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Many existing earth dams have been designed and built worldwide before the establishment of a seismic code, so
that it is of relevant interest to evaluate their seismic performance and post-seismic operational conditions. This
requires an accurate geotechnical characterisation of the dam and foundation soils, a proper definition of the
seismic scenarios at the site of the dam, the use of simplified procedures for screening-level seismic analyses and
advanced non-linear dynamic analyses to study the most critical seismic scenarios.

This process has been used for the evaluation of the seismic performance of a zoned earth dam located in a
high seismic hazard area of Southern Italy.

In this paper the available data of historical seismicity at the site of the dam and the results of a probabilistic
seismic hazard analysis are first discussed and input ground motions are selected using compatibility criteria
with the energy and frequency content of the expected target motion in a range of vibration period relevant for
the non-linear response of the dam. Seismic performance of the dam is then evaluated through procedures based
on Newmark-type computations, in which permanent displacements are related to ground motion characteristics
and to the seismic resistance of the dam, the latter evaluated detecting the earthquake-induced plastic mecha-
nisms and the corresponding critical accelerations. Also, an original improvement of the well-known Makdisi &
Seed procedure, was proposed to better capture the actual influence of non-linear soil behaviour in the evalu-
ation of horizontal acceleration and permanent displacements of the crest of the dam. The analysis results
pointed out the relevant role of the earthquake-induced shear strength reduction on the dam permanent

displacements.

1. Introduction

The effects of earthquakes on earth dams are documented in several
post-event reconnaissance reports and studies (e.g. Wieland, 2003,
Wieland, 2012; Chen et al., 2014). The rare cases of dam failures during
or immediately after a seismic event were mostly caused by large
earthquakes and frequently ascribed to the occurrence of liquefaction in
the foundation or embankment soils (e.g. Seed et al., 1975; Wieland and
Chen, 2009, JCOLD, 2012). Conversely, permanent displacements and
distortions, soil mass movements and crack development have been
widely observed even for moderate events without the occurrence of soil
liquefaction (e.g. Harder et al., 1998; Catalano et al., 2013).

In the last 30 years the construction of new dams in Italy has been
limited while the demand of water has significantly increased pointing
out the need of maintaining operative the existing plants as long as
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possible. Among the 534 (updated to 2019) Italian large dams (height
greater than 15 m or reservoir volume greater than 1 million m®) about
300 are currently in operation. These are mainly zoned dams with an
impervious core and more than 50% of them are located in areas of
medium to high seismicity according to the most recent probabilistic
seismic hazard (PSHA) assessment available for Italy (Stucchi et al.,
2011) and adopted in the Italian Building Code (NTC18, 2018) and in
the NTD14 (2014).

However, most of these dams were built before the establishment of a
seismic code or in a period when the seismicity of the dam sites was
approximately assessed and thus frequently underestimated or even
entirely overlooked. As a consequence, many earth dams currently in
operation in Italy have not been designed to resist earthquakes or have
been designed with reference to seismic actions lower than those which
would be estimated nowadays. For the few dams designed accounting
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for seismic actions, the conventional pseudo-static approach has been
used to assess the overall stability conditions of the embankment with
seismic coefficients ranging from 0.04 to 0.1 g depending on the first
national seismic zonation dated 1974. Accordingly, the actual dynamic
nature of ground motion and its effects on the dam response have not
been properly accounted for.

Recently, the Italian Working Group ITCOLD “Behaviour of dams
subjected to earthquakes” (Catalano et al., 2013) detected the 100 Italian
large dams (construction period 1901-1994) that have been probably
subjected to the highest levels of seismic shaking during their life
(observational period 1919-2009).

For a subset of 30 dams, Catalano et al. (2013) provide results of
survey activities carried out soon after severe earthquakes. Only 3 dams,
located at epicentral distances Re, = 2.2 to 38 km, suffered relevant
damages reaching an ultimate limit state during earthquakes with
magnitude M = 5.41-6.41. For 8 dams, struck by earthquakes with
magnitude M = 5.41-6.43, located at epicentral distances Rep, =
3.7-18.6 km, the recorded or estimated peak horizontal acceleration at
the dam site is ap max = 0.09 g-0.31 g and only operational limit states
were detected during the post-seismic survey activities. For the
remaining 19 earth dams (Rep, = 1.1-30.5 km), subjected to earthquakes
of magnitude M = 5.0-6.48 (apmax = 0.07 g - 0.32 g), the post-event
survey activities revealed a satisfactory seismic performance without
the occurrence of significant damages.

For most of the 100 dam sites the PSHA provides values of the peak
horizontal acceleration az expected on a free-field rock outcropping with
time-averaged shear wave velocity in the upper 30 m V390 > 800 m/s (i.
e. soil class A) substantially larger than those actually experienced by (or
estimated for) the considered set of dams. As an example, with reference
to the collapse limit state (mean return period Tg = 1950 years) the 50th
percentile of ag exceeds 0.3 g at 72 sites and 0.4 g at 36 sites, and for 8
dams it is ag > 0.5 g; site effects could even amplify ag leading to larger
values of horizontal peak ground acceleration expected at the dam site.

Then, despite the overall positive field evidence above described, the
evaluation of the seismic safety and post-seismic serviceability of Italian
large dams is of paramount interest and concern. This assessment should
be addressed using current seismic design criteria and modern methods
of dynamic analysis to detect deficient dams which are to be
rehabilitated.

Screening-level analyses of the seismic behaviour of earth dams are
usually performed estimating the earthquake-induced permanent dis-
placements through simplified Newmark-type computations. These
involve conventional coupled or uncoupled rigid-block sliding analysis
and coupled stick-slip analysis accounting for soil compliance and non-
linear soil behaviour.

This paper describes the procedures adopted to evaluate the seismic
performance of an existing zoned earth dam, accounting for updated
seismic scenarios and assessing the effect of earthquake-induced shear
strength reduction in the materials of the dam.

Following the prescriptions of the Italian seismic codes for dams
(NTD14, 2014; NTD18, 2018) and ICOLD (2001) guidelines, assessment
of the seismic response of the dam is performed defining different
seismic scenarios and input motions for different limit states and using
different methods of analysis, these including finite-difference (FD)
pseudo-static analyses, coupled and de-coupled Newmark-type analyses
and non-linear FD dynamic analyses.

This study aims to provide the selection criteria of the input motions,
compare different simplified procedures to evaluate the seismic-induced
dam displacements, pointing out the relevant role of the possibly
occurring soil shear strength reduction, and present an improvement of
the well-known Makdisi & Seed procedure, to account for the influence
of non-linear soil behaviour in the evaluation of permanent displace-
ment of the dam.

The seismic scenarios were defined using data of historical seismicity
and results of the latest probabilistic seismic hazard analysis available for
the dam site; the input motions were selected using compatibility criteria,
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based on the energy and frequency content, with the target ground mo-
tions expected at the site and aimed to match target spectra in the range of
vibration periods relevant for the non-linear response of the dam.

Seismic resistance of the dam was evaluated through FD analyses
performed using increasing values of the seismic coefficient until a well-
defined plastic mechanism developed in the numerical model.

Earthquake-induced dam displacements were then evaluated high-
lighting the need of using empirical predictive relationships in which the
energy content of seismic shaking is accounted for together with its
duration. Computed displacements were compared with threshold
values of crest settlements identified by a critical review of more than 90
case histories of dams struck by large earthquakes (Aliberti et al., 2019).

The analyses results provided a first estimate of dam performance
under severe earthquake loading and permitted to identify the most
critical seismic inputs to be used in advanced non-linear dynamic ana-
lyses (Cascone et al., 2021).

2. Dam description and geotechnical characterisation

Fig. 1 a,b shows a plan view of the zoned earth dam considered in this
study and the main cross-section of the embankment; it is the San Pietro
dam, built between 1958 and 1964 in Campania, Italy, along the river
Osento. The dam embankment has a volume of about 2.2 Mm® and re-
tains 17.7 Mm> of water with a freeboard of 2 m at the maximum
impounding level of the reservoir. In its main cross-section the dam is 48
m high above the foundation level and has a base width of about 250 m;
the crest is 450 m long and 9 m wide. The slope of the upstream shell of
the embankment varies from about 29% to about 59%, becoming
steeper towards the dam crest, while the slope of the downstream shell is
equal to about 48%.

The dam core is made of low plasticity clayey silts, while the shells
consist of coarse-grained soils. A 1.6 m thick coating, made of 1 m of
rockfill, 0.3 m of gravel and 0.3 m of sand, protects the upstream shell
from erosion due to changes in water level. Two sub-vertical filters
separate the clayey core from the shells.

The foundation soils consist of a layer of alluvial soils, with an
average thickness of about 7 m under the dam centre line, overlying
deeper stiff overconsolidated flysch and siliceous sandstone formations.
The alluvial soil underneath the dam was treated with low-pressure
concrete injections to reduce the layer permeability. The seepage flow
through the alluvial layer underlying the embankment is prevented by
an impervious concrete diaphragm, about 16 m deep, extending along
the centre line of the dam.

