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Abstract

Seismic performance of slopes can be assessed through displacement-based procedures
where earthquake-induced displacements are usually computed following Newmark-type
calculations. These can be adopted to perform a parametric integration of earthquake
records to evaluate permanent displacements for different slope characteristics and seis-
mic input properties. Several semi-empirical relationships can be obtained for different
purposes: obtaining site-specific displacement hazard curves following a fully-probabilistic
approach, to assess the seismic risk associated with the slope; providing semi-empirical
models within a deterministic framework, where the seismic-induced permanent displace-
ment is compared with threshold values related to different levels of seismic performance;
calibrating the seismic coefficient to be used in pseudo-static calculations, where a safety
factor against limit conditions is computed. In this paper, semi-empirical relationships are
obtained as a result of a parametric integration of an updated version of the Italian strong-
motion database, that, in turn, is described and compared to older versions of the data-
base and to well-known ground motion prediction equations. Permanent displacement is
expressed as a function of either ground motion parameters, for a given yield seismic coef-
ficient of the slope, or of both ground motion parameters and the seismic coefficient. The
first are meant to be used as a tool to develop site-specific displacement hazard curves,
while the last can be used to evaluate earthquake-induced slope displacements, as well as to
calibrate the seismic coefficient to be used in a pseudo-static analysis. Influence of the ver-
tical component of seismic motion on these semi-empirical relationships is also assessed.
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1 Introduction

Stability of a slope subjected to seismic loading depends on slope and earthquake charac-
teristics. Attainment of limit conditions can be mainly ascribed to seismic-induced iner-
tial forces acting in the unstable mass and/or to a decrease of the shear strength induced
by pore water pressure build-up (Di Filippo et al. 2019) and cyclic degradation of shear
strength parameters (Bandini et al. 2015). Inertial forces induce permanent displacements
accumulating until the end of the seismic event, while a decrease in the shear strength can
result in slope collapse occurring in post-seismic conditions.

Focusing on the effects of seismic-induced inertial forces, seismic performance of slopes
can be assessed in terms of the permanent displacement attained at the end of the seismic
event, through dynamic analyses (Rathje and Cho 2019), displacement-based analyses (Ji
et al. 2020) and either limit-equilibrium (Saade et al. 2016) or limit-analysis (Ausilio et al.
2000) force-based computations. These methods primarily differ in complexity and in the
representation of the seismic action. While dynamic analyses can be quite complex and
time-consuming, in limit-equilibrium analyses seismic-induced inertial forces are repro-
duced in a quite crude fashion through the pseudo-static approach. Hence, the well-known
displacement-based Newmark’s method (1965) can be deemed a good compromise both in
terms of accuracy and complexity, particularly for shallow sliding surfaces, for which the
assumption of rigid behaviour is typically adequate. In contrast, in the presence of deep
sliding surfaces deformabililty of the unstable soil mass should be considered (Rathje and
Antonakos 2011; Tsai and Chien 2016).

After parametrically integrating a set of acceleration time histories, several empirical
relationships based on the Newmark’s method are available in the literature. Using these
models, the seismic performance of a slope can be estimated through the permanent dis-
placements induced by earthquake loading, computed as a function of some ground motion
parameters and the slope yield seismic coefficient , (Saygili and Rathje 2008; Fotopou-
lou and Pitilakis 2015): this latter is the seismic coefficient for which the pseudo-static
factor of safety (Fg) of a given slope is equal to unity. The models mainly differ in the
adopted seismic database and in the selected functional form. These semi-empirical rela-
tionships are typically used to develop site-specific displacement hazard curves when a
fully-probabilistic approach is followed (Rathje and Saygili 2011; Rathje et al. 2014; Du
and Wang 2016; Macedo et al. 2018; Wang and Rathje 2018; Macedo and Candia 2020).
In this approach, the aleatory variability of both ground motion properties and resulting
displacements is explicitly taken into account. However, due to the inherent complexity
of this procedure, these variabilities are typically neglected or not treated rigorously, thus
following either a deterministic or a semi-probabilistic approach (Rathje and Saygili 2008),
as already done in several studies (e.g. Jibson 2007) when a screen analysis (Stewart et al.
2003) is meant to be performed. Much more frequently adopted in common practice is
the pseudo-static approach, where the inertial forces acting in the slope are represented
via constant static-equivalent forces proportional to the self-weight of the unstable mass
through the seismic coefficient k. In the framework of the performance-based design, the
seismic coefficient can be calibrated against the seismic performance desired for the slope,
typically expressed in terms of threshold permanent displacements, d,. This procedure has
been widely adopted in the literature for applications to slopes (Bray and Travasarou 2009;
Rampello et al. 2010; Biondi et al. 2011; Bray et al. 2017), earth dams (Seed 1979; Hynes-
Griffin and Franklin 1984), solid-waste landfills (Bray et al. 1998), hillside residential and
commercial developments (Stewart et al. 2003), mountain reservoirs (Veylon et al. 2017)
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and retaining walls (Biondi et al. 2014; Gaudio et al. 2018a, b, 2021). In this approach, the
seismic performance of the slope is still evaluated applying the force-based pseudo-static
approach, in which the equivalent seismic coefficient k is the critical seismic coefficient
that corresponds to a threshold or limit displacement d,.

In this paper, well-known semi-empirical relationships are updated by performing a
parametric integration of a new version of the Italian seismic database, this covering the
time frame 1972-2017 and thus including the seismic records of recent destructive seismic
events (2009 L’Aquila, Maugeri et al. 2011; 2012 Emilia, Mucciarelli and Liberatore 2014,
de Nardis et al. 2014; and 2016 Central Italy seismic sequences, Mollaioli et al. 2018; Luzi
et al. 2019).

