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A B S T R A C T   

This paper investigates the combined effect of the vertical component of the input motion and of the weakening 
effect associated to pore-pressure build-up with reference to a zoned earth dam for which the most recent 
probabilistic seismic hazard analyses promoted the need of evaluating its seismic performance. 

The two effects were studied through advanced plane-strain non-linear dynamic analyses using a finite- 
difference numerical model calibrated on an accurate geotechnical characterisation. The occurrence of ulti-
mate limit states in the dam embankment is checked using sets of horizontal and vertical input motions properly 
selected to account for possible frequency coupling with the dam. 

The analysis results are presented and discussed in the paper focusing on (i) the main features of the plastic 
mechanisms temporarily induced by the seismic actions, (ii) the amplification of the horizontal and vertical 
accelerations acting in the dam body, (iii) the role of the energy and frequency content of the input motion on the 
magnitude of earthquake-induced permanent displacements, (iv) the combined effect of frequency coupling and 
non-linear soil behaviour on the overall dam response.   

1. Introduction 

The combined effects of the vertical input motion and earthquake- 
induced pore pressure build-up on the seismic performance of earth 
dams, are rarely dealt with in the scientific literature. In this vein, a set 
of non-linear finite difference dynamic analyses of an earth dam have 
been carried out considering, separately or contemporarily, the effects of 
the vertical input motion and the occurrence of seismic-induced excess 
pore pressures. 

The analyses focus on the acceleration amplification and deforma-
tion patterns in the dam body and on the magnitude of earthquake- 
induced permanent displacements. The results are discussed in the 
light of the combined effect of frequency coupling, energy content of the 
input motion and non-linear soil behaviour and, even if related to a 
specific dam, namely the San Pietro dam, are presented in a general 
framework trying to provide outcomes of general validity and of broad 
interest for dam engineers. 

The San Pietro dam is a large zoned earth dam built between 1958 
and 1964 in Campania (Italy), an area of high seismicity according to the 
most recent probabilistic seismic hazard assessment (PSHA) transposed 
into the latest Italian codes relevant for seismic analyses of new and 

existing dams [1,2]. The dam was designed before the establishment of a 
seismic code and, since it is still in use, the assessment of its seismic 
safety and post-seismic serviceability is of great interest. 

The main cross section of the dam is shown in Fig. 1a. The 
geotechnical characterisation together with a set of static and seismic 
simplified preliminary analyses, as well as the selected input motions 
and the performance indexes adopted to check the seismic performance 
of the dam are described by Biondi et al. [3]. 

Consistently with ICOLD [4] guidelines and according to the Italian 
Building Code (NTC18) [1] and the Italian Code for Dams (NTD14) [2], 
the seismic response of the dam was examined using procedures char-
acterised by an increasing level of complexity, which included 
pseudo-static analyses, coupled and de-coupled Newmark-type 
displacement analyses and finite-difference non-linear dynamic 
response analyses. 

This paper describes the results of the plane strain dynamic analyses 
performed for the seismic scenarios prescribed by the Italian codes [1,2] 
for the Life Safety Limit State (LLS) and the Collapse Limit State (CLS). The 
limit conditions to be achieved for attaining these limit states fit well the 
performance criteria introduced by ICOLD [5] with reference to the 
Safety Evaluation Earthquake (SEE) and the Operating Basis Earthquake 
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(OBE). 
Since seismic stability of dams located in near- and far-fault areas is 

an issue of paramount concern, results of several advanced dynamic 
analyses are available in the literature with reference to earth (e.g. 
Ref. [6]), rockfill (e.g. Ref. [7]) and concrete (e.g. Ref. [8]) dams. 

Advanced dynamic non-linear analyses have been also carried out for 
the San Pietro dam [e.g. 9–10] using input motions selected through a 
proper mix of seismic historical data and results of a seismic hazard 
study updated to the end of the last century. The results of these studies 

and those of the screening-level seismic analyses [3], together with the 
severe seismic actions recently estimated by the probabilistic seismic 
hazard analysis available for the dam site, motivate the dynamic ana-
lyses discussed in this paper to examine the combined effect of the pore 
water pressure build-up in the materials of the dam and of the vertical 
component of the input motion. The constitutive assumptions adopted in 
the analyses were selected to provide an insight into these aspects while 
keeping the complexity of the analyses at a level comparable to that 
characterising modern best practice in dam engineering. This pragmatic 

Fig. 1. a) Main cross section of the dam; b,c) finite difference grid and boundary conditions adopted in the static (b) and dynamic (c) analyses.  
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choice was driven by the intention of providing research outcomes 
relevant to design issues that could be directly adopted in engineering 
practice. 

2. Numerical modelling 

The plane-strain dynamic analyses of the seismic response of the dam 
were carried out in the time domain and in terms of effective stresses 
using the code FLAC 2D v.7.0 [11]. 

A set of preliminary static analyses, aimed at reproducing the total 
and the effective state of stress at the end of the stages of dam con-
struction [3], including a steady-state seepage analysis which provided 
the water table shown in Fig. 1a, preceded the dynamic analyses carried 
out modelling the reservoir as a hydrostatic load applied on the up-
stream face of the dam. 

The dynamic analyses were performed accounting for the non-linear 
soil behaviour, assuming values of the small-strain shear modulus G0 
evaluated from the cross-hole tests and considering a hysteretic soil 
model (§ 2.2), additional Rayleigh damping (§ 2.3), excess pore-pressure 
generation (§ 2.4) and input motions consistent with the seismicity of 
the dam site (§ 2.5), as discussed in the following together with the 
boundary conditions adopted in the analyses (§ 2.1). 

2.1. Numerical model 

The numerical analyses were carried out discretising the dam and the 
foundation soils via a finite difference grid of 13,845 quadrilateral ele-
ments. The grid extends about three times the width of the embankment 
base, to ensure a negligible interaction of the dam with the vertical 
boundaries and to a depth of 25 m from the embankment base, including 
18 m of the stiff formation assumed as the seismic bedrock in the dy-
namic analyses. 

Fig. 1 b,c shows the grid and the boundary conditions adopted in the 
static (Fig. 1b) and dynamic (Fig. 1c) analyses. 

In the static analyses (Fig. 1b), displacements in both directions were 
restrained at the bottom boundary of the finite difference grid and 
horizontal displacements were restrained at its lateral sides. The adop-
ted fixed constraints provide the reaction forces which ensure the static 
equilibrium and are placed at a distance from the region of interest for 
the dam which allows to minimize their influence on the numerical 
results. 

Under dynamic loading conditions, such boundaries cause reflection 
of outward propagating waves back into the numerical model, not 
allowing the energy radiation. Also, the boundary condition at the side 
of the model must account for the free-field motion that would exist in 
the absence of the dam and of the reservoir. 

To address both these aspects the use of supplementary free-field 
grids, coupled to the lateral boundaries of the main grid of the model 
(Fig. 1c), was combined with the technique of absorbing boundaries 
applied using the well-known Lysmer & Kuhlemeyer viscous boundaries. 
Specifically, according to the procedure originally proposed by Cundall 
et al. [12] and implemented in FLAC, at the lateral sides of the main grid 
the required free-field conditions have been enforced in such a way that 
boundaries retain their non-reflecting properties and outward waves 
originating from the dam are properly absorbed. 

The free-field model consists of supplementary straight and vertical 
soil columns of unit width (free-field grids), simulating the behaviour of 
the extended medium, having the same height of the lateral boundaries 
of the main-grid and discretised into the same number of elements which 
are in a state of uniform strain and stress. 

The lateral boundaries of the main-grid are coupled to the two free- 
field grids by viscous dashpots, which absorb energy in a manner similar 
to the action of quiet boundaries, and the unbalanced forces from the 
free-field grids are applied to the main grid boundary replacing the ac-
tions provided by the elementary-constraints used in the static analysis. 

In this way, plane waves propagating upward suffer no distortion at 

the boundary because the free-field grid supplies conditions that are 
identical to those of an infinite model. 

Finally, Lysmer & Kuhlemeyer viscous boundaries, consisting in in-
dependent dashpots in the normal and shear direction at the model 
boundaries, were introduced at the bottom of the main grid, replacing 
the elementary-constraints used in the static analysis, and at the bottom 
of the free-field grids. 

The maximum height of the main-grid elements (and thus also of the 
supplementary free-field grids) was set smaller than 1/6 of the wave-
length associated to the highest frequency of the input motions used in 
the dynamic analyses to avoid numerical distortion of the propagating 
waves. 