Before construction of the dam, 4 exploration wells 5-10 m deep, and
23 boreholes 20-60 m deep were bored in the foundation soils and un-
disturbed soil samples were retrieved to perform laboratory tests. How-
ever, owing to the uncertainties inherent the evaluation of the strength
and stiffness parameters of the foundation and embankment soils at the
time of the dam project, supplementary geotechnical investigations
consisting of in situ and laboratory tests were planned by Calabresi et al.
(2004) to define a reliable geotechnical model. Location of boreholes and
in situ tests is shown in Fig. 1a, while Fig. 1b shows the results of in situ
tests carried out in cross Sections 1 and 2, these consisting of cross-hole
(CH), cone penetration (CPT), continuous dynamic cone penetration
(DP) and standard penetration (SPT) tests. Laboratory tests on undis-
turbed samples included, in addition to standard drained and undrained
triaxial compression tests, resonant column (RC) and bender elements
(BE) tests, performed to evaluate the small-strain shear stiffness.

The soil profile and the geotechnical characterisation obtained from
the supplementary investigations (Calabresi et al., 2004) are summar-
ised herein.

The core of the dam mainly consists of sandy silt and clay (32% of
clay, 34% of silt and 33% of sand) characterised by values of the liquid
limit, plastic and consistency indexes Wy, = 42.3%, PI = 21.5% and I¢ =
0.8-1.1, respectively, while the shells consist of sandy gravel (53% of
gravel, 24% of sand, less than 13% of clay and silt).
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Fig. 1. San Pietro dam: a) plan view and location of geotechnical investigations; b) cross section of the dam (adapted from Calabresi et al., 2004).

The relative density of the coarse-grained soils of the shells was
estimated from in situ penetration tests, using the empirical relationships
proposed by Gibbs and Holtz (1957), Skempton (1986) and Kulhawy and
Mayne (1990). The computed values of Dy are plotted against the vertical
effective stress in Fig. 2a—c, together with the average profiles and the
profiles corresponding to the 16th and 84th percentile of the data dis-
tribution. Despite the scattering in the data, which is usual at shallow
depths in well graded granular soils, the comparison of the average
profiles shows values of Dg varying in the range 45-65% in the upper
portion (depth less than about 20 m) and increasing up to about 75% at
greater depths. According to the data given in Fig. 2, cyclic reduction of
the shear strength due to the possible occurrence of pore water pressure
build-up could affect the seismic performance of the dam.

Table 1 lists the effective cohesion ¢’ and the angle of shearing
resistance ¢’ as obtained from laboratory and in situ tests.

The profiles of the small-strain shear modulus Gy obtained from the
cross-hole tests carried out in the core (CH1), in the shells (CH2, CH3)

and in the foundation soil downstream of the dam (CH4, CH5), are
shown in Fig. 3a. The scatter observed for G in the shells can be ascribed
to the above mentioned scatter of the relative density (Fig. 2) obtained at
the end of construction at the different locations of the downstream
shell, where tests CH2 and CH3 were carried out (Fig. 1). The two sets of
data given for the Alluvia refer to cross hole tests performed under (CH3)
and aside (CH4, CH5) the dam embankment at very different effective
stresses. A stiff bedrock can be identified at the depth where the flysch
and sandstone formation is encountered since G, increases with depth
starting from about 1350 MPa and the shear wave velocity is always
larger than about 820 m/s.

Resonant column tests were also performed on an undisturbed
sample retrieved in the core at a depth of 15 m from the crest. The
normalised shear modulus G/Gg and the excess pore water pressure ratio
Au* = Au/p’o, with p’g equal to the in situ mean effective stress, are
plotted in Fig. 3b as a function of the shear strain amplitude 7.
Conversely, no experimental data are available for the variation of the
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Kulhawy and Mayne (1990)

damping ratio with y.

In Fig. 3b the curves proposed by Vucetic and Dobry (1991) for
values of plasticity index PI = 15, 30 and 50% are also represented
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
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Table 1
Shear strength parameters obtained from in situ and laboratory tests.
Soil Test ¢’ (kpa) @ ©)
Shells TX-CID © 0 36
DP, SPT - 35-40
TX-CIU, CID 30 27
Alluvia DP, SPT - 40 - 45

? large samples (diameter 80 mm, height 160 mm).

average value of PI = 21.5%.

For Au* = 5% a volumetric threshold y, = 0.03% is evaluated, that is
consistent with the data provided by Hsu and Vucetic (2006) for silts and
clays having PI in the range 14-30%.

3. Limit states and indexes of seismic performance

In the last decades, performance-based approaches have been
introduced to evaluate the seismic behaviour of geotechnical systems
and to estimate the financial and social risk associated to irreversible
damages or failures induced by earthquakes. In this context, appropriate
performance indexes must be introduced, and suitable threshold values
must be defined, that identify the attainment of limit states associated to
different seismic scenarios.

According to international standards (e.g. [COLD, 2001, 2010), the
seismic performance of dams must be checked to verify that stability and
serviceability conditions are warranted against expected ground mo-
tions characterised by either a relatively low or a high probability of
occurrence during the dam’s life-cycle. This to avoid catastrophic fail-
ures and uncontrolled release of water during extreme (low probable)
events and to ensure operational conditions of the dam and related fa-
cilities during less severe (highly probable) earthquakes.

According to these principles, the Italian seismic code for dams
(NTD14, 2014) introduces four limit states to be checked: two service-
ability (Operational Limit State, OLS, and Damage Limit State, DLS) and
two ultimate (Life Safety Limit State, LLS, and Collapse Limit State, CLS)
limit states that can be attained depending on the loss of a characteristic
condition defined by the level of damage induced by earthquake loading
and the occurrence of uncontrolled release of water.

As described in Table 2, an Operational Limit State (OLS) is achieved
when the operating condition is lost due to the occurrence of repairable
damages which, however, do not lead to uncontrolled release of water.
When the damages are unrepairable, a Damage Limit State (DLS) is
attained if uncontrolled release of water does not occur; otherwise, a Life
Safety Limit State (LLS) is attained if the dam does not collapse, while a
Collapse Limit State (CLS) is achieved if an overall failure mechanism
develops (Table 2). It is worth mentioning that the limit condition to be
lost for the achievement of the LLS is in a good agreement with the
performance criteria introduced by ICOLD (2010) with reference to the
Safety Evaluation Earthquake (SEE); similarly, the limit conditions cor-
responding to the achievement of the OLS and the DLS fit well with the
performance criteria associated with the Operating Basis Earthquake
(OBE).

However, as shown in next sections, values of the mean return period
prescribed by the Italian codes to define the design earthquakes for each
limit state are different from those suggested by ICOLD (2010).

According to (Swaisgood, 2003) and (Ishihara, 2010) the crest set-
tlement u. can be assumed as a reliable index of seismic performance
since it is representative of the overall seismic response of the dam and is
suitable for the evaluation of the level of earthquake-induced damage. In
this vein, through a systematic review of a large set of data, related to 90
well documented case histories of earthquake-induced damages to
various kinds of dams and related facilities, Aliberti et al. (2019) defined
threshold values of u. to be used as possible reference indexes in
performance-based seismic analyses of dams. Using some engineering
judgment, damage description available for each case history was
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Fig. 3. a) Profiles of small strain shear modulus G, obtained from CH tests and best fits adopted in the numerical model; b) RC test results and data from literature

(Cascone et al., 2021)

classified in four classes and examined to relate the achievement of one
of the limit states described in Table 2 together with the corresponding
threshold values of the crest settlement ratio (u./H)y where H = Hq + H¢
is the height of the dam Hjy plus the thickness of the deformable foun-
dation soils Hy. Specifically, a none, minor, moderate and serious level of
damage (DL) was defined by Aliberti et al. (2019) and associated to
threshold values of (u./H)y = 0.1%, 0.4%, 1.25% and 2.5%, these

corresponding to the occurrence of OLS, DLS, LLS and CLS, respectively.
In addition, the seismic stability of the dam must also be checked veri-
fying that the freeboard is greater than crest settlement for each limit
state (Table 2).
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Limit states introduced by the Italian Code for Dams (NTD14, 2014), parameters of the probabilistic seismic hazard assessment prescribed by the Italian Building Code
(NTC18, 2018) for the site of San Pietro Dam and indexes of seismic performance (Aliberti et al., 2019).

Characteristic /Limit
condition:
to be lost for / to be
attained for the
achievement of the limit
state

No damage occurs
in the dam and in
the plant facilities

Occurrence of repairable
damages which do not lead to
uncontrolled release of water

Dam
collapse

Occurrence of unrepairable
damages which do not lead to
uncontrolled release of water

Occurrence of unrepairable damages
which produce uncontrolled release of
water and/or risk of loss of human life

Limit state Operational limit state

(OLS)

Damage limit state
(DLS)

Life safety limit state
(LLS)

Collapse limit state
(CLS)

Limit conditions and performance index u./H < (uc/H)y = 0.1%

u. < freeboard

Pyr (%) 81

T (years) 60

F, 2.501

ag () 16th 0.0636
50th 0.0744 (0.078)*
84th 0.0853

u./H < (ue/H)y = 0.4%
u. < freeboard

u./H < (uc/H)y = 1.25%
u. < freeboard

u./H < (uC/H)y =2.5%
u. < freeboard

63 10 5

101 949 1950

2.494 2.371 2.357

0.0884 0.2405 0.3114

0.0979 (0.101)* 0.2860 (0.304)* 0.3920 (0.414)*
0.1185 0.3389 0.4641

(*) evaluated for the node (ID 32331) of the reference grid closest (3.4 km) to the site of the dam.

