properly selected for the Collapse Limit State. In particu-
lar, cyclic mobility seems not to occur within the granular strata of the shells. As a consequence,
the maximum permanent displacements are recorded on the downstream shell of the dam.
All the dynamic analyses predicted permanent displacements smaller than 50 cm, with a ver-

tical component at the crest of the dam of a few centimeters, much smaller than the service
freeboard (1.5 m). Thus, according to the results of the seismic analyses the performance of
the dam under seismic conditions can be considered to be satisfactory.
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