2.2. Hysteretic model 

The non-linear and dissipative soil behaviour was described using 
the hysteretic model Sigmoidal 3 available in the FLAC library. Previous 
studies (e.g. Ref. [13]) showed that this model coupled with the 
Mohr-Coulomb failure criterion permits to successfully capture the 
seismic behaviour of earth dams in terms of deformation mechanisms, 
permanent displacements and acceleration amplification. 

In the Sigmoidal 3 model the normalised shear modulus G/G0 is 
expressed as a function of the shear strain γ by the relationship: 

G
G0

=
1

1 + e

(
c+log γ

b

) (1)  

where coefficients b and c are model parameters. 
To calibrate the model for the fine-grained soils of the core, the two 

resonant column (RC) tests carried out at confining pressures of 150 and 
300 kPa (Fig. 2) were used; excess pore pressure measurements are not 
available for the test performed at p’ = 150 kPa. 

Unfortunately, neither resonant column tests nor other cyclic tests 
were performed on materials of the shells and of the foundation soils 
during the geotechnical characterisation, so in the analyses it was 
necessary to use data selected from the literature. 

As far as the shells are concerned, the grain size of the coarse ma-
terials they are made of fairly resembles the grain size distribution of the 
materials investigated by Rollins et al. [14] using confining pressures in 
the range 30–490 kPa, which adequately represents the range of stress 
levels in the shell materials. Thus, the lower bound of the experimental 
G/G0 – γ curves by Rollins et al. [14] was used for the shells, since this 
choice provides a conservative estimate of both deformations and dis-
placements suffered by the dam. 

In the 7 m thick layer of alluvial soil underneath the dam the small 
strain shear modulus G0 varies in the range 650–1050 MPa, with higher 
values under the dam centre line, whereas in the bedrock formation G0 is 
larger than 1300 MPa. Thus, for the stiff foundation soils the experi-
mental data by Seed & Idriss [15] relative to rocklike materials were 
considered suitable to describe their behaviour. 

In Fig. 2 the curves proposed by Vucetic & Dobry [16] for values of 
plasticity index PI = 15, 30 and 50% are compared with the RC test 
results showing the best agreement with the curve at PI = 50%, despite 
the soil samples retrieved from the core of the dam are characterised by 
an average value of PI = 21.5%. This occurrence may be possibly 
attributed to the circumstance that the curves proposed by Vucetic & 
Dobry [16] were obtained on natural soils, whereas the materials of the 
core are artificially compacted clayey soils. 

The calibration of the parameters (b, c) ruling the hysteretic model 
Sigmoidal 3 (Eq. (1)) was accomplished by fitting the experimental 
curves that describe the variation of the normalised shear modulus G/G0 
with the shear strain γ. Damping was instead obtained from hysteresis 
loops modelled using Masing criteria, also implemented in the model. 

For the soils of the shells, the core and the dam foundation, Table 1 
provides the model parameters b and c obtained from the calibration 
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procedure while Fig. 3 shows the comparison between the selected sets 
of experimental data in terms of stiffness and damping (represented by 
symbols) and the G/G0 – γ and D – γ curves provided by the hysteretic 
model (solid lines). 

It is apparent that, in the range of medium to large shear strains, this 
stiffness-calibrated hysteretic models lead to damping curves different 
from those corresponding to the selected set of experimental data: a 
relevant overprediction of damping can be observed for the soils of the 
shells (Fig. 3 a) and the core (Fig. 3 b), while damping is slightly 
underpredicted for the foundation soils (Fig. 3 c). 

To assess the influence of these discrepancies on the computed dam 
response, two additional calibration procedures of the Sigmoidal 3 model 
were examined and preliminary dynamic analyses of the dam were 
performed, as discussed in the Appendix, showing that the model pa-
rameters calibrated on the G/G0 – γ curves provided the most conser-
vative assessment of the dam response. 

2.3. Rayleigh damping 

The hysteretic damping provided by the adopted constitutive model 
is very small in the range of low shear strains, in that D – γ curves 
characterised by D ≈ 0 for γ < 0.001% are computed, these being not 
capable to reproduce the actual damping D0 at very small shear strains. 

Accordingly, for all the materials involved in the analyses, an addi-
tional viscous damping was introduced using the frequency-dependent 
Rayleigh formulation in which the damping matrix has two compo-
nents linearly proportional to the mass and stiffness matrices through a 
mass-proportional a and a stiffness-proportional b damping constants. 
As usual, a and b were selected to minimize the variation with frequency 
of the modal damping ratio ξi associated to the ith mode of vibration of 
the dam obtaining an approximately frequency-independent additional 
damping over a given range of frequencies. This leads to a = ξmin⋅ωmin 
and b = ξmin/ωmin, ξmin being the minimum value of ξi occurring at a 
circular frequency ωmin = 2⋅π⋅fmin. The frequency fmin was set equal to 
the first natural frequency of horizontal elastic vibration of the dam f1e, 
evaluated from the largest peak of the undamped elastic transfer func-
tion of the dam. This latter was computed, using a white noise input 
motion, as the ratio between the amplitude Fourier spectra of acceler-
ation computed at the crest and the base of the dam, along its axis: f1e =

3.12 Hz was evaluated that is in a fair agreement with the values ob-
tained using the solutions proposed by Dakoulas & Gazetas [17] (f1e =

3.39 Hz) and Papadimitriu et al. [18] (f1e = 3.30 Hz). A damping co-
efficient ξmin = 1.7% was assumed that permits to simulate the damping 
at small shear strains (γ < 0.001%) for all the materials of the dam 
(Fig. 3). Accordingly, it is a = 33.33 and b = 0.087. 

2.4. Excess pore pressure generation model 

Possible occurrence of excess pore pressure induced by earthquake 
loading was ignored in the alluvial soils underneath the dam, improved 
by concrete injections prior to dam construction. Conversely, for the 
soils of the shells and the core, pore water pressure build-up was 
accounted for in the analyses through the so-called Finn model [19]. The 
model describes the incremental shear-volume coupling through an 
equation developed for sands under simple shear loading conditions and 
it is available in the library of the code FLAC in the formulation proposed 
by Byrne [20] for fully saturated soils. In the model, the excess pore 
pressure Δu generated in an increment of undrained loading is related, 
through the constrained bulk modulus Mr, to the corresponding incre-
ment in volumetric strain Δεvd that would have occurred in the same 
loading increment under drained conditions:  

Δu = Mr ⋅Δεvd                                                                                (2) 

The bulk modulus Mr and the volumetric strain increment Δεvd were 
evaluated through the following equations: 

Mr

pa
=Km⋅

(
σ′

v

pa

)m

(3)  

Δεvd = γ ⋅ C1⋅exp
[
− C2

(εvd

γ

)]
(4)  

where σ′
v and σ′

v0 are the current and the initial vertical effective 
stresses, γ and εvd are the cyclic shear and volumetric strains, respec-
tively, m = 0.5 and Km = 1600 are material constants and pa is the at-
mospheric pressure. 

According to Byrne [20] the constant C1, that controls the amount of 
volume change, can be related to the soil relative density DR in the form:  

C1 = 7600⋅(DR) − 2.5                                                                         (5) 

And, regardless the soil relative density, C2 = 0.4/C1 can be assumed. 
Despite the selected model of pore water pressure build up was 

originally referred to the cyclic behaviour of loose sands, several studies 
showed that its numerical formulation can be suitably adopted to predict 
the excess pore pressure induced by cyclic loading in medium to dense 
sandy soils (e.g. Ref. [21]) and in sandy gravels (e.g. Ref. [22]). 

According to the standard penetration tests (SPT) carried out in the 

Fig. 2. Resonant Column test results and data from literature.  

Table 1 
Parameters of Eq. (1).  

material experimental data b c 

Shells Rollins et al. [14] - lower limit 0.506 1.718 
Core RC test results [3] 0.454 0.714 
Foundation Seed & Idriss [15] 0.748 0.156  
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foundation soils and shells of the dam an average relative density DR =

95% was assumed for the alluvial gravels, providing C1 = 0.086 and C2 
= 4.651, and DR = 60% was assumed for the shells, leading to C1 = 0.273 
and C2 = 1.465. 

The same model of pore water pressure build-up (Eqs. (2)–(4)) was 
adopted for the fine-grained soils of the core, mainly consisting of sandy 
silts. For these soils, the RC tests were simulated through the computer 
code FLAC, using the hysteretic model previously described (§ 2.1), and 
the parameters C1 = 0.185 and C2 = 2.158 were evaluated matching the 
experimental Δu/p’ – γ relationship shown in Fig. 2. 

2.5. Input motions 

The input motions adopted in the dynamic analyses consist of filtered 
horizontal and vertical components of acceleration time-histories 
recorded on stiff horizontal rock outcropping (soil class A) and were 
selected from worldwide databases of earthquake records (Table 2). 