4. Historical seismicity and probabilistic seismic hazard
4.1. Seismic history of the dam site

Seismic historical data for the site of San Pietro dam were selected
from the Italian Macroseismic Database DBMI15 v1.5 (Locati et al.,
2016) that reports macroseismic intensity information of the earth-
quakes occurred in Italy from 1000 until 2014.

Fig. 4 a,b shows the MCS epicentral macroseismic intensity Ip and the
corresponding Moment Magnitude My, (estimated for most events) of the
earthquakes which were felt, with an observed intensity I, in the five
municipalities closest to the dam (D < 10 km): Aquilonia Vecchia (D =~
1.3 km), Monteverde (D ~ 2.7 km), Aquilonia (D ~ 2.8 km), Monticchio
Bagni (D ~ 8.3 km) and Lacedonia (D = 8.5 km). Data of Fig. 4 a,b refer
to 42 earthquakes, occurred between 1456 and 2006, with Iy = 4+11
MCS and M,, = 3.71+7.19, which were felt in the selected five munic-
ipalities with an intensity I = 3+10 MCS.

The oldest documented event, the Molise 1456 earthquake, is also the
largest event (Ip = 11 MCS, estimated M,, = 7.19 + 0.10) listed in the
DBMI15, with an epicentral distance Rep ~ 74.3 km of the dam site and an
observed intensity I = 9 MCS at the closest municipality of Aquilonia
Vecchia (D =~ 1.3 km). Other two events of similar intensity occurred in
the same time-interval: the 1857 Basilicata earthquake (I = 11 MCS,
estimated My =7.12 4 0.10, Rep = 77.5 km), with an observed intensity I
=9 MCS at Aquilonia Vecchia, and the 1915 Marsica earthquake (Ip =11
MCS, estimated My, = 7.08 £ 0.08, Rep ~ 199 km), with I = 4-5 MCS at
Aquilonia (D = 2.8 km). These three large events (M, ~ 7.1-7.2) can be
identified as far-field ground motions having distances Rep ~ 74-199 km.

Conversely, the near-field events relevant to the dam site are the
1934 Irpinia-Basilicata earthquake (I = 10 MCS, estimated M,, = 6.81
+ 0.10, Rep ~ 25.6 km) and the 1930 Irpinia earthquake (Ip = 11 MCS,
estimated My, = 6.67 + 0.08, Rep ~ 17.3 km) which were observed with
I = 7 MCS at Aquilonia (D ~ 2.8 km) and I = 10 MCS at Aquilonia
Vecchia (D ~ 1.3 km), close to the dam.

During dam construction (1958-1964) the site was struck by the 21
August 1962 Irpinia earthquake (I = 11 MCS).

After the end of dam construction (1964-2006), 19 relevant events
occurred with Iy = 5-10 MCS and M,, = 3.7-6.8. The largest of these
events is the 1980, My = 6.81, Irpinia earthquake (I = 10 MCS), the
highest magnitude seismic event recorded in Italy since 1915, which
caused severe damage, casualties (about 3000 dead, 9000 injured and
200,000 homeless) and landslides in a wide region. Despite the large
intensity observed at the site of interest (Rep ~ 26 km, I = 7 MCS at
Lacedonia) and the long duration (about 80 s) of the main shock, no

significant damage was observed in the dam.

Based on these historical data, events with M,y = 6.8 to 7.1 can be
considered to define the maximum credible earthquake (MCE) for San
Pietro dam.

4.2. Probabilistic seismic hazard analysis

The expected ground motion was assessed through a probabilistic
seismic hazard analysis (Stucchi et al., 2011). For a 0.05° grid of points
with a spacing of 5 km and for reference site conditions of horizontal
outcropping bedrock with a time-averaged shear wave velocity, Vg >
800 m/s, the PSHA is described by the horizontal peak ground accel-
eration ag, the uniform hazard spectral acceleration S, and the results of
the My-Rjp-¢ deaggregation analysis for the 50th percentile of ay, where
M, is the earthquake moment magnitude, Rj, is the Joyner and Boore
(1981) site-to-source distance and ¢ is the Gaussian variable introduced
by Bazzurro and Cornell (1999).

Values of ag are available for mean return periods T of 30 to 2500
years; the spectral acceleration S, (available for T = 0.1-2 s) and the
results of the deaggregation analysis (bins of width 0.5 in magnitude and
10 km in distance) including the mean values of My, Rj, and e, are
available for exceedance probabilities of 2% to 81% in 50 years (Ps).

Fig. 4c shows a detail of the Italian seismic hazard map (Stucchi
et al., 2011) relevant to the 50th percentile of horizontal peak ground
acceleration ag expected for Tg = 475 years (P59 = 10%). Starting from
the data available for the four nodes of the reference grid enclosing the
site of San Pietro dam, the parameters derived from the PSHA (ag, S, and
M-Rjp-¢ deaggregation analysis) were averaged using the site-to-node
distances as weights. The outcrop acceleration ag is plotted in Fig. 4d
against Tr: the median values (50th percentile) of ag are shown in the
figure together with the 16th and 84th percentiles of the seismic hazard
distribution. Values of ag corresponding to each of the limit states pre-
scribed by the Italian codes (§ 3) can be estimated using Fig. 4d.

Results of the My-Rjp-¢ deaggregation analysis are summarised in
Fig. 5a,b where the thick black lines represent the mean values of M,
(Fig. 5a) and Rjp (Fig. 5b) against the mean return period Tr: My,ave
varies from 5.65 (Tgr = 30 years, P5o = 81%) to 6.21 (Tg = 2475 years,
P50y = 2%), while the corresponding average distances Rjp, ave are equal to
32.4 km and 7.2 km. The moment magnitudes, M, = 6.8 and 7.1
detected from seismic historical data for the possible MCEs are plotted
for comparison in Fig. 5a with dashed lines. In Fig. 5b the limit of near-
field motions considered in FEMA (2005) is also represented. The
shaded areas depicted in Fig. 5a,b envelope the ranges of magnitudes M,
and distances Rj, corresponding to the highest contribution to the
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Fig. 4. Seismic historical data (a,b) and seismic hazard deaggregation analysis (c,d) for the dam site: a,b) epicentral macroseismic intensity (MCS scale) and moment
magnitude of the events felt in five municipalities closest (D < 10 km) to the dam (time interval 1456-2006); c) detail of the Italian seismic hazard map giving the
50th percentiles of a; for Tr = 475 years; d) values of ag versus the mean return period Tg.

seismic hazard at the dam site for return periods Tr > 100 years: My, max
varies from 4.5+5.0 (Tg = 101 years, P5g = 39%) to 6.5+7.0 (Tg = 2475
years, Pso = 2%). Concurrently, it is always Rjp max = 0-10 km. Again,
Fig. 5a,b provide pairs of My-Rj, for the limit states prescribed by the
Italian codes.

5. Selection of input motions
5.1. Target input motions

The severity of the seismic actions to be adopted for assessing the
seismic performance of existing dams depends on the probability of
occurrence Pyr of an earthquake during a specific time interval Vg,
which is related to the dam relevance for the post-seismic emergency
plans, and to the number of years during which, under regular mainte-
nance, the dam can be used for its original design purpose. According to



G. Biondi et al. Engineering Geology 280 (2021) 105954

PSHA MCE
— average === far field
<—> max contribution === near field
75 T
7,0.:..__.___.____.___.__.__..
S N R f ]
65 o =)
L —
. 60 |
55 |
50 f 3 9
45 I - F————+—+—+++4 +
35
(2] w (%) 0
r - - :ll d
30 - O (m] ..
25 |
20 |
£ :
"__é 15 r
x r
10 | N
5f
D)
O t 1 t +—t— t
10 100 1000 3000
Tz (Y)
LLS [\ cLs
2 NN 20— \.
S8 [N <18 \
X =
=16 I\ = 16 A
5 \ 5 N\
= 14 \ S 14 \
212 ) E12
| = c
310 8 10
28 2 8
o 6 3 6 ‘
4 4 |
2 i 1 A 2 l j | ‘ ‘
00—\_!'?; - e 0Og !_'-—;’; "5__':_-,'.'-
207 e AN, 20 —— 5
AQ - 40 |
608 o 5
2 o008 RN NN
% 120 % \20\,\
3/ 440 o @ 440 S
160 PR A B
AN —T "o 8 oo """ © & & X
e 30 g da R 235 g da R
SR EER 183s8°
N My ¢) ¥ My d)

Fig. 5. Results of the M,,-R;p-¢ deaggregation analysis of a; at the dam site.
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the mandatory prescriptions of the Italian codes (NTD14, 2014; NTC18,
2018), Vg = 100 years was assumed for the seismic analyses.