The article is organised as follows. The main characteristics and the most significant
ground motion parameters of the new Italian seismic database are firstly presented and
compared to those obtained in a previous version of the database (SISMA 2008; Scasserra
et al. 2008) and to the ones computed with widely-used ground motion prediction equa-
tions (GMPEs). Then, semi-empirical models for predicting permanent displacements are
developed. One (scalar) and two (vector) ground motion parameter empirical models are
obtained, adapting the ones recently proposed by Rathje and Cho (2019) to the Italian seis-
micity. Furthermore, upper-bound semi-empirical relationships are derived, in the func-
tional form proposed by Ambraseys and Menu (1988), thus linking permanent displace-
ments d to the ratio between the yield and the maximum seismic coefficient, k/k,,,,, where
kmax=PGA/g and PGA is the peak ground acceleration. Influence of the vertical compo-
nent of seismic motion on these relationships is also assessed. The seismic coefficient %,
used in pseudo-static calculations, is therefore computed for given threshold values of per-
manent displacements d, assuming different subsoil classes and acceleration levels. Differ-
ent semi-empirical relationships are finally provided where permanent displacements d are
expressed as a function of other ground motion parameters in addition to the ratio ky/ki,,
such as PGA, the mean period T, the significant duration Ds_o5 (Tropeano et al. 2017) and
the Arias intensity I, (Jibson 1993, 2007; Chousianitis et al. 2014), identifying the most
convenient models to evaluate earthquake induced displacements.

The results of this study can be mainly used for hazard mapping or to perform screen
analyses (Stewart et al. 2003) for slopes located on the national territory based on an
updated version of the Italian seismic database.

2 Seismic database

Accelerometric records used in this study are referred to a time window between
14/06/1972 and 27/04/2017. Records related to the period 14/06/1972 to 31/12/2015 were
extracted from the database ITACA (ITalian ACcelerometric Archive v.2.1, Luzi et al.
2016a) while those from 01/01/2016 to 27/04/2017 were obtained from the ESM database
(Engineering Strong-Motion, Luzi et al. 2016b). This database, named ITACA + ESM_2017
in the following, includes 947 records of 207 seismic events with moment magnitude
M, >4, peak ground accelerations PGA >0.05 g, epicentral distance R,,<100 km, and
focal depth z;, <45 km, recorded by 297 stations located throughout the national territory.
Values of the local magnitude M| are available for 203 seismic events, while the
moment magnitude M, is known for 141 events. Epicentral distance R,,, and focal depth z;,
are known for all records, while Joyner and Boore distance, Rz, (Joyner and Boore 1981)
is known for 309 records. For the records with magnitude greater than 6, Joyner and Boore
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distance R;z was computed through the empirical relationship proposed by Malagnini and
Montaldo (2004), as a function of the epicentral distance Rep:

Ryp = —3.5525 + 0.8845 - R, )

Since this relationship is valid for superficial magnitude M, > 6, that is not available, it was
assumed M, = M, according to Idriss (1985), thus using Eq. (1) for M, > 6.

Information about the subsoil class identified by the classification provided by Eurocode
8, Part 1 (CEN 2003) is available for each station. The subsoil class is attributed on the
basis of the average shear wave velocity in the upper 30 m, V 3, or, in the absence of such
data, on surface geological categorisation (Felicetta et al. 2017). The records were divided
into five groups: rock or rock-like subsoil, with V, 3,>800 m/s (class A), dense granular
and stiff cohesive subsoil, with V; 35 = 360-800 m/s (class B), medium dense granular and
medium stiff cohesive subsoil, with V, 35 = 180-360 m/s (class C), loose granular and soft
cohesive subsoil, with V 55 < 180 m/s (class D) and subsoils with V; values of class C or D
and thickness of 5 to 20 m underlain by stiffer material with V,>800 m/s (class E). When
only geological data were available, subsoil categories were identified by symbols A", B,
C*, D", E". About 13% of the records (123) were attributed to subsoil class A, 49.5% (469)
to subsoil class B, 31% (294) to subsoil class C, 1.5% (14) to subsoil D, and 5% (47) to
subsoil E. Due to the scarce number of records assigned to subsoil classes D and E, these
were considered as a single subsoil group together with subsoil class C, as already done
in previous works (e.g. Rampello et al. 2010), and identified as soft soils in the following.

The database provides three acceleration time histories for each record: two horizontal
components, related to the North—South and East—West directions, and one vertical compo-
nent, relative to the Up-Down direction.

Characteristics of the database are described in Table 1 and in Figs. 1, 2 and 3: these
were obtained by processing all the records as well as using the ESM-flatfile_2017
(Lanzano et al. 2017). Ground motion parameters describing both horizontal and ver-
tical acceleration time histories are given in the Appendix 1. For each subsoil class,
Table 1 shows the minimum and maximum magnitudes M, the focal depth z;, and

Table 1 Parameters of the seismic events considered in this study

Subsoil class  n.reg My My, z;p (km) R,&km) TF NF S§ U n.a
A 13 41-65 4.1-69 43-221 14-369 1 10 1 1

A* 110 4-6.1 4-6.5 0.9-30 0.7-89.9 1 83 11 15
A+A* 123 4-6.5 4-69 0.9-30 0.7-89.9 2 93 12 16

B 150 3.6-6.5 4-6.9 345 1.2-78.4 33 95 9 13

B* 319 3-6.1 4-6.5 1-245 0.6-90.4 13238 15 48 5
B+B* 469 3-6.5 4-6.9 145 0.6-90.4 46 333 24 61 5
Cc 54 3.7-6.4 45-65 3-29 2.8-95.3 25 14 8 7