A comprehensive description of these motions and of the selection 
and scaling criteria is provided in Ref. [3]: the main information is 
summarised in the following. 

Two sets of acceleration records were selected with reference to the 
Life Safety Limit State (LLS) and the Collapse Limit State (CLS) mandatorily 
prescribed by relevant Italian codes [1,2] as limit states to be checked 
for existing dams. 

The reference seismic actions for these limit states are characterised 
by mean return periods TR = 949 and 1950 years, for the LLS and the 
CLS, respectively, with corresponding values of the expected peak hor-
izontal acceleration at the dam site ag,T = 0.304g (LLS) and 0.414g (CLS). 

The horizontal components of the selected records were scaled up to 
the above-mentioned reference values; the vertical ones were scaled 
using the same scale factor adopted for the corresponding horizontal 
component. Thus, two sets of accelerograms were obtained for the CLS 
(records #1 … #5) and the LLS (records #3 … #7); some of the records 
(#3, #4, #5) match the selection criteria for both the LLS and the CLS 
even if they were scaled up to different peak values for each different 
limit state. Each time-history was filtered with a 10 Hz low-pass But-
terworth filter to reduce the high frequency content, not reproducible in 
the numerical analysis and not affecting the predictions of dam 
response. 

The time histories of the horizontal (ah) and vertical (av) components 
of the scaled acceleration records and the corresponding smoothed 
Fourier amplitude spectra are plotted in Figs. 4 and 5 respectively. The 
first natural frequency of horizontal (f1e = 3.12 Hz) and vertical 
(f v1e = 4.54 Hz) elastic vibration of the dam are also indicated in Fig. 5. 

The spectra of Fig. 5 a-g show that records #1, #2, #4 and #7 are 
characterised by one (fp ≈ 1.8 ÷ 2.8 Hz) or two dominant frequencies 
while the remaining records exhibit a broad band frequency content. 

Concerning the vertical components (Fig. 5 h-p), a frequency 
fp = 2.1–2.9 Hz substantially lower than f v

1e predominates for the 
vertical records #1 and #2, while a broad band frequency content 
generally characterises the spectra of the remaining time histories of 
vertical acceleration. 

Fig. 3. Calibration of Sigmoidal 3 model for the shells (a), the core (b) and the 
foundation soil (c) based on the normalised stiffness data. 

Table 2 
Earthquake records selected for the analyses.  

# Earthquake Station, record, earthquake data Mw Rjb 

(km) 

1 Loma Prieta Gilroy Array # 1, 000, October 18, 1989 6.9 8.84 
2 Loma Prieta Gilroy Array # 1, 090, October 18, 1989 6.9 8.84 
3 Parkfield − 02 

CA 
Parkfield – Turkey Flat # 1, 270, 
September 28, 2004 

6.0 4.66 

4 Parkfield − 02 
CA 

Parkfield – Turkey Flat # 1, 360, 
September 28, 2004 

6.0 4.66 

5 Northridge Wonderland Ave, 185, January 17, 1994 6.7 15.11 
6 Iwate, Japan IWT010, NS, June 13, 2008 6.9 16.26 
7 Tottori, Japan SMNH10, EW, October 06, 2000 6.6 15.58  
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Fig. 4. Acceleration time histories of the horizontal (a–g) and vertical (h–p) components of the scaled seismic records.  

E. Cascone et al.                                                                                                                                                                                                                                



Soil Dynamics and Earthquake Engineering 142 (2021) 106566

7

For all the horizontal components of the scaled records, Fig. 6 pro-
vides the values of: the mean Tm [23] and the predominant Tp periods 
(Fig. 6 a,b) superimposed to the first natural period of horizontal elastic 
vibration of the dam T1e = 1/f1e = 0.32 s; the strong motion duration 

D5-95 [24] and the equivalent number of loading cycles Neq [25] (Fig. 6 c, 
d); the Arias intensity IA [26] and the destructiveness potential factor Pd 
[27] (Fig. 6 e,f). 

In the analyses, the seismic input was applied at the bottom of the 

Fig. 5. Smoothed Fourier amplitude spectra of the horizontal (a–g) and vertical (h–p) components of the scaled seismic records.  
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grid converting the horizontal and vertical time-histories of velocity 
associated to the corresponding acceleration records into shear and 
normal stress time-histories, as usual when using quiet boundaries (see §
2.1). 

3. Preliminary dynamic analyses 

For the seismic scenarios defined according to the latest PSHA 
available for the site of the San Pietro dam, the paper aims to assess the 
influence of the vertical component of ground motion and of the 
earthquake-induced pore water pressure build-up on the seismic per-
formance of zoned earth dams. 

To this purpose, a set of preliminary analyses was first carried out 
ignoring both the vertical component of ground motion and pore water 

pressure build up, using the results as a reference for the comparison 
with the dynamic analyses performed accounting for each effect sepa-
rately (§ 4 and 5) or for both of them (§ 6). 

The preliminary dynamic analyses showed that:  

- records #2 and #5 (CLS) led to relevant non-linear effects with large 
plastic shear strains in the dam body and crest settlements, due to 
their large energy content, reflected in the values of IA and Pd (Fig. 6 
e, f), and to their frequency content, mainly concentrated in the 
range of frequencies relevant for the non-linear dam response (Fig. 5 
b, e);  

- records #6 (Tp = 0.323 s) and #7 (Tp = 0.392 s), characterised by 
predominant periods Tp close to T1e (Fig. 6 a, b) and having the 
largest energy content (IA) and destructiveness potential factor (Pd) 

Fig. 6. Main seismic parameters of the horizontal component of the input motions selected and scaled for the LLS (a, c, e) and the CLS (b, d, f) analyses.  
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among those selected for the LLS (Fig. 6 e, f), are responsible for 
relevant effects of frequency coupling and led to the most critical 
crest settlements and acceleration amplification. 

Based on these considerations, the preliminary analyses are pre-
sented and discussed herein giving greater emphasis to the results 
computed for records #6 and #5 for the LLS and the CLS, respectively. 

3.1. Earthquake-induced shear strains and permanent displacements 

For all the acceleration records selected for the analyses Table 3 
(CLS) and 4 (LLS) list the maximum vertical and horizontal displace-
ments computed in the dam at the end of seismic shaking; these values 
are provided for the upstream and downstream portions of the dam body 
as well as for its crest. Similarly, Fig. 7 shows the time-histories of the 
crest settlements (Fig. 7 a, d) together with the profiles, along the dam 
axis, of the vertical (Fig. 7 b, e) and horizontal (Fig. 7 c, f) displacements 
relative to the base of the dam computed at the end of the analysis; 
negative values indicate horizontal displacements directed upstream 
and vertical displacements directed downward. 

As a general remark it can be observed that for both the considered 
limit states, the largest displacements are generally predicted in the 
upstream direction (Tables 3 and 4) and correspond to the input motions 
characterised by the largest energy content (IA) and destructiveness 
potential (PD) of the corresponding acceleration time-history. The 
highest crest settlement is equal to about 16 cm (Figs. 7 a) and 12 cm 
(Fig. 7 d) for the LLS (record #6) and the CLS (record #5), respectively. 

Irrespective of the considered limit state and the adopted input 
motion, the vertical displacements decrease with depth with the highest 
gradients always localised in the upper third of the dam (Fig. 7 b, e). 
Also, in most cases the profiles of horizontal displacements (Fig. 7 c, f) 
exhibit larger values in the upstream directions with peaks at the crest 
level of about 10 cm (Figs. 7 c) and 21 cm (Fig. 7 f) for the LLS (record # 
6) and the CLS (record #5), respectively. 

For the most severe input motion selected for the CLS (record # 5) 
and LLS (record # 6), Fig. 8 shows the contour lines of vertical (Fig. 8 a, 
d) and horizontal (Fig. 8 b,e) permanent displacements and shear strains 

(Fig. 8 c,f) computed at the end of shaking. For the CLS (Table 3), the 
largest permanent displacements are equal to uh = 32 cm (Fig. 8 a) and 
uv = 33 cm (Fig. 8 b); values of the shear strains generally less than γ =
4% and locally up to 5% (Fig. 8 c) were also estimated; similarly, the 
corresponding largest displacement and shear strain computed for the 
LLS (Table 4) are uh = 43 cm (Fig. 8 d), uv = 48 cm (Fig. 8 e) and γ =
5–6% (Fig. 8 f). 

In both cases, the horizontal displacements of the upstream shell are 
also of opposite sign to those computed for the downstream shell, 
showing a bulging of the dam during the seismic excitation. In Fig. 8 it is 
apparent that displacements develop in a shallow portion of the dam 
section, without affecting the core. This result is common to the whole 
set of the analyses and has a twofold remarkable implication. In fact, if 
the core does not suffer significant deformation, the hydraulic tightness 
of the dam will be preserved and no uncontrolled release of water will 
arise. 