For each of the prescribed limit states, Table 2 lists the values of Pyg,
the corresponding values of the return period Tg, the values of the
amplification factor F, of the maximum spectral acceleration and the
50th percentile values of ag provided by the PSHA. The mean values of ag
detected at the node of the reference grid closest to the dam site (ID
32331) are also listed in Table 2.

For the two serviceability limit states, Ty is equal to 60 (OLS) and 101
(DLS) years and ag is equal to 0.074 g and 0.098 g (0.078 gand 0.101 g at
node ID 32331 — Table 2); values of ag corresponding to 16th and 84th
percentiles provide a variability of the mean estimate of about —14% to
+21%. For the two ultimate limit states (LLS and CLS) the mean return
periods are Tr = 949 and 1950 years, with ag = 0.286 g and 0.392 g
(0.304 gand 0.414 g at node ID 32331 — Table 2) and are included in the
following intervals of variation for 16th and 84th percentiles: 0.240 g-
0.339 g for LLS and 0.311 g-0.464 g for CLS.

It is worth mentioning that, regardless the probability of occurrence
of the earthquake in the time interval Vg considered to describe the
severity of the seismic actions, for dams whose failure presents a great
social hazard, ICOLD (2010) suggests Tg = 145 years for the Operating
Basis Earthquake (OBE), whose definition is close to the OLS and DLS,
and Tr = 3000-+-10.000 years for the Safety Evaluation Earthquake (SEE)
characterised by the same limit conditions required to attain the LLS.

Herein, only the ultimate limit states (LLS and CLS) were considered
for the seismic analysis of the dam: estimated values of ag = 0.304 g and
0.414 g were used as targets for the LLS (Tg = 949 years) and the CLS (Tg
= 1950 years) to select the input motions to be adopted in the numerical
analyses (Fig. 4d, Table 2) that were defined in terms of horizontal and
vertical acceleration time-histories. Suitable ranges of moment magni-
tude (My) and Joyner and Boore (1981) distance (Rjp) were defined to
select the seismic records using the data obtained from the historical
seismicity (Fig. 4a,b) and seismic hazard deaggregation analysis
(Fig. 5a,b). Specifically, the distribution of the contribution of each pair
My-Rjp and the corresponding mean (My,ave-Rjb,ave) and maximum (My,
max-Rjb,max) values were estimated to detect the My-Rj, groups that
dominate the seismic hazard at the dam site. Similarly, the return pe-
riods corresponding to the two ultimate limit states and the uniform
hazard response spectra for the site of the dam were evaluated.

Fig. 5¢,d shows the computed results in terms of deaggregation plots.
The deaggregation plots for the LLS (Tg = 949 years, Fig. 5¢) and the CLS
(Tr = 1950 years, Fig. 5d) provide the ranges of both M,, and R, that
dominate the seismic hazard at the dam site, thus identifying the sce-
nario earthquakes for San Pietro Dam. Specifically, My max = 6.0-6.5
and My, max = 6.4-6.9 were assumed for the LLS and CLS, with values of
Rjb,max = 0-10 km.

5.2. Selection criteria and results

The input motions were selected using an Italian, ITACA 2.1 (Luzi
et al., 2016), and an international (PEER, 2016) database of seismic
records. A first selection of acceleration time-histories was carried out
setting My, = 6.5 & 0.5 and 1 km < Rj, < 25 km for both the LLS and CLS.
The selection was further refined focusing on the horizontal records,
checking the similarity between the elastic response spectrum of the
acceleration time histories and the target spectrum (Bommer and Ace-
vedo, 2004; Pagliaroli and Lanzo, 2008).

The spectra defined by the Italian seismic code (NTC18, 2018) were
considered as targets for the two ultimate limit states. Compatibility of
selected acceleration records was checked in terms of amplitude and
frequency content, through the response spectra. To this purpose a scale
factor F and two statistical parameters, R? and Dyms were used. The scale
factor F allows ensuring compatibility in terms of peak horizontal ac-
celeration (i.e. spectral ordinate for T = O s):
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F— (ah.max)j (])
(ahmnx)[

The Pearson correlation index R? and the average root-mean square
deviation D5 evaluate the deviation of the normalised response spectra
of the selected records from the target spectrum in a given period in-
terval (Tmin-Tmax):

Dy = H 3 {Eu(n) 5T } 2 ®

In Egs. (1)=(3) (an,max)j and (an max); are the peak horizontal accel-
eration of the j-th record and the target ground motion, expected at the
dam site on outcropping rock; S,(T;) and S,;(T;) denote the normalised
spectral accelerations of the target motion and the j-th record; N is the
number of equally spaced (AT = 0.01 s) periods of the response spectra
in the range Tmin-Tmax- Coefficient R? was evaluated assuming Tpin =
0.1 s and Tpax = 4.0 s to verify the overall compatibility of selected
ground motions. Conversely, since the first natural period of horizontal
elastic vibration of the dam is T ~ 0.32 s (Cascone et al., 2021), to
select input ground motions capable to produce frequency coupling with
the dam, Tpyi, = 0.1 s and Ty = 0.5 s were assumed to evaluate Dys. To
obtain at least five accelerograms for each ultimate limit state, the
following limits were defined for the selection parameters: F < 2.0, R? >
0.8 and Dy < 0.15 for the LLS and F < 2.5, R?>>0.8and Dyms < 0.15 for
the CLS.

Table 3 reports the selected seismic records and the corresponding
selection parameters F, R? and Dims: records #3, #4 and #5 fit the
adopted limitations for both the CLS and the LLS. Moment magnitude
M,, of the seismic events corresponding to the selected records and the
Joyner and Boore (1981) site-source distance of the recording stations
are also listed in Table 3.

Time histories of horizontal acceleration ay(t) of the selected records
are plotted in Fig. 6 a—g, while the Fourier amplitude spectra are shown
in Fig. 6 h-p together with the first natural frequency of horizontal
elastic vibration of the dam fj, = 1/T1e = 3.12 Hz. The smoothed spectra
plotted with thick lines in Fig. 6 h-p show that records #1, #2, #4 and
#7 are characterised by one (f, ~ 1.8-2.8 Hz) or two dominant fre-
quencies while the remaining records exhibit a broad band frequency
content.

The time histories of vertical acceleration a(t) of the selected records
and the corresponding Fourier amplitude spectra are plotted in the
Fig. 7a—e and Fig. 7f-n. The first natural frequency of vertical elastic
vibration of the dam f'1, = 4.54 Hz (Cascone et al., 2021), is also plotted
in Fig. 7f-n. A frequency f;, = 2.1-2.9 Hz substantially lower than f "1,
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.

Comparison of the target spectra for the site of San Pietro dam with
the normalised response spectra of the selected horizontal records is
shown in Fig. 8a-d for the CLS (Fig. 8a,b) and the LLS (Fig. 8c,d). Spe-
cifically, Fig. 8a,d compare the normalised response spectra with the
50th-percentile uniform hazard spectra computed at the dam site for the
two ultimate limit states, the grey areas representing the envelope of the
uniform hazard spectra defined by 16th and 84th percentiles; Fig. 8b,e
compare the average normalised spectrum with the spectral shape pre-
scribed by NTC18 (2018), the grey areas indicating the envelope of
normalised response spectra of the selected records. The fundamental



G. Biondi et al.

Table 3
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Selection criteria and main characteristics of the horizontal acceleration time histories.

CLS (Tr = 1950 years)

6.0<M,<7.0
1km < Rjp < 25 km

(an,max)e = 0.414 g
(@v,max)e = 0.359 g

# Earthquake Station, record, earthquake data M, Rjp (km) Ah,max (8) Ay, max/Ah,max F R? Dyms
1 Loma Prieta Gilroy Array # 1, 000, 18/10/1989 6.9 8.84 0.411 0.52 1.008 0.817 0.072
2 Loma Prieta Gilroy Array # 1, 090, 18/10/1989 6.9 8.84 0.473 0.45 0.875 0.843 0.148
3 Parkfield —02 CA Parkfield - Turkey Flat # 1, 270, 28/09/2004 6.0 4.66 0.245 0.31 1.688 0.908 0.106
4 Parkfield —02 CA Parkfield — Turkey Flat # 1, 360, 28/09/2004 6.0 4.66 0.196 0.38 2.111 0.900 0.095
5 Northridge Wonderland Ave, 185, 17/01/1994 6.7 15.11 0.172 0.61 2.406 0.941 0.087
LLS (Tg = 949 years)

6.0 <M, <7.0 (ah,max)e = 0.304 g

1 km < Rjp < 25 km (@v,max)e = 0.226 g

# Earthquake Station, record, earthquake data M, Ry, (km) @h,max (8) @y, max/@h,max F R? Dis
3 Parkfield —02 CA Parkfield — Turkey Flat # 1, 270, 28/09/2004 6.0 4.66 0.245 0.31 1.239 0.913 0.106
4 Parkfield —02 CA Parkfield — Turkey Flat # 1, 360, 28/09/2004 6.0 4.66 0.196 0.38 1.550 0.888 0.099
5 Northridge Wonderland Ave, 185, 17/01/1994 6.7 15.11 0.172 0.61 1.766 0.935 0.087
6 Iwate, Japan IWTO010, NS, 13/06/2008 6.9 16.26 0.226 0.91 1.348 0.929 0.065
7 Tottori, Japan SMNH10, EW, 06/10/2000 6.6 15.58 0.231 0.59 1.318 0.809 0.140

vibration period of the dam, Tj. is also plotted in the figures. The
average spectra of the selected records are in a fair agreement with the
target spectra for periods T < 0.5 s irrespective of the limit state, while
smaller spectral accelerations are estimated at larger periods.