Cc* 240 4-6.4 4-6.5 0.9-30 0.4-81.5 97 95 11 37
C+C* 294 3.7-6.4 4-6.5 0.9-30 0.4-953 122 109 19 44

D 14 3.7-6.1 43-65 0.9-92 2.4-50.3 9 5

E 47 4-6.1 42-65 0.1-14 1.3-73.9 37 5 5

All 947 3-6.5 4-6.9 0.1-45 0.4-953 170 581 65 126 5

n.reg.: number of registrations; TF: reverse fault, NF: normal fault, SS: strike-slip fault, U: oblique reverse
fault, n.a.: not available
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Fig. 1 Comparison between SISMA 2008 and ITACA + ESM_2017. Distribution of: a number of events and
b records versus local magnitude; ¢ number of events versus focal mechanism
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the focal mechanism of the seismic events. Values of local magnitude M; =3 to 6.5,
moment magnitude M, = 4 to 6.9 are obtained for all subsoil classes with a maximum
focal depth z;;, = 45 km and an epicentral distance R,,=95.3 km. Most registrations
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Fig.3 Ground motion characteristics of the updated seismic database: a, b moment magnitude, ¢ peak
ground velocity, d Arias intensity, e mean period, and f spectral acceleration at 1.5T

(581, 61.3%) are characterised by a normal focal mechanism (NF), while the registra-
tions with reverse (TF), oblique reverse (U) and strike-slip (SS) fault mechanisms are
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170 (18%), 126 (13.3%) and 65 (6.9%), respectively. Focal mechanism is not available
for 5 (0.5%) registrations.

Figure 1 shows the distribution of the number of events (a) and records (b), as a func-
tion of the local magnitude M;, and of the number of events as a function of the focal
mechanism (c) for the ITACA + ESM_2017 and for the SISMA 2008 (Scasserra et al. 2008)
databases, the latter including 247 records of 89 Italian seismic events recorded by 101
stations in the period 1972-2002. For the seismic databases mentioned above, the maxi-
mum number of events is obtained for local magnitude M| in the range of 3.5 to 4.5 (102
for ITACA+ESM_2017 and 45 for SISMA), while the maximum number of records is
obtained for M; =4.5-5.5 (444 for ITACA+ ESM_2017 and 96 for SISMA).

As expected, the number of seismic events and records of ITACA + ESM_2017 database
is higher than the one of SISMA database, except for lower local magnitudes M; =2.5-3.5,
since ITACA + ESM_2017 database includes events with M, >4 only.

The relative frequency distribution of moment magnitude M, (a), peak ground
acceleration PGA (b), mean period T,, (c) and significant duration Dsgs (d) of the
ITACA + ESM_2017 database is shown in Fig. 2 for the three subsoil classes: rock-like (A),
stiff (B) and soft soils (C, D, E). For all the three subsoil classes, modal moment mag-
nitude is between 4.5 and 5.5 (Fig. 2a), typical of most aftershock records of the main
Italian seismic sequences (Tropeano et al. 2017). For the horizontal acceleration time his-
tories, the most frequent peak acceleration (Fig. 2b) falls between 0.05 and 0.1 g, while
the modal value of mean period T, (Fig. 2c) is between 0.2 and 0.4 s. Significant duration
Ds_y5 (Fig. 2d) shows the modal value between 3 and 6 s for the rock-like and the stiff sub-
soil classes, and between 6 and 12 s for soft subsoils.

In Fig. 3 the moment magnitude M,, is plotted against the epicentral (Fig. 3a) and
Joyner and Boore (b) distances, while peak ground velocity PGV (c), Arias intensity 1, (d),
mean period T,, (¢) and spectral acceleration Sa(1.57), computed at the degraded period
1.57, (f), are plotted against peak ground acceleration PGA. A fundamental period of the
slope T,=0.19 s was assumed to compare Sa(1.57,) to the values recently presented by
Rathje and Cho (2019). As expected, increasing values of peak ground velocity PGV, Arias
intensity I, and spectral acceleration Sa(1.57) are obtained for increasing PGA, while no
remarkable influence on the mean period T, is detected.

The most significant ground motion parameters were compared with attenuation curves
obtained from widely used ground motion prediction equations (GMPEs). For the sake of
brevity, only the figures related to the horizontal components of seismic motion recorded
on stiff soils (subsoil class B) during strong earthquakes (magnitudes M=5.5-6.9) are
shown in the following, unless otherwise specified.

The curves obtained from the GMPEs proposed by Sabetta and Pugliese (1996) (Fig. 4a)
and Ambraseys et al. (2005) (Fig. 4b) are plotted in Fig. 4 together with the peak horizon-
tal acceleration derived from the seismic records. In each graph, the median curves and
median curves + 1/2 ¢ of the GMPEs are plotted, where o is the standard deviation of the
error. The curves proposed by Ambraseys et al. (2005) are given for three different focal
mechanisms (Fy for normal faulting earthquakes, F for thrust faulting earthquakes and Fy
for odd faulting earthquakes). Points related to events whose Joyner and Boore distance is
calculated through the empirical relationship proposed by Malagnini and Montaldo (2004)
are represented in grey. It turned out that points belonging to the ITACA + ESM_2017 data-
base can be reliably predicted by the attenuation laws. Specifically, PGA values lay between
the curves proposed by Sabetta and Pugliese (1996) for magnitudes M =5-7, except for 15
out of 144 (about 10%) seismic events exceeding the curve M =7 for epicentral distances
R.,>8 km and just 1 plotting below the p—o/2 curve with M=5. Similarly, most of the
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Fig.4 Comparison between the peak ground horizontal accelerations recorded on stiff soils
(ITACA+ ESM_2017 database) and those computed using the GMPEs proposed by: a Sabetta and Pugliese
(1996) and b Ambraseys et al. (2005)

points (105 out of 126, equal to the 83%) representing the ITACA + ESM_2017 database
plot between the curves proposed by Ambraseys et al. (2005) for magnitudes M =6-7, in
the whole range of considered Joyner and Boore distances (R;z=0.7-80 km) and particu-
larly for high values of R;g (=20 km). The reduced, but not negligible amount of data
points plotting outside the range located by the attenuation laws, 10% and 17% with respect
to Sabetta and Pugliese (1996) and Ambraseys et al. (2005), respectively, can be attrib-
uted to the different adopted databases: Sabetta and Pugliese (1996) referred to an old
Italian database, Ambraseys et al. (2005) used a European database with M, >5, while
ITACA + ESM_2017 includes the most recent Italian seismic events.