3.2. Acceleration amplification 

For both the LLS and the CLS and for all the selected input motions, 
Fig. 9 shows the profiles of the maximum horizontal (ah,max) and vertical 
(av,max) accelerations along the axis of the dam, normalised to the peak 
horizontal acceleration computed at its base ah,base; the shaded area 
depicted in Fig. 9 a,c corresponds to the envelope provided by Aliberti 
et al. [28]. 

As far as the horizontal acceleration is concerned, a small amplifi-
cation ratio ah,max/ah,base, always lower than 1.5, is generally observed 
in the profiles obtained for CLS (Fig. 9 c), while larger amplification 
ratios, up to 2.45, were evaluated for the LLS (Fig. 9 a). As expected, the 
larger accelerations of the input motions selected for the CLS led to 
larger deformations and energy dissipation, this inducing lower ampli-
fication peaks in the dam body. 

The ratio av,max/ah,base (Fig. 9 b,d) is generally higher in the upper 
third of the dam, with values of 0.5 ÷ 2 and 0.5 ÷ 1.5 for the LLS (Fig. 9 
b) and the CLS (Fig. 9 d), respectively. This points out the onset of a 
parasitic vertical component of the seismic acceleration generated by 
wave reflection phenomena that occur at the free surface of the dam and 
within the dam embankment. 

The distribution of peak horizontal and vertical accelerations 
computed along the surface profile and at the base of the dam are shown 
in Fig. 10 with reference to records #5 and #6 selected for the CLS and 
LLS, respectively. The largest accelerations are reached on the surface of 
the dam as a result of both stratigraphic effects and amplification of 
ground motion due to focusing of the seismic waves induced by the 
interaction of the incident and reflected waves, that is highest close to 
the dam crest. Outside the dam body the peak accelerations reduce with 
the distance from the dam axis, until they are no longer affected by the 
topographic effects. 

Fig. 10 a,c compares the computed values of peak horizontal accel-
eration ah,max with those evaluated through the simplified relationship 
indicated in the Italian seismic code [1]: ah,max = ag,T⋅ST⋅SS, using a 
topographic amplification factor ST = 1.2 and a stratigraphic amplifi-
cation factor SS equal to 1.27 and 1.11 for the LLS (ag,T = 0.304g) and 
CLS (ag,T = 0.414). 

The peak horizontal acceleration evaluated at the dam site (ag,T⋅SS) is 
in a fair agreement with (LLS – Fig. 10 a) or slightly larger than (CLS – 
Fig. 10 c) that obtained in the dynamic analyses. Conversely, the nu-
merical analyses provide horizontal accelerations at the dam crest and 
along the upper portions of the shells greater than those evaluated 
through the simplified estimate (ag,T⋅ST⋅SS). 

Fig. 10 a,c also shows the horizontal crest acceleration computed 
using the modified Makdisi & Seed [29] procedure proposed by Biondi 
et al. [3], amax, crest = 0.565g and 0.788g, that are in a good agreement 
with results of the dynamic analyses. 

The peak vertical acceleration (Fig. 10 b,d) computed along the 
profile of the dam are compared to the anchor value ag,v of the elastic 

Table 3 
Peak permanent displacements computed for the CLS at the crest and in the 
upstream and downstream portions of the dam including or ignoring the vertical 
component of input motion (av) and accounting or not for possible development 
of the pore water pressure build-up (Δu).  

analysis  upstream crest downstream 

av Δu record uv (cm) uh (cm) wc (cm) uv (cm) uh (cm)  

no no #1 − 21 − 14 − 4.81 − 4 11 
#2 − 32 − 25 − 11.4 − 10 19 
#3 − 13 − 12 − 2.33 − 2 6 
#4 − 19 − 17 − 5.54 − 6 15 
#5 − 32 − 33 − 11.9 − 8 12   

yes no #1 − 23 − 18 − 6.7 − 6 12 
#2 − 39 − 28 − 11.3 − 10.3 19.2 
#3 − 10 − 12 − 1.1 − 2 5 
#4 − 22 − 18 − 6.5 − 11.5 20 
#5 − 31.5 − 30 − 10.3 − 8.2 12.4   

no yes #1 − 49 − 54 − 6.1 − 7 13 
#2 − 63 − 68 − 19.6 − 12 19 
#3 − 39 − 51 − 4.7 − 2 6 
#4 − 54 − 67 − 12.4 − 9 14 
#5 − 58.5 − 80 − 20.1 − 13.5 12   

yes yes #1 − 64 − 52.5 − 15.2 − 10 13 
#2 − 70 − 80 − 22.5 − 12.5 18 
#3 − 31 − 55 − 3.42 − 2 6.5 
#4 − 55 − 72 − 12.9 − 12 18 
#5 − 61 − 66 − 22.4 − 12 12.5  
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response spectrum defined by NTC18 [1] for the vertical acceleration, 
using a topographic factor ST = 1.2. The simplified estimate overpredicts 
the parasitic vertical acceleration in the soil volumes aside the dam but 
generally provides an underestimate in the dam body, especially close to 
the crest. 

4. Influence of vertical component of input motion 

The analyses presented in the previous section were repeated ac-
counting for the vertical component of the input motions. The vertical 
and horizontal displacements computed at the end of seismic shaking 
are listed in Table 3 (CLS) and 4 (LLS) showing that the influence of the 
vertical component of input motion is comparable for both the CLS and 
LLS. 

Compared with the displacements discussed in the previous section 
(§ 3), accounting for the vertical component of ground motion results in 
a not definite influence on the permanent displacements. 

In fact, for the CLS analyses, depending on the considered input 

motion, vertical displacements decrease up to 23% (record #3), increase 
up to 92% (record #4) or remain approximately unchanged (records #2 
and #5); anyway, when a remarkable change in vertical displacements 
is observed, the absolute values are relatively small, increasing, in the 
worst case (record #4), from 6 cm to 11.5 cm. Similarly, increments up 
to 33% (record #4) and reductions up to 17% (record #3) are observed 
for the horizontal displacements, even if in most cases the displacements 
remain nearly unchanged, thus suggesting a limited effect of the vertical 
component of ground motion for the horizontal displacements too. 

Also for the LLS the introduction of the vertical component of the 
input motion produced different variations depending on the considered 
input motion. As an example, vertical displacements decrease up to 18% 
(record #5), increase up to 167% (record #5) or remain approximately 
unchanged (record #3) and, again, remarkable changes occur in the case 
of relatively small displacements. 

As shown in Tables 3 and 4, even when considering the vertical 
component of input motion, records #2 and #5 and records #6 and #7 
are the most severe for the CLS and LLS analyses, respectively. The 

Fig. 7. Time histories of crest settlement (a, d) and profiles along the dam centre line of the vertical (b, e) and horizontal (c, f) displacements relative to the base, 
computed for the LLS (record #6) and CLS (record #5) accounting for the horizontal input motion only and ignoring pore water pressure build-up. 
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results computed using these records, are presented in Fig. 11 in terms of 
the time histories of crest settlements (Fig. 11 a, b), profiles of the 
normalised peak horizontal (ah,max/ah,base, Fig. 11 c, d) and vertical (ah, 

max/ah,base, Fig. 11 e, f) accelerations. The results computed ignoring the 
vertical component of ground motion (§ 3) are also plotted in the figures 
for comparison. 

Despite significant differences can be observed in the time histories 
of crest settlements (Fig. 11 a, b), that exhibit instantaneous spikes when 
vertical acceleration is input in the model, the influence of the vertical 
component of ground motion is hardly appreciable on the final values of 
the vertical displacement of the dam crest computed for the CLS while is 
noticeable in the case of the record #6 selected for the LLS analyses. 

Also, the horizontal amplification pattern of the dam, represented by 
the in-axis profiles of Fig. 11 c-d, appears to be only slightly affected by 
the vertical component of ground motion. 

Comparing the permanent displacements listed in Tables 3 and 4 and 
plotted for the record #5 (CLS) in Fig. 12 a,c,e and 8 a,c,e, accounting or 
neglecting the vertical component of ground motion, it is apparent that 
this result can be extended to the overall embankment and can be 
ascribed to the circumstance that the predominant frequencies of most 
of the considered vertical input motions (Fig. 5 h-p) are far from the first 
natural frequency of vertical (f v

1e = 4.54 Hz) elastic vibration of the 
dam. 