A compatibility check for the vertical component of the selected
records was also performed since the controlling M-R scenarios for the
vertical motion may differ from those for the horizontal components (e.
g. Lanzo et al., 2015; Russo et al., 2017).

The ratio of vertical to horizontal peak accelerations, ay,max/ah,max is
equal to 0.31-0.91 for the LLS and to 0.31-0.61, for the CLS (Table 3).
The upper limits of these ranges are close to the ratios ay,max/ah,max =
0.74 and ay, max/an,max = 0.87 prescribed by the Italian Building Code for
the two ultimate states at the dam site. Accordingly, the target peak
vertical acceleration (ag,v); is equal to 0.226 gand 0.359 g for the LLS and
the CLS, and the corresponding average values of the scaling factor are
about 1.64 (LLS) and 1.55 (CLS).

The normalised response spectra of the vertical component of the
selected records and their average are compared with the spectral shape
prescribed by NTC18 (2018) for the CLS and the LLS in Fig. 8c,f; the first
natural period of vertical elastic vibration of the dam, TV = 1/ f V1 =
0.22 s, is also represented in the figures. Spectral compatibility of the
records selected for the CLS appears satisfactory for periods close to T 1.
with a negligible difference for T = T"1, while for the LLS the difference
around T "y, is larger, even if a conservative estimate of spectral accel-
erations is obtained.

For the seismic analyses described herein, all the horizontal records
were scaled to the target peak ground acceleration (ag); estimated for the
two ultimate limit states. Vertical components were scaled using the
same scale factor F adopted for the corresponding horizontal compo-
nents (Table 3); this yielded to ratios of the target to the adopted peak
vertical accelerations in the range 0.82+2.43 for the LLS and 1.42+2.27
for the CLS (with the only exception of record #3 for which this ratio is
2.83 for the CLS). Then, despite the adopted selection criteria were only
applied to the horizontal components of ground motions, compatibility
of the selected records with amplitude and frequency content of the
target motion can be thought of as fairly satisfied also for the vertical
component of input motion.

Table 4 lists the main seismic parameters of the horizontal compo-
nent of the scaled records: the mean and predominant periods Tp
(Rathje et al., 1998) and Tp, the Arias intensity Iy (Arias, 1970), the
destructiveness potential factor Pgq (Araya and Saragoni, 1984) evalu-
ated in the time-interval corresponding to the strong motion duration
Ds g5 (Trifunac and Brady, 1975), and the equivalent number of loading

10

cycles Neq evaluated following Biondi et al. (2012); in Table 4 the peak
value (ay,g)scaled Of the vertical component of the scaled records and the
corresponding scaling factor F are also listed.

Among the records selected for the CLS, records #1, #2 and #3 are
characterised by values of Tr, and T, closer to the first natural period of
elastic vibration of the dam T, and they are mostly rich in frequencies
lower than fj, more relevant for the non-linear response of the dam;
records #2 and #5 are instead characterised by the highest energy
content, as it can be inferred by the large values of I5, Pq and Nq. For the
LLS, records #3, #6 and #7 have mean and predominant periods closer
to T1e, while the highest values of I, Pq and Neq characterise records #6
and #7. Thus, it can be anticipated that the major effects on the seismic
response of San Pietro dam are induced by records #2 and #5 and by
records #6 and #7 selected and properly scaled for the CLS and the LLS,
respectively.

6. Numerical model and static analyses

The numerical analyses were carried out in terms of effective stresses
using the finite difference code FLAC v.7.0 (ITASCA, 2011). Fig. 9 shows
the grid adopted in the analyses: it consists of 13,845 quadrilateral zones
and 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.

In the static analyses, displacements were restrained in both di-
rections at the bottom of the grid and horizontally at the side bound-
aries. The diaphragm, whose stiffness and strength do not affect the
displacement analysis results, was modelled with a column of elements
having the same stiffness of the adjacent soil but a permeability three
orders of magnitude lower.

The dam and the foundation soils were described as elastic-perfectly
plastic materials obeying the Mohr-Coulomb failure criterion; Table 5
lists the parameters assumed in the analyses as obtained from the
geotechnical characterisation. The small-strain shear modulus Gy was
expressed as a function of the mean effective stress p’ using the equation:

s ()

where p; = 100 kPa is a reference pressure, R = py’/p’ is the over-
consolidation ratio expressed in terms of mean effective stress and S, n
and m are non-dimensional stiffness coefficients. For the soils of the dam

Gy
Pr

4
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Fig. 6. Horizontal acceleration time histories (a-g) and corresponding Fourier amplitude spectra (h-p) of the selected seismic records.

it was assumed R = 1, while n = 0.5 was estimated as a function of PI.
The stiffness multiplier S was evaluated by best fitting CH test results
obtaining S = 1860 and S = 5600 for the fine-grained and the coarse-
grained soils of the core and the shells, respectively. A constant shear
modulus was assumed for the cemented alluvial layer, Go = 0.56 GPa,
and the flysch formation, Gy = 1.1 GPa. The profiles of small-strain shear
modulus adopted in the analyses are in a fair agreement with the cross-
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hole test results of Fig. 3.

A hydrostatic pore water pressure was assumed in the foundation soil
with water table at ground surface. The initial state of effective stress
was computed simulating the staged construction of the dam, assumed
as a drained process, and the subsequent impoundment. This is needed
to evaluate the small-strain shear modulus distribution in the embank-
ment at the end of dam construction. The operative shear stiffness
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Fig. 7. Vertical acceleration time histories (a-e) and corresponding Fourier amplitude spectra (f-n) of the selected seismic records.

adopted in the static calculations were calibrated to reproduce the set-
tlement profiles observed at the end of construction. At the end of each
stage of dam construction, soil stiffness was updated according to Eq. (4)
to be consistent with the new effective stress state. The settlement pro-
files measured by seven extensometers installed in the embankment,
obtained following the procedure by Poulos et al. (1972) to isolate the
dam deformation, are compared in Fig. 10 with those provided by the
numerical analyses. On the average, a fair agreement is observed for the

12

settlement profiles measured in the upstream slope (Fig. 10a), through
the crest of the dam (Fig. 10b) and in the downstream slope (Fig. 10c).

After simulating the staged construction of the earth dam, a steady
state seepage analysis was carried out. A hydrostatic water pressure was
assumed acting upstream of the dam with u = 0 at the elevation of
maximum storage level (464.8 m a.s.]) and zero pore water pressure was
assigned at ground level, downstream of the dam, thus generating an
unconfined seepage flow within the dam body. The seepage analyses
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Fig. 8. Comparison between target spectral shape and normalised response spectra of the horizontal (a, b, d, e) and vertical (c, f) acceleration time histories selected

for the CLS (a-c) and the LLS (d-f).

were carried out using the permeability coefficients listed in Table 5,
back calculated to reproduce the hydraulic heads measured during
operating conditions by the piezometers installed in the core (Calabresi
et al., 2004).

Additional seepage analyses, carried out varying core permeability
in the range of one order of magnitude, showed negligible changes of
both phreatic surface and pore water pressure distribution in fact, for the
specified range of permeability values, the core acts as an impervious
material with respect to the coarse-grained material of the shells.

Fig. 11 shows the contour lines of total vertical stress oy, pore water
pressure u, effective vertical stress 6’y and mean effective stress p’ in the
dam and the foundation soils as obtained by the FD analyses. Owing to
the presence of the reservoir, total vertical stresses are larger upstream
(Fig. 11a). Pore water pressure is strongly affected by the low perme-
ability of the core that results in an abrupt lowering of the water table
downstream (Fig. 11b); maximum pore water pressure is about 500 kPa
at the dam base. Due to the distribution of u, the contour lines of ¢’y and
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p’ are bell-shaped, with larger values in the downstream portion of the
dam (Fig. 11 c-d).

The static factor of safety computed, through the strength reduction
technique implemented in the code FLAC, for steady state seepage
conditions of the upstream and downstream slopes is equal to 1.89 and
1.69, respectively.

7. Screening-level seismic analyses

A series of screening-level analyses were performed for a preliminary
assessment of the permanent deformations induced by earthquake
loading and to identify the most critical seismic motions to input in the
non-linear dynamic analyses. The screening-level analyses included
finite differences (FD) pseudo-static analyses using the strength reduc-
tion technique, to detect the potential plastic mechanisms and the cor-
responding downhill critical acceleration a. = k.g and one-way
Newmark-type calculations, to evaluate permanent displacements
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Table 4
Seismic parameters of the selected records scaled to the expected horizontal
peak acceleration.