Figure 5 shows the comparison between the attenuation laws proposed by Sabetta and
Pugliese (1996) (Fig. 5a), Kayen and Mitchell (1997) (Fig. 5b) and the values of Arias
intensity I, derived from the records. Note that a different definition of /, is adopted in the
equation proposed by Sabetta and Pugliese (1996), as follows:

I, = / a(h’dt 2)

For the GMPE proposed by Sabetta and Pugliese (1996) the maximum Arias intensity of
the horizontal components was considered, while for the GMPE provided by Kayen and
Mitchell (1997) the sum of the two values of the horizontal components was used. Most
of the points representing the ITACA+ ESM_2017 database lie between the area enclosed
by the attenuation curves in this case too: 119 out of 144 (about 83%) values of Arias
intensity plot between the curves when comparing with the GMPE by Sabetta and Pugliese
(1996), especially for epicentral distances R.,>4 km (Fig. 5a). A bit worse agreement is
obtained with the relationship by Kayen and Mitchell (1997) (Fig. 5b), as 23 points out of
107 (=~ 21%) plot below the range detected by the attenuation laws.

The computed values of mean period T, and significant duration Ds o5 are compared
in Fig. 6 with the GMPEs proposed by Rathje et al. (2004) and Kempton and Stewart
(2006), for magnitudes M =6-6.5. These relationships were developed for the rock-like
subsoil class only. The comparison is also made with the GMPEs provided by Tropeano et
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and Tropeano et al. (2017); b Kempton and Stewart (2006) and Tropeano et al. (2017)

al. (2017) that reworked these relationships using the Italian database SISMA 2008. Fig-
ure 6a shows that 8 out of 31 points (about 26%) representing the mean period 7, of the
ITACA +ESM_2017 database fall just out of the range detected by the median+oc curves
provided by Tropeano et al. (2017). On the contrary, the values of significant duration D5 g5
obtained from the records agree with all the median curves proposed by the mentioned
Authors, also capturing the increase of the significant duration with the Joyner and Boor
distance.

To consider records significant for triggering sliding phenomena, a screening cri-
terion of seismic records was introduced to predict permanent displacements with the
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rigid sliding-block model (Newmark 1965). According to Keefer and Wilson (1989),
seismic events to be excluded from the database are those recorded at a source-to-site
distance above the upper-bound curve shown in Fig. 7. The ITACA+ ESM_2017 data-
base includes 5 magnitude-distance pairs plotting slightly above this upper-bound curve,
corresponding to 7 horizontal acceleration time histories (2 for subsoil class A, 1 for
class B and 4 for group C, D, E). However, these time histories were not excluded in
the end, as this would not involve significant changes in the results of the sliding-block
analyses shown in the following.

3 Evaluation of seismic-induced permanent displacements

Permanent displacements induced by seismic actions were evaluated through a para-
metric integration of the acceleration time histories included in the database described
in Sect. 2, i.e. by computing the seismic-induced permanent displacements through a
double-integration of the equation of relative motion, as discussed below, for different
values of some parameters characterising the seismic input (e.g. PGA) and the seismic
resistance of the slope (e.g. the yield seismic coefficient k). To this end, the rigid-block
model sliding on a horizontal plane (Newmark 1965) was adopted (Fig. 8) both account-
ing for and ignoring the vertical component of ground motion. If the time history of the
vertical seismic coefficient, k, (), is considered, the slope resistance to earthquake load-
ing, represented by the yield seismic coefficient, k, is not constant during the analysis
as it becomes a function of time (Fig. 9). In this study, a simple though useful relation-
ship to evaluate the yield seismic coefficient k() in the presence of k,(7) is adopted fol-
lowing the formulation proposed by Sarma and Scorer (2009):

ky (1) = [1 - kv(t)] “ky,=0) 3)

where ky. g, is the seismic yield coefficient computed in the absence of the vertical com-
ponent. Equation (3) indicates that the yield coefficient k,, evaluated considering the verti-
cal component of ground motion, can be either higher or lower than k,, _¢), depending on

Fig.7 Screening of significant 1000 g rr T T T T T
N . ts for slopes B Keefer and Wilson (1989) E
seismic events slopes 1 o Rock 1
4 STIFF SOIL 4
100 - SOFT SOIL i
3 points above the upper-bound curve 3
4 o ROCK 9
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_g 7 SOFT SOIL i LJ
= 10 3 v
x 7 LS 7
] o] a
1 4 =
] i ]

0.1 1 \ \
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Fig.8 Scheme of rigid sliding-
block model ( adapted from
Rathje et al. 2014)

Fit) = aft)/g - W
-—>

A
<« o>

Fig.9 Time histories of horizon-
tal and yield accelerations

k=alg

the sign assumed by &, (f): k,> 0 is directed opposite to gravity, then reducing the available
seismic resistance.