Accordingly, as also reported in the literature (e.g. Ref. [30]), the 
overall negligible effect of the vertical input motion on the acceleration 
and displacement fields of an earth dam cannot be considered as a 
general result and is generally related to the amplitude and the fre-
quency content of the seismic motion (e.g. Ref. [31]) and to the possible 
coupling between the frequency content of the vertical component of the 
input motion and the natural frequencies of vertical elastic vibration of 
the dam. 

For the case at hand the amplitude (Fig. 4 h-p) and frequency (Fig. 5 
h-p) content of the vertical component of the selected input motions do 
not affect significantly the response of the dam since: i) the ratio (av,max/ 
ah,max) of the vertical to horizontal peak accelerations is always limited 
in the range 0.30 ÷ 0.61 (with the only exception of record #6 for which 
is av,max/ah,max = 0.91); ii) despite the short site-to-source distances (Rjb 

= 4.66 ÷ 15.58 km, Table 2), the motion expected at the dam site is not 
dominated by the vertical component at high frequencies; iii) the pre-
dominant frequencies of the vertical input motions (which are mainly 
concentrated in the same range of frequencies relevant for the larger 
horizontal components) are generally lower than fv1e (with the only 
exception of record #6) and thus the horizontal input motions, 
approximately coupled with f1e (Fig. 5 a-g), mainly control the seismic 
dam response. Conversely, in the case of the record #6 (Fig. 8 a,c,e and 
Fig. 12 a,c,e), for which a frequency coupling occurs between the ver-
tical input acceleration and fv1e (Fig. 5 o), the effect of the vertical 
component is relevant due to the large vertical to horizontal peak ac-
celeration ratio (av,max/ah,max = 0.91) and to the closeness between the 
predominant frequencies of the vertical motion and the first natural 
frequency of vertical elastic vibration of the dam fv1e (Fig. 5 o). 
Accordingly, increments in the vertical displacements of about 47% and 
58% in the upstream shell and at the crest, respectively, and even larger 
in the downstream shell are obtained. 

5. Influence of excess pore water pressure 

Numerical analyses accounting for pore water pressure build-up 
were carried out to check the occurrence of shear strength reduction 
in the soils of the dam. These analyses were inspired by the relatively 
low values of penetration resistance measured by the SPT tests in the 
shallowest portion of the coarse-grained soil of the shells. 

Accordingly, for all the records selected for the LLS and the CLS, the 
FD analyses were repeated accounting for the possible occurrence of 
excess pore water pressure. To focus this effect only, the vertical 
component of ground motion was ignored in these analyses whose re-
sults are discussed in terms of earthquake-induced shear strains, per-
manent displacements and acceleration amplification in the dam body. 

5.1. Earthquake-induced shear strains and permanent displacements 

Tables 3 and 4 list the values of the vertical and horizontal perma-
nent displacements predicted at the end of shaking in the downstream 
and upstream portions and at the crest of the dam for all the input 
motions selected for the CLS and the LLS. Again, records #2 and #5 for 
the CLS and records #6 and #7 for the LLS led to the largest permanent 
displacements. These were predicted in the upstream shell with 
maximum horizontal and vertical components equal to 80 cm (#5) and 
63 cm (#2), respectively for the CLS (Table 3) and to 131 cm (#6) and 
84 cm (#6), for the LLS (Table 4). 

The comparison with the results obtained ignoring the occurrence of 
excess pore water pressure (Tables 3 and 4), shows that, as expected, an 
increase in excess pore water pressures mainly affect the upstream side 
of the dam, leading to horizontal and vertical displacements that are 
two-to-four and two-to-three times larger, respectively. 

These results can be related to the reduction of the effective state of 
stress and as shown later, to the development of deeper and longer shear 
bands in the upstream shell of the dam. 

As an example, Fig. 13 shows the contours of vertical and horizontal 
components of permanent displacements (Fig. 13 a-d), shear strain 
(Fig. 13 e,f) and excess pore water pressure Δu (Fig. 13 g,h - positive Δu 
means an increase of u relative to its initial value) induced by records #5 
for the CLS and #6 for the LLS. These results can be compared with those 
shown in Fig. 8 using the same records but ignoring the occurrence of 
pore water pressure build-up. 

It is apparent an enlargement of the portion of the dam section for 
which high shear strains are computed and a general increase of their 
values (Fig. 8 e,f and 13 e,f). High shear strains are attained in a narrow 
band, along a surface that encompasses the shallow portion of the up-
stream shell (Fig. 13 e,f), thus detecting a plastic mechanism that is 
temporarily activated by the earthquake. Increments in the earthquake- 
induced shear strains due to the increase in pore water pressure are also 
computed in the core (Fig. 13 g,h), which however is not involved in the 

Table 4 
Peak permanent displacements computed for the LLS at the crest and in the 
upstream and downstream portions of the dam including or ignoring the vertical 
component of input motion (av) and accounting or not for possible development 
of the pore water pressure build-up (Δu).  

analysis  upstream crest downstream 

av Δu record uv (cm) uh (cm) wc (cm) uv (cm) uh (cm)  

no no #3 − 6.5 − 7.5 − 1.45 − 1 2.5 
#4 − 12.5 − 11 − 2.96 − 3 7 
#5 − 22 − 19 − 5.19 − 3 7 
#6 − 43 − 48 − 15.9 − 14 23 
#7 − 25 − 30 − 3.4 − 2 − 7   

yes no #3 − 6 − 7 − 1 − 1 2 
#4 − 13 − 9 − 2 − 4 10 
#5 − 18 − 18 − 4.2 − 8 9 
#6 − 63 − 48 − 25.1 − 34 37 
#7 − 26 − 29 − 4 − 3 7   

no yes #3 − 22 − 39 − 2.4 − 1 3 
#4 − 32 − 43 − 6.2 − 4 8 
#5 − 41 − 56 − 12.3 − 7 7 
#6 − 84 − 131 − 39.1 − 26 28 
#7 − 51 − 71 − 9.8 − 3 6   

yes yes #3 − 17 − 38 − 1.7 − 1.5 2 
#4 − 33 − 43 − 7.4 − 4 9 
#5 − 39 − 51 − 9.2 − 5 7 
#6 − 101 − 129 − 46.2 − 52 39 
#7 − 53 − 82 − 9 − 5 7  
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plastic mechanism. 
Increments in the permanent displacements can be also observed 

comparing the contours of the vertical (Fig. 8 a,b and 13 a,b) and hor-
izontal (Fig. 8 c,d and 13 c,d) components of displacements. The 
observed differences can be ascribed to the occurrence of pore water 
pressure build-up in the upstream shell, in the core and in the portion of 
the downstream shell located underneath the water table (Fig. 13 g,h). 
Instead, as eexpected, the overall effect of pore pressure build-up on the 
displacement field computed in the downstream side of the dam is 
moderate (Fig. 13 g,h). 

5.2. Acceleration amplification 

For records #2 and #5 of the CLS and #6 and #7 of the LLS, Fig. 14 
shows the time histories of crest settlements (Fig. 14 a, b), the crest-to- 
base amplification functions (Fig. 14 c, d) and the profiles of the nor-
malised horizontal acceleration computed along the centre line of the 
dam section (Fig. 14 e, f); the results computed for the same limit state 
and input motions, but ignoring the occurrence of pore pressure build- 

up (§ 3) are also plotted for comparison in the figures. 
As a consequence of the pore pressure build-up, increments in the 

permanent crest settlement of about 70% for records #5 and #2 (CLS, 
Fig. 14 a; Table 3) and up to 150%–200% for the records #6 and #7 
(LLS, Fig. 14 b; Table 4) are predicted and the largest crest settlements 
are of about 20 cm (#5) and 40 cm (#6). 

The computed time-histories (Fig. 14 a, b) show that the more rele-
vant differences are due to the instantaneous increments occurring at the 
sharpest peaks of the horizontal acceleration time-histories (Fig. 4 b,c). 

Due to the weakening effects associated to the pore water pressure 
build-up, larger plastic strains arise in the dam body causing a greater 
energy dissipation. 

As a consequence, for the considered input motions, smaller ampli-
tudes of most ot the peaks of the amplification functions (Fig. 14 c, d) are 
generally computed when accounting for pore water pressure build-up, 
this leading to a lower amplification of the horizontal accelerations in 
the dam. 

Accordingly, lower amplifications in the upper third of the dam can 
be observed in the profiles of Fig. 14 e, f computed accounting for excess 

Fig. 8. Contours of vertical (a,b) and horizontal (c,d) permanent displacements and shear strains (e,f) computed for record #5 (a, c, e) selected for the CLS and for 
record #6 (b, d, f) selected for the LLS accounting only for the horizontal input motion and ignoring pore water pressure build-up. 
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pore water pressures. The amplification ratio at the crest reduces from 
1.1 to about 0.75 for record #5 and from 1.6 to about 0.65 for record #2 
of the CLS and from 2.2 to about 1.2 for record #6 and from 2.4 to about 
2.2 for record #7 of the LLS. 