CLS: (ag); = 0.414 g, Tr = 1950 years

#  (ay, Foo  Tp()  Tm() Ia Pa(10°*  Dsos N
scaled (8) (m/s)  g-s?) )
1 0216 1.66 0.359  0.290  1.07 5.63 6.53 8.0
2 0.188 1.91 0.398 0.387 1.29 11.09 3.68 7.9
3 0.126 2.83 0.301 0.366 0.49 3.40 8.76 3.4
4 0158 227 0.546 0.449  0.84 10.96 8.26 5.0
5  0.252 216 0.506 0.448 1.16 13.28 6.67 6.4
LLS: (ag); = 0.304 g, Tg = 949 years
#  (ay, Fov T T Ia P4(10°*  Dsos  Neg
scaled m/s)  g-s”) )
®
3 0.093 2.43 0.301 0.366 0.26 1.83 8.76 3.4
4 0116 1.95 0.546 0.449 045 5091 8.78 5.0
5  0.185 1.85 0.506 0.448 0.63  7.16 6.67 6.4
6 0.276 0.82 0.323 0.517 2.38 16.01 19.65 39.1
7 0179 126  0.392 0500 0.84  14.82 9.20 9.0

induced by seismic loading. These latter were carried out by: i) double
integration of the equation of relative motion (conventional one-way
Newmark analysis); ii) through the application of the Makdisi and
Seed (1978) procedure modified in the estimate of peak crest accelera-
tion; iii) using available empirical relationships developed either
assuming the soil mass to behave as a rigid body, or accounting for soil
compliance via a decoupled or a coupled stick-slip analysis. Cyclic
reduction of shear strength of dam and foundation soils was ignored or
accounted for in a simplified way through a reduction of strength
parameters.

7.1. Plastic mechanisms and corresponding critical acceleration

After simulating dam construction and the impoundment stage,

Normal storage level
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pseudo-static analyses were performed by inclining gravity of an angle 8
tg™! [kn/(1-k,)], ky, and k, being the horizontal and vertical seismic
coefficients. For each value of k, the vertical seismic coefficient was
assumed equal to either zero or ky = + 0.5-ky, and the strength reduction
technique implemented in FLAC was used to evaluate the safety factor F.
The horizontal component ky, . of the critical seismic coefficient k. cor-
responding to the condition F = 1 activates the critical plastic mecha-
nism and represents a measure of the overall seismic resistance of the
system (e.g. Masini et al., 2015).

To account for possible cyclic reduction of shearing resistance, the
critical seismic coefficient was also evaluated using reduced values of
strength parameters. Specifically, following Makdisi and Seed (1978) a
20% reduction of the shear strength was considered for the coarse-
grained soil of the shells introducing a reduced angle of shearing resis-
tance tan ¢’* = 0.8-tang’ (Table 5), this leading to a reduced value of the
critical seismic coefficient ky, c.

Fig. 12 shows the contours of shear strain rate computed in critical
conditions (kn = kn,), assuming ky = — 0,5ky, (inertia forces directed
upwards), ignoring (Fig. 12a) or accounting (Fig. 12b) for the strength
reduction. In both cases, a plastic mechanism on the upstream side is
activated, that is shallow, of low curvature, with shear strains occurring
in narrow bands, not affecting the core of the dam. Dam capability to
retain the water reservoir is then maintained for the considered seismic
scenario, rehabilitation works being needed at the end of the earth-
quake. The mechanism computed ignoring the cyclic strength reduction
extends to a depth y from the crest of the dam equal to about 70% of its
height Hq = 48 m (Fig. 12a), while yf = 0.5-Hq is obtained if a reduction
of shear strength is considered in the analyses (Fig. 12b).

Assuming ky = — 0.5-kp, a critical seismic coefficient kp . = 0.176 is
computed for the upstream side, that reduces to kp* = 0.131 when
accounting for the reduction of shear strength. Since for ky = 0 it is kp ¢
=0.190 and kp, o* = 0.140, the influence of the vertical component of the
inertial forces is not crucial in that ignoring ky results in increments of
only about 6-7% in the values of kp. and kp*. According to the
computed plastic mechanisms, the scheme of infinite slope can be
thought of as an appropriate simplified scheme for a preliminary

transition material

~ filter

q
mpervious diaphragm
44.2 m 48 m
- EE '
¢7m
18 m
b
202 m 248.8 m 219.2m
Fig. 9. Finite difference grid adopted in the static and pseudo-static analyses.
Table 5
Mechanical parameters adopted in the numerical analyses.
Bedrock Alluvia Shells Transition material Filters Core Filter
(downstream)
% [kN/m?] 23 23 23 19.9 19.9 19.9 23
¢’ [kPa] 1 1 1 30 30 30 1
@ (@[] 42 (36) 42 (36) 36 (30) 26 26 26 36
k [m/s] 1.510°8 1.0-107° 1.010°° 1.010°¢ 1.81077 1.510°8 1.010°°
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Fig. 11. Contours of total vertical stress (a), pore water pressure (b), effective vertical stress (c) mean effective stress (d). Negative stresses mean compression.

evaluation of the permanent displacements induced by earthquake
loading.

7.2. Newmark-type analyses

Newmark-type analyses were carried out assuming one-way trans-
lational sliding of a rigid block. For the scheme of infinite slope, the
ground surface and the sliding surface are inclined of an angle « to the
horizontal and the equation of relative motion is written in the form:

. cos(p —a)-

d dy )

cosq'
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where d and dj are the relative acceleration of a block sliding along a
plane of inclination o and a horizontal plane, respectively, and ¢’ is the
angle of shearing resistance along the sliding surface. Since the shape
factor:

 cos(¢ — a)

S ;
cos@

©

is constant, the permanent displacement d of the block sliding along the
failure plane is computed as:

d = S‘d() (7)
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Fig. 12. Contours of shear strain rate at critical conditions (k;, = ky ) for full (a) and reduced (b) shear strength.

d, being the permanent displacement computed for the one-way sliding
along a horizontal plane.

The contour lines of Fig. 12 suggest a = 27°, with values of ¢’ = 36°
and ¢’* = 30° adopted when ignoring or considering shear strength
reduction (Table 5). The horizontal (dy, = d-cos «) and vertical (d, = d-sin
a) components of d were evaluated assuming the crest settlement u, be
equal to the maximum vertical displacement dy,max.

Despite the well-known coupling between the stratigraphic and the
topographic amplification effects (e.g. Rizzitano et al., 2014; Papadi-
mitriou, 2019), a simplified evaluation of ground motion amplification
in the embankment was obtained scaling the horizontal component of
the acceleration time histories by the topographic (St) and the strati-
graphic (Sg) amplification factors, as prescribed by the NTC18 (2018)
that adopts the same rules of Annex A of Eurocode 8-5 (Eurocode 8-5,
2003).

A value of the topographic factor St = 1.2 was adopted with refer-
ence to the slope of the shells only, as prescribed for ridges with crest
width significantly less than the base width and slope angles less than
30°.

The stratigraphic factor S is instead provided as a function of the soil
class, the target acceleration ag and the amplification factor F, of the
maximum spectral acceleration, the two latter being site dependent
parameters. For the case at hand, the soil class was defined by the
equivalent shear wave velocity Vg computed in the upper 30 m of the
dam body. To this purpose the average small-strain shear modulus (G,
ave) and soil density (p,ave) profiles needed to evaluate the profile of Vg =
(Go,ave/ pave)o'5 were obtained weighting the values of Gy and p of the ith
row of the model grid adopted in the FD analyses by the element width.
An equivalent shear wave velocity Vg = 353 m/s was obtained, this
corresponding to a soil of class C (medium-dense coarse-grained soil or
medium stiff fine-grained soil) with 180 m/s < Vg iy < 360 m/s for which
itis1 <S5=1,7-0,6-F, ag/g < 1.5. Accordingly, values of Ss = 1.268 and
1.114 were computed for the LLS (F, = 2.371, ag = 0.304 g) and the CLS
(Fo = 2.357, ag = 0.414 g), respectively.

For each of the selected seismic records both signs of the selected
acceleration time histories were considered with dy denoting the
maximum of the two computed displacements. The results of the New-
mark computations are shown with a full circle in Figs. 13-14 in terms of
horizontal (dy) and vertical (d,) permanent displacements, computed
ignoring (Fig. 13) or accounting (Fig. 14) for possible shear strength
reduction.

Irrespective of strength reduction and the limit state, the horizontal
and vertical displacements are generally dj, < 0.16 m and uc = dymax <
0.06 m, with the only exception of those evaluated using record #6 for
which the displacements induced by seismic shaking are about 1.5 times
higher (dh,max = 0.22 m and uc = dy max = 0.09 m).

It is worth noting that, since it is ay-Ss-St = 0.140 g and 0.182 g for
the OLS (F, = 2.501, a; = 0.078 g, Ss = 1.5) and the DLS (F, = 2.494, a4
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=0.101 g, Ss = 1.5), respectively, and in the worst case (ky, = — 0.5-ky) it
is kn, = 0.176 and ky, o* = 0.131, negligible displacement (less than 7

mm) were computed for the serviceability limit states.

7.3. Modified Makdisi & Seed procedure

In the Makdisi and Seed (1978) procedure the dynamic response of
the dam is taken into account through an acceleration coefficient f
defined as the ratio between the maximum value of an equivalent ac-
celeration acting in the sliding mass, ap ave, and the peak acceleration
Gmax,crest at the crest of the dam.