Permanent displacements were evaluated via double integration of the equation of rela-
tive motion of the rigid block, that can be written as (Michalowski and You 2000)

L

dit)y=C- / / [kh(t) - ky(t)] ~g-dtg-dt @)

0 0

where k;(7) is the time history of the horizontal seismic coefficient, g=9.81 m/s? is the
gravitational acceleration, T} is the duration of the seismic input and C is a shape factor
that accounts for the shape of the sliding surface. Referring to the simple scheme of infi-
nite slope, the permanent displacement accumulated in the direction of the planar sliding
surface can be evaluated using the following expression for the shape factor C (Crespellani
et al. 1998):

_ cos(@' - )

cos(@’) )

where @' is the angle of shearing resistance and f is the angle of slope inclination with
respect to the horizontal. It is worth mentioning that Eq. (5) holds also to soils with effec-
tive cohesion ¢’ #0. Typical and stable configurations are related to values of ¢’ and f in
the range 22°-28° and 5°-20°, respectively, thus providing values of the shape factor C
ranging between 1.03 and 1.12, close to unity. Hence, in calculation of permanent displace-
ment a shape factor C=1 was assumed without loss in generality.
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Integration was carried out in the time intervals where the horizontal seismic coeffi-
cient, k(7), is greater than the yield seismic coefficient, ky(t) (Fig. 9), and in all time
instants when the relative velocity of the sliding block is positive. A null relative velocity
was obtained at the end of the integration procedure by adding a set of n zeros to the origi-
nal time history of horizontal seismic coefficient, k, (), n being the initial number of points
of k, (1), this not affecting any ground motion parameter characterising the seismic input,
such as its amplitude, frequency content or strong motion duration.

The parametric integration was carried out considering both signs of the acceleration
time histories, assuming the maximum computed displacement as the slope displacement
related to that seismic input. Influence of the vertical component of ground motion was
observed to be negligible on the semi-empirical models developed in the following.

4 Semi-empirical models for predicting slope displacements
4.1 One and two-ground motion parameters models

Permanent displacements of slopes obtained through Newmark-type computations are first
expressed as a function of ground motion parameters for a given value of the yield seismic
coefficient. Following Rathje and Cho (2019), one or two ground motion parameters (GM)
are used to derive the following expressions:

Ind)=Ay+A, - In(GM,) +c -t ©6)

In(d)=Ay+A, -In(GM,) +A, -In(GM,) +c -t (7)

where d is the displacement in units of cm, Ay, A, and A, are regression coefficients, GM,
and GM, are the ground motion parameters, ¢ is the standard deviation of the model and
t is the reciprocal value of the normal standard distribution related to a generic level of
confidence (=0 for median curves, here adopted). Displacements computed in these semi-
empirical relationships are obtained ignoring the vertical component of seismic motion;
moreover, only displacements greater than 1 cm are taken into account to derive the regres-
sion coefficients, thus limiting the number of records used to 120, that is similar to the
number of records considered by Rathje and Cho (2019) (105). Although the permanent
displacements and the computed equations are sensitive to the assumed yield seismic coef-
ficient ky, for the sake of comparison, the same value k,=0.12 as that adopted by Rathje
and Cho (2019) is here assumed for the yield seismic coefficient in the integration of the
Italian seismic database.

Computed displacements are plotted in Fig. 10 as a function of five ground motion
parameters (PGA, PGV, I, T,, and Sa(1.5T)), together with the relevant best-fit curves and
the values of the standard deviation o. Table 2 lists the regression parameters, together with
the standard deviation of the model ¢ and the coefficient of determination R*. Increasing
permanent displacements d are obtained for increasing values of all the considered seismic
parameters. Among the one-parameter models, the smallest standard deviation (6 =0.535)
is obtained using /,, that describes intensity, frequency content and duration of the ground
motion, thus resulting the most efficient parameter. The standard deviation of PGV model
(6=0.581) is slightly larger than the one computed using the Arias intensity. However,
the PGV model may result in a simpler use in that PGV can be evaluated using one of
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Fig. 10 Single Ground Motion Parameter semi-empirical relationships, where permanent displacement is
expressed against: a peak ground acceleration, b peak ground velocity, ¢ Arias intensity, d mean period,

and e spectral acceleration at 1.57 (120 records)
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Table2 Regression parameters for displacement models using different ground motion parameters and
ky =0.12 (d> 1 cm): in brackets the results obtained by Rathje and Cho (2019)

Ground motion A (cm) A, A, A/A, 6 (cm) R?

parameter

PGA (g) 3.037 (4.14) 1.638(1.16) - - 0.806 (0.636) 0.305

PGV (cm/s) —3.421(-1.09) 1476(1.16) - - 0.581 (0.483) 0.638

I, (m/s) 1.346 (2.83) 1.253(0.78) - - 0.535 (0.420) 0.694

T, (s) 2.096 (2.67) 0.736 (0.53) - - 0.898 (1.149) 0.414

S.(1.5T) (g) 1.791 3.31) 1446 (1.15) - - 0.740 (0.683) 0.137

PGA (g), PGV —-1.710(0.72)  1.196 (0.50)  1.320(0.82) 0.91(0.61)  0.441(0.391) 0.794
(cm/s)

PGA (g), T,,, (s) 5.139 (5.05) 2421(1.29) 1.360(0.97) 1.78(1.33)  0.528 (0.396) 0.704

PGA (g), 1, (m/s) 1.461 (2.36)  0.113 (=0.39) 0.216 (1.01) 0.52(=0.39) 0.536 (0.403) 0.695

I, (m/s), PGV —1.637 (1.02) 0.857(0.48)  0.919 (0.55) 0.93(0.87)  0.347(0.314) 0.872
(cm/s)

I, (m/s), T, (s) 2.047 (3.25) 1.250(0.79)  0.726 (0.56) 1.72(1.41)  0.403 (0.298) 0.827

the several Ground Motion Prediction Equations (GMPEs) available in the literature.
Moreover, GMPEs developed for Arias intensity /, may be affected by a higher epistemic
uncertainty than that of GMPEs built for PGA or PGV, this resulting in a higher stand-
ard deviation of the model (Campbell and Bozorgnia 2012; Douglas 2012). The standard
deviation related to PGA, Sa(1.5T,) and T,, models is larger than 0.7: this is because PGA
and Sa(1.57,) do not account for the frequency content of ground motion, while the mean
period T, does not consider its intensity.