6. Combined influence of vertical input motion and excess pore 
pressures 

The seismic performance of the dam was evaluated through a set of 
dynamic analyses carried out accounting for both the possible devel-
opment of excess pore water pressure and the vertical component of 
input motion. 

The analyses were performed for all the input motions selected for 
the LLS and CLS and the results are presented focusing on the main 
features of dam response which are discussed in terms of earthquake- 
induced plastic mechanism and corresponding permanent displace-
ment of the dam body. 

Also, the significant role of the energy content of input motion and of 
the combined effect of frequency coupling and non-linear soil behaviour 
is analyses with reference to the whole sets of input motion selected for 
both the considered limit states. 

6.1. Earthquake-induced plastic mechanisms 

Fig. 15 shows the contours of vertical and horizontal components of 
permanent displacement (Fig. 15 a-d), shear strain (Fig. 15 e,f) and 
excess pore water pressure ratio Δu* = Δu/σ′

v0 (Fig. 15 g,h) computed 
using record #5 for the CLS and record#6 for the LLS as input motion. 

The inspection of the contours and the comparison with those 
computed in the preliminary set of dynamic analyses (§ 3, Fig. 8) permit 
to evaluate the combined effect of pore water pressure build-up and 
vertical component of input motion. 

The contours of vertical (Fig. 8 a,b and 15 a,b) and horizontal (Fig. 8 
c,d and 15 c,d) permanent displacements show that most of the 

Fig. 9. Profiles of the normalised horizontal (a, c) and vertical (b, d) accelerations computed for the LLS (a, b) and CLS (c, d) accounting for the horizontal input 
motion only and ignoring pore water pressure build-up. 
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displacement increments occur in the upstream shell, where peak shear 
strains are generally higher than 3%, and up to 7% for the record #5 
(Fig. 15 e) and generally higher than 5%, and up to 12% for the record 
#6 (Fig. 15 f). Shear strains localisation attained along narrow bands 
indicates temporary activations of plastic mechanisms, associated to 
transient mobilisation of the shear strength, deeper than those computed 

in the reference analyses (Fig. 8 e,f) and extending from the crest to the 
toe of the upstream shell. 

Large plastic strains result in higher excess pore pressure Δu arising 
in the upstream shell, in the core and in the lower portion of the 
downstream shell. The contours of Fig. 15 g,h show that the largest 
values of Δu* are predicted in the lower portion of the shells where, due 

Fig. 10. Horizontal (a, c) and vertical (b, d) accelerations along the surface profile and at the base of the dam, for the LLS (record #6) and CLS (record #5), ac-
counting for the horizontal input motion only and ignoring pore water pressure build-up. 
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to the higher effective stresses, the soil response to cyclic loading is 
characterised by a contracting behaviour; conversely, tendency of the 
shallower portions of the shells to dilate, leads to negligible excess pore 
water pressure. 

Peak values of the excess pore water pressure ratio Δu* = 0.2 to 0.7 
(Fig. 15 g,h) are predicted along the shear bands observed in the con-
tours of the peak shear strains (Fig. 15 e,f). In all the examined cases, the 
computed values of Δu* are not large enough to compromise overall 
stability of the dam. Accordingly, the seismic performance of the dam 
should be evaluated in terms of admissibility of the permanent dis-
placements induced by earthquake loading. 

6.2. Permanent displacements 

Fig. 16 summarises the results of the analyses performed for the CLS 
accounting for the possible occurrence of excess pore pressure and for 
the vertical component of the input motion. They are presented in terms 
of peak vertical and horizontal components of the permanent displace-
ments computed in the upstream (Fig. 16 a, b) and downstream (Fig. 16 
c, d) shells of the dam and are also listed in Table 3. 

The vertical and horizontal displacements are in the ranges of 2–12 
cm and 6–18 cm, respectively, for the downstream shell, while higher 
vertical and horizontal displacements are computed for the upstream 
shell, of 31–70 cm and 52–80 cm. 

Fig. 11. Influence of the vertical input motion computed for records #2 and #5 (a, c, e) selected for the CLS, for records #6 and #7 (b, d, f) selected for the LLS: a, b) 
time-histories of crest settlement; c, d, e, f) profiles of horizontal (c,d) and vertical (e,f) normalised accelerations along the dam centre line. 
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Remarkable increments are thus observed with respect to the refer-
ence analysis carried out ignoring pore water pressure build-up and the 
vertical component of ground motion (§ 3). The higher increments affect 
the upstream shell for which the vertical and horizontal permanent 
displacements are two-to-three and two-to-four times larger than those 
evaluated in the reference analyses. 

The computed displacement are clearly related to the energy content 
and the destructiveness potential of the input motions: specifically, re-
cords #2 and #5, characterised by the largest values of IA and Pd, pro-
vide the most severe effects in terms of pore water pressure build-up, 
leading to the highest vertical and horizontal displacements in the up-
stream shell. Similar response is detected comparing the time-histories 
of the crest settlements plotted in Fig. 17, accounting for (Δu, av) or 
ignoring (Δu = 0, av = 0) the influence of excess pore water pressure and 
vertical input motion: the highest crest settlement computed using re-
cords #2 and #5 is equal to about 22 cm, that is more than twice the 
values computed in the reference analyses (Δu = 0, av = 0). 

As already discussed, the vertical component of input motion has not 
a definite effect on the magnitude of permanent displacements even 
when accounting for possible development of Δu during seismic 
shaking. As an example, depending on the considered input motion, 
increments of about 30–40% and reductions of about 10–20% can be 

observed for the vertical displacements (Table 3). 
The results computed in the preliminary screening-level analyses [3] 

are also plotted in Fig. 16: these are the vertical and horizontal dis-
placements computed through the original and the modified Makdisi & 
Seed procedure, through the empirical relationships proposed with 
reference to Italian seismicity [32,33], and using the other relationships 
adopted in the screening-level analyses (grey bars) performed for the 
San Pietro dam [3]. 

Regardless the considered input motion, the dynamic analyses al-
ways predict higher horizontal and vertical permanent displacements in 
the upstream shell of the dam, records #2 and #5 resulting the most 
severe seismic inputs for the collapse limit state (Fig. 16 a, b). 
Conversely, the simplified approaches adopted in the screening-level 
analyses prevalently overestimate horizontal and vertical displace-
ments of the downstream of the dam (Fig. 16 c,d). For this shell, how-
ever, a fair prediction of displacement is achieved when using the 
modified Makdisi & Seed procedure and, to a less extent, the Rampello 
et al. [32] equation. 

Simplified displacement analyses (e.g. Refs. [4,34]) are widely 
adopted for preliminary assessment of the dam seismic performance. 
However, in some cases they underestimate displacements observed in 
documented case-histories (e.g. Ref. [35]) or computed through 

Fig. 12. Contours of vertical (a,b) and horizontal (c,d) permanent displacements and shear strain (e,f) computed for record #5 (CLS a,c,e) and record #6 (LLS b,d,f) 
accounting for the horizontal and vertical components of the input motion and ignoring pore water pressure build-up. 
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advanced numerical analyses. Differences in results provided by dy-
namic analyses and simplified displacement analyses may be ascribed to 
the fact that the latter do not represent properly the combined effects of 
cyclic soil behaviour and non-linear frequency coupling, that mainly 
rules the seismic dam performance, as shown in the following. 

6.3. Influence of energy content of the seismic input 

The crest settlement wc (i.e. the vertical displacement uv of the crest) 
computed accounting for (Δu, av) or ignoring (Δu = 0, av = 0) the in-
fluence of excess pore water pressure and vertical input motion are listed 
in Table 3 (CLS) and 4 (LLS) and are plotted in Fig. 18 versus the Arias 
intensity IA (Fig. 18 a), the destructiveness potential factor Pd (Fig. 18 b) 
and the strong motion duration D5-95 (Fig. 18 c) of the input motions. In 

Fig. 13. Contours of vertical (a,b) and horizontal (c,d) permanent displacements, shear strain (e,f) and excess pore water pressure (g,h) computed for record #5 (CLS 
a,c,e,g) and record #6 (LLS b,d,f,h) accounting for the horizontal input motion only. 
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the evaluation of Pd, to avoid including zero crossings characterised by 
acceleration amplitude ineffective on the dam response, the frequency of 
zero crossings ν0 was evaluated counting the number of zero crossings 
only in the duration D5-95. 