The displacement calculation is accomplished by two charts
providing p as a function of the normalised depth of the toe of the failure
surface (zy/Hg), while the normalised displacement d*(= d/[an,ave-T1) is
a function of the critical acceleration ratio ay/an ave and earthquake
magnitude M.

The reliability of this procedure depends on the evaluation of the
peak acceleration at the crest of the dam amax crest that is affected by a
number of uncertainties.

Originally, amaxcrest Was evaluated through an iterative procedure,
modelling the dynamic response of the embankment as a Bessel-series
approximation with strain-dependent elastic properties. However,
non-linear dynamic response of the dam and the foundation soils,
together with possible frequency coupling, can lead to crest accelera-
tions larger than those predicted by this procedure. Moreover, any dy-
namic analysis of higher complexity, for an accurate estimate of amax,
crest, conflicts with the intent of a simplified method (Bray, 2007).

Accordingly, the procedure proposed by Papadimitriou et al. (2014)
was adopted herein to evaluate amax crest, Sinice it accounts in a simple
way for the effects of non-linear soil behaviour and possible coupling
between non-linear period of dam (T7) and foundation (T}) soils and the
frequency content of the selected input motion, represented by its pre-
dominant period Tp. Also, T = T; was assumed to estimate the perma-
nent displacement d starting from the normalised values d* defined by
Makdisi and Seed (1978).

For each of the input motions selected for the two limit states, the
modified procedure was applied to the potential failure mechanism
detected in the upstream shell of the dam. Specifically: the maximum
free-field amax,fr and crest amax,crest accelerations, as well as the period of
the foundation soil T}, and its elastic value Tye, were related to the layer
of alluvial gravels (Hp = 7 m, V}, = 489 m/s); earthquake magnitudes M
= 6.5 and M = 7.5 were assumed for the LLS and the CLS, respectively;
for a safe estimate and to account for the variability of the acceleration
coefficient § given by the Makdisi & Seed charts, maximum values of
coefficient p were considered for each failure mechanism to compute ay,
ave:

Table 6 lists the values of computed peak crest acceleration amax,crest
together with the variables relevant to the procedure by Papadimitriou
et al. (2014). As an example, for the record #1 selected for the CLS (az =
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Fig. 13. Horizontal (dy) and vertical (d,) permanent displacements computed for the upstream slope with reference to the LLS (a) and the CLS (b), ignoring possible
reduction of shear strength.

17



G. Biondi et al. Engineering Geology 280 (2021) 105954

Bl Yecgian etal. (1991) [ | Tropeano etal. (2017) - k
[ ] Jibson (1993) I Bray and Travasarou (2007)
[ | Crespellani et al. (1998) I Rathje and Antonakos (2011)
I Saygili and Rathje (2008)
B Madiai (2009) - f ---- Rampello et al (2010)
[ Madiai (2009) - g ——— Biondi et al (2011) - i, average
I Biondietal. (2011)-h Makdisi & Seed (1978)
[ | Tropeanoetal. (2017) - | ° Conventional Newmark analysis
~ S~
) .

a)

d, (cm)
S
o

d, (cm)

80
70
60
50
40
30
20
10

0

b)

CLS

d, (cm)

0
10
20
30
40
50

d, (cm)

T T A |

Fig. 14. Horizontal (dy) and vertical (d,) permanent displacements computed for the upstream slope with reference to the LLS (a) and the CLS (b), accounting for the
soil shear strength reduction.

18



G. Biondi et al.

Table 6
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Horizontal and vertical permanent displacements computed through the combined Makdisi and Seed (1978) and Papadimitriou et al. (2014) procedures.

CLS (Tp/Tpe = 1.30)

LLS (Typ/The = 1.22)

record #1 #2 #3 #4 #5 #3 #4 #5 #6 #7
Ty / Tp 0.21 0.19 0.25 0.14 0.15 0.23 0.13 0.14 0.22 0.18
Amax,f (8) 0.433 0.430 0.441 0.422 0.424 0.323 0.310 0.311 0.320 0.315
T1/ Tre 0.891 0.804 1.063 0.586 0.632 1.063 0.586 0.632 0.991 0.816
Amax crest (8) 0.751 0.781 0.703 0.786 0.788 0.550 0.576 0.578 0.565 0.586
strength reduction Limit state M dy, (cm) dy, (cm)
No CLS 7.5 7.9-14.5 4.0-7.3
LLS 6.5 1.0-2.9 0.5-1.5
Yes CLS 7.5 19.5-35.7 9.8-17.6
LLS 6.5 3.0-7.5 1.5-3.8

0.414 g, T, = 0.359 5), according to Papadimitriou et al. (2014) it is Tpe
= 4-Hp/V, = 0.057 s and Tp,/Tpe = 1.30, this leading to a non-linear
period of the foundation soils equal to T, = 0.074 s. Also, since it is
Ty/Tp = 0.21 and T1e/T, = 0.891, the amplification ratio due to the
foundation soils is amay ft/ag = 1.046 (providing a maximum free-field
acceleration amaxff = 0.433 g) and T1/Tie = 1.861. Thus, the non-
linear period of vibration of the dam is T; = 0.596 s (with T;/T, =
1.659) and the dam amplification ratio iS Gmaxcrest/@max i = 1.734,
leading to a peak crest acceleration equal to @max crest = 0.751 g.

The same procedure was applied to all the selected ground motions
obtaining peak horizontal crest acceleration amay,crest in the range 0.703
g - 0.788 g and 0.550 g - 0.586 g for the CLS and the LLS, respectively
(Table 6). Herein, the maximum values amax,crest = 0.788 g (CLS, record
#5) and amax,crest = 0.586 g (LLS, record #7) were considered for a safe
estimate of permanent displacements.

For the mechanism detected in the upstream shell in the analyses
which account for the strength reduction (an, = 0.131 g, y/Hg ~ 0.5)
and with reference to the record #1 selected for the CLS, the Makdisi &
Seed charts provide a maximum value of the acceleration coefficient
Pmax = @h,ave/ Amax,crest = 0.740 (an,ave = 0.579 g) and, since ap ¢/an ave =
0.226, a normalised displacement d* ranging from about 0.12 to about
0.21, leading to a peak value of the permanent displacement d = 0.39 m
with horizontal and vertical components equal to dy = 0.35 m and dy, =
0.18 m, respectively.

The ranges of d and d, computed for the whole sets of seismic re-
cords selected for the two selected limit states (LLS and CLS) ignoring or
accounting for the strength reduction are given in Table 6 while
maximum computed values of dy, and d are plotted in Figs. 13-14 by a
black solid line.

For the LLS, permanent displacement dy, increases from 0.03 to 0.075
m when accounting for shear strength reduction, with a crest settlement
Ue = dy,max = 0.038 m (Fig. 14a); depending on the considered input
motion, these values are larger or smaller than those provided by the
conventional Newmark-type analysis: dj, = 0.02-+0.22 m and u; = dy,max
= 0.01+0.09 m (Fig. 14a).

Conversely, for the CLS (Figs. 13b, 14b) the horizontal and vertical
permanent displacements computed through the modified Makdisi &
Seed procedure proposed herein are d = 0.145 m and dy = 0.073 m
ignoring shear strength reduction, while, it is d, = 0.357 m and d, =
0.176 m accounting for it. A 20% reduction of the shear resistance then
results in an earthquake induced displacement about 2.5 times higher. In
this case, regardless the considered input motion, the conventional
Newmark-type analysis leads to smaller permanent displacements with
crest settlements u. = dy,max always lower than about 0.08 m (Fig. 14b).

7.4. Empirical relationships

Evaluation of permanent displacements was also performed using
thirteen empirical relationships proposed in the literature (Table 7);
they were derived by different sets of seismic records fitting the results
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of Newmark-type computations. Some of them (Yegian et al., 1991;
Jibson, 1993; Crespellani et al., 1998; Rampello et al., 2010; Saygili and
Rathje, 2008; Madiai, 2009; Biondi et al., 2011) can be considered as
appropriate for shallow and stiff landslides, while the others (Tropeano
et al., 2017; Rathje and Antonakos, 2011) account for soil compliance
via the decoupled approach in which the seismic motion is first evalu-
ated through one- or two-dimensional ground response analyses, and the
earthquake-induced displacements are then computed through a con-
ventional sliding-block analysis. The relationships by Bray and Trav-
asarou (2007) were also used, that are based on a coupled stick-slip
analysis and account for soil compliance and non-linear soil behaviour.
Some of the selected relationships have been widely used in the litera-
ture for a preliminary assessment of the seismic performance of dams (e.
g. Vecchietti et al., 2019) though in some cases underestimate actual
displacements observed in documented case-histories (Meehan and
Vahedifard, 2013).