Considering the two ground motion parameter models, the lowest values of standard
deviation are computed when considering the 1,-T,, and the /,-PGV models, with values of
6=0.403 and 0.347, respectively. The standard deviation related to other pairs of parame-
ters (PGA-PGV; PGA-T,,; and PGA-1,) are about equal to 0.5, similar to the value obtained
for the single parameter I, model (6=0.535). The smaller standard deviation computed
using the couples I,-T,, and I,-PGV results from the information on the frequency content
provided by either T, or PGV. Similar values of ¢ computed for the two parameters (PGA,
1,) and one parameter (/,) models suggest that information about intensity provided by
PGA is already represented by /, so that data scattering is not reduced by adding PGA.

Based on the computed standard deviation, the best one-parameter model is the 7,
model with a value of ¢ similar to those computed for most of the two-parameter models.
The best two-parameter models are the /,-T,, and /,-PGV models, characterised by val-
ues of ¢ about 25% and 35% smaller than that of the /, model. However, the main issue
in using these three models consists in the lack of hazard maps for expected, site-specific
values of I, and T,,. Therefore, the PGA-PGV model may be preferred to the previous ones
due to the fact that several ground motion models are available for PGA and PGV (e.g.
Rathje and Cho 2019).

Regression parameters and standard deviations computed by Rathje and Cho (2019) are
also listed in Table 2: the intercepts A, are always larger than those obtained in this study,
due to the larger computed permanent displacements, except for what obtained in the PGA,
T,, model. This result can be attributed to the different adopted seismic database that is
characterised by much higher earthquake magnitudes (M,,>6.5). Values of parameter A,
obtained in this study are 26 to 61% higher than those computed by Rathje and Cho (2019)
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for one-ground motion parameter models. Similarly, higher values of A, are evaluated in
the two-GM parameter relationships (+67% at most), except for the PGA, I, equation
(=70%). A fair agreement is obtained in terms of the standard deviation ¢ of the models,
this being either higher or lower than those by Rathje and Cho (2019) of about the same
amount (maximum difference of about +35%).

The semi-empirical relationships showed in this paragraph relate permanent displace-
ments to some ground motion parameters, for a given yield coefficient of the slope k,; dif-
ferent semi-empirical models can be obtained specifying different values of kj, thus refer-
ring to slopes characterised by different seismic resistances. These curves can then be used
as a tool to develop site-specific displacement hazard curves within a fully-probabilistic
approach. By contrast, semi-empirical curves proposed in the following paragraphs (Sects.
4.2 and 4.3) are meant to be adopted either to calibrate the seismic coefficient k or to esti-
mate the maximum expected permanent displacement d, in the framework of a determinis-
tic approach.

4.2 Evaluation of the seismic coefficient

Empirical relationships to evaluate earthquake-induced displacements can be extended
introducing the yield seismic coefficient k, as an added independent variable. Permanent
displacements can then be computed for slope-specific values of k, and compared with
threshold values related to the level of seismic performance desired for the slope at hand.
However, the pseudo-static approach is still the most common procedure adopted to evalu-
ate the seismic stability of a slope, thanks to its simplicity and to the experience accu-
mulated by engineers in using this approach in the framework of the limit-equilibrium
force-based computations. In a pseudo-static analysis, inertial actions are represented by
static-equivalent forces proportional to the self-weight of the unstable mass through the
seismic coefficient k, whose selection is crucial. The pseudo-static approach provides an
evaluation of a safety factor against sliding that is assimilated to a failure mechanism. Nev-
ertheless, as mentioned above, the inertial effects mainly produce a progressive develop-
ment of permanent displacements in the slope rather than a failure mechanism, due to the
transient and cyclic nature of seismic actions. Using the pseudo-static approach for the
evaluation of slope stability under seismic conditions then requires relating the maximum
expected displacements to the seismic coefficient k and the safety factor Fq. Such an equiv-
alence can be obtained using relationships of the kind mentioned above between earth-
quake-induced displacements and given ground motion parameters. Specifically, upper-
bound relationships relating earthquake-induced displacements to the ratio k/k.,,, can be
used, following Rampello et al. (2010). For each subsoil class and acceleration level, an
exponential relationship between the permanent displacement d and the ratio k/k;,,, can be
written in the form:

max

ky

d=B- e_Am (8)

where A is a non-dimensional coefficient defining the slope of the curve in a semi-loga-
rithmic scale and B is the displacement for k,=0. Assuming a log-normal distribution for
displacements, the median curve corresponding to the 50th percentile is obtained (coef-
ficients A and B), as well as the upper-bound curve corresponding to the 94th percentile,
(coefficients A and B, >B), which is a value in the range of those commonly adopted in
the literature (e.g. Whitman and Liao 1985; Rampello et al. 2010; Biondi et al. 2014). The

@ Springer



6260 Bulletin of Earthquake Engineering (2020) 18:6245-6281

slope A computed for the median curve was also used for the upper-bound curve (A; =A),
thus assuming a constant standard deviation irrespective of the ratio ky/ky,,,. This hypoth-
esis was validated by performing preliminary analyses in which negligible differences were
obtained considering the dependence of ¢ on the ratio k/k,,,.