Fig. 18a also plots some empirical wc – IA relationships derived for 
Italian dams: specifically, the linear relationship proposed by Pagano & 
Sica [36] for the Camastra dam, the envelopes of the wc – IA pairs 
computed by Brigante & Sica [37] (data limited to IA ≤ 4 m/s) for the 
Conza Dam and those by Lanzo et al. [38,39] for the Licodia Eubea and 
Montedoglio dams. The figure shows that, with the exception of some 
data related to the LLS (record #6) and the CLS (records #2 and #5) 
analyses, the results of this study are in a fair agreement with those 
obtained for other Italian earth dams (Camastra, Conza and Montedoglio 
dams) and, as expected, differ from those obtained for the stiffer 

concrete gravity dam of Licodia Eubea. 
Despite the high peak acceleration of the input motions selected for 

the CLS (ag = 0.414g), and regardless the effect of pore water pressure 
build-up, the highest crest settlements were always predicted using re-
cord #6 selected for the LLS (ag = 0.304g). Among the selected motions, 
record #6 is in fact characterised by the largest energy content, reflected 
in the highest values of IA and Pd, and by a predominant period (Tp =

0.323 s) nearly coincident with the natural period of horizontal elastic 
vibration of the dam, this implying a frequency content concentrated in 
the range of frequencies relevant for the non-linear response of the dam. 

Irrespective of the presence of the vertical component of input mo-
tion, the analyses that account for pore water pressure build-up confirm 
that wc increases with IA and a nearly linear upper-bound wc – IA rela-
tionship (blu dashed line in Fig. 18 a) can be derived for the San Pietro 

Fig. 14. Influence of the pore water pressure build-up computed for records #2 and #5 (a, c, e) , selected for the CLS, and for records #6 and #7 (b, d, e) selected for 
the LLS; a, b) time-histories of crest settlement; c, d) crest-to-base amplification functions; e) profiles of normalised horizontal acceleration along the dam centre line. 
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dam and adopted for a safe evaluation of earthquake-induced crest 
settlements. 

The relationship wc – Pd shown in Fig. 18 b exhibits an increasing 
trend but is characterised by a larger scatter in comparison with the wc – 
IA relationship (Fig. 18 a). 

Conversely, for the case at hand, the crest settlement reduces as the 
strong motion duration of the input motion increases (Fig. 18 c); this 

unexpected result is a consequence of the smaller Arias intensity and 
destructiveness potential factor of the input motions characterised by 
larger D5-95 (Fig. 6). Strong motion duration produces indeed an increase 
of earthquake-induced displacements for seismic events strong enough 
to induce the activation of transient plastic mechanisms. 

On the whole, consistently with Pagano & Sica [36] and Lanzo et al. 
[39], the computed results confirm that peak parameters of input 

Fig. 15. Contours of vertical (a,b) and horizontal (c,d) permanent displacements, shear strain (e,f) and excess pore water pressure ratio (g,h) computed for record #5 
(CLS - a,c,e,g) and record #6 (LLS - b,d,f,h) accounting for the vertical component of input motion. 
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motions cannot be used for a safe assessment of the dam response, while, 
the Arias intensity, that accounts for the amplitude, duration and fre-
quency content of the input motion, provide an adequate representation 

of the potential damage induced in the dam. 
In fact, despite all the selected (scaled) input motions are charac-

terised by the same peak horizontal acceleration, the scatter in the 

Fig. 16. Vertical (a,c) and horizontal (b,d) permanent displacements of the upstream (a,b) and downstream (c,d) shells computed for the CLS and comparison with 
the results of the screening-level analyses. 

Fig. 17. Time histories of crest settlements computed for the records selected for the CLS neglecting (Δu = 0, av = 0) or accounting for (Δu, av) the combined effect of 
the excess pore water pressure and vertical input motion. 
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Fig. 18. Plots of earthquake-induced crest settlements computed for the San Pietro dam versus Arias intensity IA (a), destructiveness potential factor Pd (b) and strong 
motion duration D5-95 (c). 
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Fig. 19. Influence of the energy and frequency content of the input motion on the vertical displacements of the upstream (a, d, g) and downstream (c, f, i) shells and 
of the crest (b, e, h) of the San Pietro dam. 
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values of the computed crest settlement wc, apparent in Fig. 18, can be 
ascribed to the more relevant influence of the seismic parameter better 
describing the energy and frequency content of the input motion. 

6.4. Non-linear frequency coupling and performance evaluation 

The crest settlement and the vertical displacements computed in the 
shells, listed in Tables 3 and 4, are plotted in Fig. 19 versus the Arias 
intensity of the input motion (Fig. 19 a-c), the linear (Tp/T1e – Fig. 19 d- 
f) and non-linear (Tp/T1 – Fig. 19 g-i) period ratios. These are computed 
as the ratio between the predominant period Tp of the input motion 
(Fig. 6 b) and the natural period of horizontal elastic vibration of the 
dam T1e or the non-linear period of vibration of the dam T1, evaluated 
according to Papadimitriou et al. [18]. 

Fig. 19 a,c clearly shows that for both upstream and downstream 
shells, the highest vertical displacements are attained using record #6 as 
input motion, that is characterised by the highest energy content, con-
firming that also for the vertical displacements of the shells the Arias 
intensity describes suitably the effects of seismic shaking in the dam 
body. 

With a few exceptions, the data plotted in Fig. 19 d-i shows a bell- 
shaped distribution. Also, with the exception of results computed for 
LLS using record #6, Fig. 19 d-f show that the higher vertical displace-
ments (peak of the bell-shaped distribution) generally occur for values of 
the linear period ratio Tp/T1e > 1. The condition Tp/T1e = 1, that in-
dicates a perfect matching between the predominant frequency fp = 1/ 
Tp of the input motion and the first natural frequency of elastic vibration 
of the dam f1e = 1/T1e, should detect possible occurrence of frequency 
coupling in the case of a nearly elastic dam response, associated to low 
earthquake-induced shear strains. However, the response of San Pietro 
dam to the selected input motions is generally characterised by the 
occurrence of large shear strains, these leading to a strain-dependent 
reduction of the shear modulus with an increase of the damping ratio, 
the possible occurrence of pore water pressure build-up and a shifting of 
the vibration frequency of the dam with an increase in the period ratio. 

Herein, this effect was simply accounted for using the non-linear 
period of vibration of the dam T1 introduced by Papadimitriou et al. 
[18], that permits to consider the main aspects of the actual dam 
response. 

Fig. 19 g-i shows that the peak of the bell-shaped distributions of the 
computed vertical displacements mostly occurs for values of the non- 
linear period ratio Tp/T1 = 1, confirming that the response of San Pie-
tro dam is ruled by the combined effects of non-linear soil behaviour and 
frequency coupling between the dam and the selected input motions. 
This suggests that the non-linear period of vibration of the dam T1 
should be used for a proper selection of the input motions to be used for 
seismic analyses of earth dams. 

According to Aliberti et al. [28] the occurrence of a LLS and a CLS of 
the San Pietro dam was checked verifying the conditions wc < f and 
wc/H < (wc/H)y, being f = 1.5 m the service freeboard of the dam, 
(wc/H)y = 1.25% and 2.25% the threshold values of the normalised crest 
settlement assumed as a reference for the achievement of the LLS and the 
CLS, respectively, and H = Hd + Hf the height of the dam-foundation 
system, equal to the sum of the dam height Hd = 48 m and the thick-
ness of the deformable foundation soil Hf = 25 m. 

The largest computed crest settlements are equal to wc = 22.5 cm 
(wc/H = 0.31%) and wc = 46.2 cm (wc/H = 0.63%) for the CLS (record 
#2) and the LLS (record #6), respectively, and in both cases it is wc/H <
(wc/H)y with wc < f. 

7. Concluding remarks 

The severe seismic actions prescribed by seismic codes for existing 
dams promoted the need of assessing the seismic performance of a zoned 
earth-dam through non-linear dynamic analyses. These were performed 
to check the occurrence of ultimate limit states, assuming a non-linear 
hysteretic soil model and allowing for excess pore water pressure 
development. The analyses investigated the role of the vertical compo-
nent of ground motion, the shear strength and stiffness reduction 
induced by pore water pressure build-up and the non-linear frequency 
coupling. 