Table 7 provides the standard deviation of the corresponding
regression model and the relevant symbols and notations. In the
analyses:

— the selected ground motions were amplified using stratigraphic and
topographic amplification factors Ss and St for relationships (a) to
(i), while only St was considered for relationships (j) to (m), that
inherently account for stratigraphic amplification;

— the seismic parameters needed in the relationships were computed
using the acceleration time-histories of the selected input motions;

— starting from the results of the probabilistic seismic hazard analysis
(NTC18, 2018) and for the considered soil class C, the period cor-
responding to the end of the constant spectral acceleration branch
was assumed T. = 0.614 and 0.596 for CLS and LLS;

— the predominant period T, was deduced from the smoothed Fourier
spectra (Fig. 8, Table 4);

— the fundamental period Ts was assumed equal to T; = 0.32 s (Cas-
cone et al., 2021);

— values of parameters A = 7.40, B, = 0.75 m and Ap, = —3.537, Bo, =
—1.269, needed in the relationships proposed by Rampello et al.
(2010) and Biondi et al. (2011) were assumed for both the CLS and
LLS assuming a soil class C and ag > 0.35 g.

The mean horizontal (dy) and vertical (dy) displacements computed
using the selected relationships are plotted in Figs. 13 and 14. Some of
them provide displacements greater than those evaluated by the New-
mark analysis and the modified Makdisi and Seed (1978) procedure. As
an example, for the record #1 selected for the CLS and for the analyses
which account for the strength reduction (Fig. 14), the empirical re-
lationships provide values of dy and dy up to 0.33 m and 0.17 m,
respectively. Conversely displacement components dy, = 0.02-0.22 m
and dy = 0.01+-0.09 m are evaluated using the conventional Newmark-
type analysis (§ 7.2) and dy, = 0.35 m with dy = 0.18 m are obtained
through the modified Makdisi and Seed (1978) procedure (§ 7.3).
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Table 7

Empirical relationships adopted to evaluate earthquake-induced displacements.

Proposed relationship

Rigid soil mass

Compliant soil mass

Yegian et al. (1991)

Jibson (1993)
Crespellani et al. (1998)

Rampello et al. (2010)

Saygili and Rathje (2008)

Madiai (2009)
Madiai (2009)
Biondi et al. (2011)

Biondi et al. (2011)

Tropeano et al. (2017)
Tropeano et al. (2017)

Bray and Travasarou (2007)

Rathje and Antonakos (2011)
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ap,c = kn,c-g: horizontal component of the yield acceleration
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T.: period evaluated according to NTC18 (2018)
Ts: fundamental period of the sliding mass
Sa(D): spectral ordinate of the selected record
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Agza, Bag: regression coefficients

0 72 1puOIg "D

¥S6S01 (I20Z) 08Z £30]025 SurpowiSug



G. Biondi et al.

In the analyses carried out for the LLS ignoring the shear strength
reduction (Fig. 13a), dy and dy are generally lower than about 0.17 m
and 0.07 m (#5), with the only exception of records #6 and #7 for
which dj, increases to 0.36 m (#7) and 0.50 m (#6) with the largest crest
settlement ue = dy,max = 0.20 m (#6).

Records #6 and #7 are still the most severe when accounting for
reduction of shear strength (Fig. 14a), with horizontal displacement
increasing to about dy = 0.73 m and the maximum crest settlement u, =
0.30 m. Irrespective of possible reduction of shear strength, for all the
LLS records the highest permanent displacements are computed by the
relationship proposed by Madiai (2009) that uses the Arias intensity I
and the destructiveness potential factor Pp. Then, the larger displace-
ments obtained from records #6 and #7 can be ascribed to their high
energy content in addition to their long duration Ds.g5 and large number
of equivalent loading cycles Neq (Table 7). This is consistent with the
results of Pagano and Sica (2013) which identified the Arias intensity as
a proper parameter to be used as a cause variable in arranging cause-
effect relationships for dams subjected to large earthquakes.

Possible coupling between the vibration frequencies of the dam (T
= Tye =~ 0.3 s) and the frequency content of ground motions #3, #6 and
#7, (T, =~ 0.3-0.4 s), cannot be appreciated by a sliding analysis of a
rigid block so that the large displacements computed using the re-
lationships by Yegian et al. (1991) and Jibson (1993) can only be
ascribed to the high values of Neq and I of record #6 (Table 4). On the
whole, in the worst case (#6), the highest crest settlement computed for
the LLS is u. = 0.30 m, that is substantially lower than the dam freeboard
(2.0 m). Moreover, the corresponding normalised crest settlement u.,/H
= 0.54% is lower than the threshold value of 1.25% associated to
possible occurrence of a LLS (Aliberti et al., 2019).

Greater permanent displacements have been generally computed for
the CLS both ignoring (Fig. 13b) or accounting (Fig. 14b) for possible
shear strength reduction. In the first case (Fig. 13b), the vertical and
horizontal permanent displacements are generally lower than about
0.18 and 0.35 m, respectively, with the only exception of those
computed using record #2. Depending on the empirical relationships,
the higher value of dy is in the range of 0.26 to 0.42 m, while d, =
0.13-0.21 m, records #2 and #5 being the most critical. When ac-
counting for earthquake-induced strength reduction (Fig. 14b), the
largest displacements are obtained using the relationship by Bray and
Travasarou (2007) with record #2: dy, = 0.55 m and d, = 0.28 m.

This result cannot be attributed to dynamic coupling between the
vibration period of the dam (T; = T1e ~ 0.3 s) and the predominant or
mean period of record #2 (T, ~ Ty, ~ 0.4 s) in that similar periods (T, ~
0.30-0.36 s, Ty =~ 0.29-0.37 s) also characterise records #1 and #3 that,
however, provided significantly lower displacements (dy, = 0.15-0.33 m,
dy = 0.07-0.17 m, Fig. 14b). Conversely, it can be ascribed to the
moment magnitude (M,, = 6.9) of the corresponding seismic event,
whose effect is explicitly accounted for in the relationship by Bray and
Travasarou (2007).

For all the remaining records, the larger permanent displacements
are provided by the relationship proposed by Madiai (2009) with higher
values computed using records #2, #4 and #5 characterised by the
higher Arias intensity I, and destructiveness potential P4 (Table 4). For
the CLS also, the largest crest settlement induced by earthquake loading
(ue = 0.28 m) is much lower than the freeboard of the dam and is lower
than the threshold value of 1.0 m which was associated to a major
damage by Seed (1979) and Hynes-Griffin and Franklin (1984). The
corresponding normalised crest settlement, u.,/H = 0.51%, is lower than
the threshold value 2.5% associated to the achievement of a CLS (Ali-
berti et al., 2019).

8. Concluding remarks
Many large dams were designed before the establishment of a seismic

code, so that the assessment of their seismic performance and the
maintenance of post-seismic operational conditions is an important
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issue. In this paper, the seismic performance of the San Pietro dam has
been evaluated using conventional methods of analysis with reference to
the possible occurrence of a Life Safety or a Collapse Limit State. Spe-
cifically, the paper describes the procedure adopted to select two sets of
input ground motions for each ultimate limit state and the results of
screening-level seismic analyses based on a numerical model of the dam
calibrated against the settlements of the dam monitored during
construction.

The input motions were defined in terms of acceleration time-
histories using a compatibility criterion to match the amplitude and
the frequency content of proper target motions in an interval of vibra-
tion periods relevant for the non-linear response of the dam. These, in
turn, were defined through a close scrutiny of the data derived from
historical seismicity at the dam site and a review of the most recent
probabilistic seismic hazard analysis available for the same site. For each
of the limit state to be checked, proper performance indexes were
considered in terms of threshold values of the crest-settlement ratio.

The seismic critical coefficient adopted in the screening level ana-
lyses was evaluated through pseudo-static analyses performed with the
finite difference method. Critical conditions identified shallow plastic
mechanisms activated on the upstream slope.

Earthquake-induced permanent displacements were evaluated using
appropriate shape factors, through a series of simplified Newmark-type
computations. These involved conventional rigid-block sliding analysis,
the Makdisi and Seed procedure modified to better estimate the crest
acceleration and some empirical relationships available in the literature.

The screening-level analyses provided scattered results depending on
the seismic parameters selected to compute the displacement induced by
seismic shaking, with maximum vertical and horizontal crest displace-
ments of 0.20-0.30 m and 0.50-0.73 m, respectively.

As it could be anticipated, much greater displacements were
computed using empirical relationships in which the energy content of
seismic shaking is accounted for together with its duration, thus iden-
tifying the empirical relationships capable to provide a safe estimate of
earthquake-induced displacements. Moreover, the analyses pointed out
that possible 20% reduction of shear strength results in about 2.5 times
larger displacements, again stressing the crucial relevance of a reliable
geotechnical characterisation.

For both the ultimate limit states considered in the analyses, and
even considering possible reduction of shear strength induced by
earthquake loading, all simplified procedures provided crest settlements
lower than the available freeboard and crest-settlement ratios lower
than those corresponding to the attainment of both a Life and a Collapse
Limit State.

All the analyses presented in the paper pointed out the relevant role
of earthquake-induced shear strength reduction possibly occurring in
the soils of the dam and also highlighted the need of further refinements
and higher-level analyses (Cascone et al., 2021) to evaluate the influ-
ence of the vertical component of ground motion and of excess pore
pressures on the magnitude of earthquake-induced dam displacements.
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