In deriving these upper-bound relationships, incompleteness of data used for the
parametric integration should be considered, in that the available acceleration time his-
tories were recorded during the last 40-50 years, a very short period if compared to the
return periods typically considered when checking the safety of slopes subjected to seis-
mic events. Therefore, the horizontal acceleration time histories included in the database
ITACA + ESM_2017 were scaled to reach desired values of PGA equal to 0.05, 0.15, 0.25
and 0.35 g, following the Italian Building Code (Ministero delle Infrastrutture 2018), limit-
ing the scale factor F), in the range 0.5-2. Such a narrow interval for F), allowed to preserve
site effects; moreover, the frequency content and the strong-motion duration of the records
were not affected by the scaling operation. The same scaling factor (F}, = F,) was adopted
for the time histories of vertical acceleration. In the presence of both horizontal compo-
nents (NS and WE), the vertical accelerograms were scaled twice, according to the scale
factors F}, used in each horizontal direction. Therefore, four different sets of acceleration
time histories were obtained for each subsoil group (rock-like, stiff and soft soils).

Calculations of permanent displacements were carried out using the four sets of scaled
time histories varying the yield seismic coefficient ky _¢) from 10 to 80% of the maximum
seismic coefficient k,,, (ky/ky,, = 0.1-0.8).

4.2.1 Influence of the vertical component of ground motion

Seismic-induced permanent displacements were computed both in the presence and in the
absence of the vertical component of ground motion, fitting the results with the upper-
bound curves given in Eq. (8). The computed upper-bound curves for soft soils (subsoil
classes C, D, E) are shown in Fig. 11: for low to intermediate levels of peak acceleration,
the curves obtained considering the vertical component provide slightly greater displace-
ments, while for PGA=0.35 g, upper-bound curves overlap. The observed differences are
less than 10% so that they can be ignored, leading to the conclusion that the vertical com-
ponent of ground motion does not affect substantially the upper-bound curves and thus the

Fig. 11 Comparison between subsoil classes CD E
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PGA=035g
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x
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choice of the seismic coefficient adopted in a pseudo-static analysis. Similar results were
obtained for the other subsoil classes considered in this study (A and B). The same con-
clusion was drawn in some studies adopting different seismic inputs (Gazetas et al. 2009;
Sarma and Scorer 2009). Then, the time histories of horizontal acceleration only are used
in the computation presented in the following.

4.2.2 Upper-bound empirical curves

Seismic-induced permanent displacements are plotted in Fig. 12 as a function of the ratio
ky/kq,, between the yield and the maximum seismic coefficients for the subsoil class B
(stiff soils) only. The median (50th percentile, dashed lines) and the upper-bound curves
(94th percentile, solid lines) are plotted in the figure, for each acceleration level. As
expected, seismic-induced displacements decrease as the ratio k/k,,,, increases and the
peak acceleration PGA decreases, this occurring for all subsoil groups.

— — — median curve (50" percentile)

subsoil class B upper-bound curve (94% percentile)

. PGA=0.35g PGA = 0.25g
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Fig. 12 Permanent displacements computed using acceleration time histories recorded on stiff subsoils
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The upper-bound curves computed for the three subsoil groups are compared in Fig. 13.
The maximum permanent displacements are invariably computed for soft subsoils: this
result is not surprising and is to be attributed, for a fixed value of the peak ground accelera-
tion PGA, to the typical frequency content and significant duration characterising the accel-
eration time histories recorded on this type of soils. Indeed, propagation of seismic waves
through them causes both the mean period 7, and the significant duration Ds 45 increase
(see Fig. 2), this leading to a strong increase of the permanent displacement accumulated
till the end of the seismic event. In contrast, the lowest displacements are calculated for
the stiff or rock-like subsoils, depending on the peak ground acceleration PGA and ky/ki,,,
ratio. Specifically, for low acceleration levels (PGA=0.15 and 0.05 g) the lowest displace-
ments are obtained for the subsoil class A, while for high accelerations (PGA=0.35 g) they
are attained for stiff soils (subsoil class B). This result might appear counterintuitive, as
local (i.e. stratigraphic) effects are supposed to produce upper-bound relationships for sub-
soil class B plotting above the one obtained for subsoil class A. However, the largely dif-
ferent sample size for the two subsoil classes A and B, equal to 390 and 2490 respectively,

subsoil class A
subsoil class B
subsoil classes CD E

10 g E
F PGA=0.35g F PGA=0.25g
1 E 3
E o1t =
© F F
0.01 E
0.001 L | | | | L | | | |
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1T E E
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‘max y Bmax

Fig. 13 Comparison amongst upper-bound permanent displacements obtained for the different subsoil
groups
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caused a higher coefficient of variation vy,,=oc,,/pfor the subsoil class A, and therefore
a greater shift from the median to the upper-bound curve. Conversely, for PGA=0.25 g,
negligible differences are observed between subsoil classes A and B. It is worth mention-
ing that the adequateness of the sample size n has been checked for all subsoil classes and
acceleration levels by verifying that the residuals of In(d), €,,, follow a normal distribution
in all considered cases.