The results have been presented and discussed focusing on the 
earthquake-induced plastic mechanisms, the acceleration amplification 
in the dam body, the magnitude of shear strains, the excess pore water 
pressures and the permanent displacements exhibited by the embank-
ment. The main results can be summarised as follows:  

a) amplification of seismic motion is computed in the dam body, with 
values of horizontal crest acceleration that are, for the case at hand, 
in a fair agreement with those evaluated using the modified Makdisi 
& Seed procedure [3];  

b) the most severe input motions are those characterised by the larger 
energy content, that is by the higher values of IA and Pd, and by 
frequency contents close to those relevant for the non-linear response 
of the dam;  

c) for the selected input motions, the maximum horizontal and vertical 
accelerations in the dam are mainly concentrated in the same range 
of frequencies, with higher values of the horizontal acceleration that 
thus mainly affect the dam response. Conversely, the vertical 
component of ground motion has a minor influence in the permanent 
displacements induced by seismic shaking; possible pore water 
pressure build up reduces ground motion amplification in the dam 
body, while increases the permanent dam displacements and the 
extent of the plastic mechanisms temporarily activated by the 
seismic shaking;  

d) when accounting for pore water pressure build up, large shear strains 
were computed in the upstream side of the dam, localised along a 
narrow band extending from the toe of the upstream shell to the crest 
of the dam, this showing the development of plastic mechanisms 
temporarily activated by transient mobilisation of the shear strength;  

e) the horizontal displacements of the upstream and downstream shells 
are of opposite sign, indicating bulging of the dam during seismic 
excitation. The highest displacements are attained in the upstream 
shell and cannot be reproduced by most of the simplified approaches 
adopted in the screening-level analyses in that they do not account 
for the combined effect of cyclic soil behaviour and non-linear fre-
quency coupling governing the dam response; 

f) the analyses confirm a nearly linear upper-bound relationship be-
tween the crest settlement of the dam and the Arias intensity, which 
represents a ground motion intensity measure efficient in quanti-
fying the record-to-record variability of seismic-induced displace-
ments [40], suitably describes the overall effects of earthquake 
loading and, as also shown by recent studies, can be considered as the 
seismic parameter that provides the most adequate representation of 
the potential damage induced by a seismic event in an earth dam; 
accordingly IA can be used for a selecting appropriate input motions 
for seismic analyses of earth dams [41];  

g) the use of the non-linear period of dam vibration, as introduced by 
Papadimitriou et al. [18] highlighted that the response of the dam to 
the selected input motions is governed by the combined effect of 
non-linear frequency coupling and cyclic soil behaviour, thus 
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suggesting the use of this period for a proper selection of the input 
motions;  

h) the normalised crest settlements were compared with threshold 
values of the crest settlement ratio to check the seismic performance 
of the dam against the occurrence of ultimate limit states. It was 
verified that, despite the severe seismic inputs adopted in the ana-
lyses, a satisfactory seismic performance of San Pietro dam can be 
envisaged. 
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Appendix 

To assess the effect of the calibration of the hysteretic model on the seismic response of the dam, three possible different calibration procedures 
were considered and preliminary dynamic analyses were performed using the numerical model described in the main text. 

The calibration procedures were aimed at estimating the parameters b and c (Eq. 1) that best reproduce, respectively, only the normalised shear 
modulus (G/G0 – γ) curves, both normalised shear modulus and damping (G/G0 – γ and D – γ) curves and only the damping (D – γ) curves. 

To this purpose, cyclic shear tests were simulated modelling the soil as an elastic-perfectly plastic material obeying the Mohr-Coulomb failure 
criterion and using the Masing rules to describe the loading-unloading response. The damping D corresponding to any shear strain γ (D – γ curve) was 
then evaluated from the computed hysteresis cycles. 

The D – γ curves obtained from these three simulations are plotted with solid and dashed lines in Fig. A1 together with the corresponding G/G0 – γ 
curves; the corresponding three sets of model parameters b and c are listed in Table A1. 

In Fig. A1, for comparison, the experimental G/G0 – γ and D – γ data proposed by Rollins et al. [14] (Fig. A1 a), Vucetic & Dobry [16] (Fig. A1 b) and 
Seed & Idriss [15] (Fig. A3 c) are also plotted using symbols. 

It is apparent that, in the range of medium to large shear strains, the stiffness-calibrated hysteretic models (solid black lines in Fig. A1 a-c) lead to 
damping curves different from those corresponding to the selected set of experimental data (symbols in Fig. A1 a-c): a relevant overprediction of 
damping is apparent for the soils of the shells (Fig. A1 a) and the core (Fig. A1 b), while damping is slightly underpredicted for the foundation soils 
(Fig. A1 c). 

The results of the analyses obtained using the horizontal component of the record #5 selected for the CLS, are presented and discussed in terms of 
displacement and acceleration response of the dam and distribution of the earthquake-induced shear strain level in the dam body. 

Specifically, for the three different calibration procedures:  

− Fig. A2 shows the time-histories of the crest settlements (Fig. A2 a), the amplification functions between the crest and the base of the dam (Fig. A2 
b) and the profiles of the acceleration ratio ah,max/ah,base along the axis of the dam (Fig. A2 c) superimposed to the envelope provided by Aliberti 
et al. [28];  

− Figs. A3 and A4 show the contour lines of vertical (Fig. A3 a-c) and horizontal (Fig. A3 d-f) permanent displacements and shear strains (Fig. A4) 
computed in the dam body at the end of shaking;  

− Table. A2 lists the maximum vertical and horizontal displacements computed at the end of seismic shaking in the upstream and downstream 
portions of the dam body as well as at the crest. 

As it can be observed, the amplification functions and the acceleration profiles are not significantly affected by the adopted calibration procedure 
which, conversely, plays a relevant role on the distribution of displacement and shear strains in the dam body. Maximum permanent displacements 
(Table. A2) evaluated using the set of model parameters obtained reproducing only the normalised shear modulus (G/G0 – γ) curves are always larger 
than those computed using the other two sets of model parameters. Specifically, the relative difference is in the range of about 10–30% and 30–60% for 
the horizontal and vertical permanent displacement in the shells and is larger than about 40% for the crest settlements. 

On the whole, the analysis results led to two fundamental general outcomes: i) the overall dynamic response of the dam in terms of acceleration 
amplification is not significantly affected by the procedure adopted for the calibration of the hysteretic model; ii) when the hysteretic model is 
calibrated by fitting only experimental G/G0 – γ curves, the response of the dam is characterised by larger shear strains and crest settlements (with 
respect to shear strains and displacements evaluated when adopting the other two possible calibration procedures). 

So, in order to make a conservative assessment of the dam response, all the analyses described in the paper were performed using the model 
parameters calibrated on the G/G0 – γ curves. 
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Fig. A1. Calibration of hysteretic model for normalised shear modulus and damping ratio vs shear strain for the shells (a), the core (b) and the foundation soil (c) 
using the normalised stiffness data, the damping D – γ data and both G/G0 – γ and D – γ data.  
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Fig. A2. Influence of hysteretic model calibration on: a) time-histories of crest settlements; b) crest-to-base amplification functions; c) profiles of horizontal nor-
malised accelerations along the dam centre line (record #5 selected for the CLS).  
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Fig. A3. Influence of the hysteretic model calibration on the distribution of vertical (a-c) and horizontal (d-f) permanent displacements computed for record #5 
selected for the CLS: calibration against experimental data relative to normalised stiffness (G/G0 – γ) (a,d), damping (D – γ) (b,e) and both normalised stiffness and 
damping (G/G0 – γ and D – γ) (c,f).  
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Fig.A4. Influence of the hysteretic model calibration on the distribution of earthquake-induced shear strain computed for record #5 selected for the CLS: calibration 
against experimental data relative to normalised stiffness (G/G0 – γ) (a), damping (D – γ) (b) and both normalised stiffness and damping (G/G0 – γ and D – γ) (c).  

Table A1 
Parameters of Eq. (1)  

experimental data material experimental data b c 

G/G0 – γ Shells Rollins et al. [14] - lower limit 0.506 1.718 
Core RC test results [3] 0.454 0.714 
Foundation Seed & Idriss [15] 0.748 0.156 

D – γ Shells Rollins et al. [14] - lower limit 0.747 1.551 
Core RC test results [3] 0.661 0.345 
Foundation Seed & Idriss [15] 0.927 1.387 

G/G0 – γ and D – γ Shells Rollins et al. [14] - lower limit 0.657 1.668 
Core RC test results [3] 0.614 0.506 
Foundation Seed & Idriss [15] 0.892 0.845   

Table A2 
Peak permanent displacements computed (record #5 - CLS) at the crest and in the upstream and downstream portions of the dam using different sets 
of the hysteretic model parameters.  

model calibration upstream crest downstream 

uv (cm) uh (cm) wc (cm) uv (cm) uh (cm) 

G/G0 – γ − 32 − 33 − 11.9 − 8 12 
D – γ − 25 − 25 − 8.1 − 5 10 
G/G0 – γ and D – γ − 25 − 26 − 8.4 − 6 11  
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