Values of coefficient A are in the range of 7.24-7.76 with a mean value equal to 7.45,
while B, ranges between 0.11 and 1.54 m, with an average of 0.63 m and a coefficient
of variation of about 76% (Table 3). These values are compared with those computed by
Rampello et al. (2010) using the database SISMA (Scasserra et al. 2008): while the slope A
is quite similar, with a maximum difference of 8%, coefficient B; computed with database
ITACA + ESM_2017 always attains lower values, up to —72%, except for the soft subsoils
at high peak ground accelerations PGA (=0.35 and 0.25 g), for which an almost double
value is obtained. This outcome resulted in lower permanent displacements except for the
soft subsoils at high PGA. The observed differences come from the different databases
adopted in calculations, as many changes occurred over the years in the attribution of sub-
soil classes to the recording stations (Felicetta et al. 2017); moreover, the database used by
Rampello et al. (2010) is updated to 2002, while that adopted in this study is updated to
2017. Table 3 also lists the values of the standard deviation of the model ¢ and of the coef-
ficient of determination R%: a quite narrow range of values is detected, with 6 = 0.91-1.15
and R*=0.66-0.77.

Computation of coefficients A and B, was repeated adopting horizontal accelera-
tion time histories recorded by stations not affected by any local effects, thus obtaining a
smaller set of accelerograms. To this end, the descriptive data of the recording site availa-
ble in the database ITACA + ESM_2017, together with its topographical and morphological
conditions, were selected. Specifically, free-field housing and plain, centre of Valley and
not classified morphological conditions were chosen, thus reducing the number of consid-
ered stations from 297 to 115. Table 4 shows the coefficients A and B, obtained using the
reduced database. Slight variations in the coefficient A were computed, with a maximum
difference of about 7% obtained for rock-like subsoils and PGA =0.35 g, while changes in
the coefficient B, were at most equal to about 35% for soft subsoils and PGA =0.05 g. Sim-
ilar results were obtained for standard deviation of the model ¢ and the coefficient of deter-
mination R?, the former ranging between 0.92 and 1.28, the latter between 0.60 and 0.78,
similarly to what obtained with the complete database. Upper-bound relationships from the
complete database are then considered in the following, due to the small differences.

4.2.3 Seismic coefficient

Assuming a ductile behaviour along the sliding surface, thus assuming a constant shear
strength, the seismic coefficient k can be estimated as a fraction of the maximum seismic
coefficient k,, by applying the position k=n-k_,,, with n<1. Specifically, k can be related

to the desired upper-bound threshold displacement d, inverting Eq. (8) as follows (Fig. 14):

i wml B

k:n'kmale A

where coefficient B; corresponds to the upper-bound curves (94th percentile) presented
in the previous paragraph for different acceleration levels, to introduce a fixed level of
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Fig. 14 Equivalence between d
upper-bound permanent displace-
ments and seismic coefficient

dy

ul ky/ Kmax

Table 5 Values of coefficient n

.1 . .02 0.1 . .02 0.1 . .02
for given threshold displacements dy (m) 015 0.05 0.02 0.I5 005002 0.15 005 0.0

PGA (g) n(class A) n (class B) 1 (classes C D E)

0.35 030 0.44 056 024 039 052 031 046 0.59
0.25 020 034 046 0.19 034 046 024 0.39 051
0.15 0.10 024 037 0.11 026 039 0.17 032 044
0.05 0.10 0.10 022 0.10 0.14 026 0.10 0.19 0.31

conservativism in the estimation of k (Stewart et al. 2003). Hence, if a pseudo-static analy-
sis is performed and limit equilibrium is reached (Fg=1), it is k=k,, this corresponding to
a maximum permanent displacement d=d,. This procedure constitutes the link between
the force-based pseudo-static approach and the permanent displacements computed via the
semi-empirical relationship as the one given in Eq. (9).

Computed values of coefficient n are given in Table 5, for selected values of threshold
displacements d,, equal to 15, 5 and 2 cm. Threshold values of 15 and 5 cm correspond to
moderate to negligible levels of damage assuming a ductile slope behaviour during sliding,
in the absence and presence of manufactures (Idriss, 1985), while dy =2 cm was considered
acceptable by Wilson and Keefer (1985) for stiff soils and rocks, characterised by a brit-
tle behaviour. A minimum safe value of n=0.10 was assumed when calculations returned
1<0.10. This occurred for high admissible permanent displacements (d, = 15 cm) and
low acceleration levels (PGA=0.05 g).

It is worth noting that, since the deformation pattern of a slope may deeply differ from
the simple sliding along a well-defined surface, as assumed in the analyses, threshold value
of d, should be solely considered as an index of seismic performance of the slope.

Different coefficients 1 can be computed assuming different threshold displacements.
The discussed procedure can also be adopted assuming other levels of conservativism,
using different percentile to define the upper-bound curves reported in Eq. (8).

4.3 Further semi-empirical relationships

In the procedure discussed in Sect. 4.2, seismic-induced permanent displacements were
related to the ratio between the yield and the maximum seismic coefficients, k,/ky,,,, thus

describing the seismic input by its amplitude only. The remarkable scattering of the data
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points shown in Fig. 12 reveals that permanent displacements do not only depend on the
peak acceleration acting on the potential sliding mass, but on other parameters characteris-
ing the seismic motion as well. This led to the development of a number of semi-empirical
relationships, where the ground motion is described by additional parameters such as the
mean period T,,, that reflects the frequency content of the seismic input, the significant
duration Ds g5, that quantifies the duration of the strong-motion phase, and the Arias inten-
sity 1,, that represents the energy content of the seismic event.

4.3.1 Seismic input described via k..., T, and D o5

max’
Empirical relationships are used herein where the permanent displacement d (variable 1) or
the normalised displacement d (variable 2) (Yegian et al. 1991):

d

d= ——
PGA - T, - Dy_os (10)

is expressed as a function of peak acceleration PGA, mean period T, and significant
duration Ds g5, to account for the influence of frequency content and duration of ground
motion (Madiai 2009; Biondi et al. 2011; Tropeano et al. 2017). Permanent displacement
d strongly depends on site conditions, while the normalised displacement d has the advan-
tage to be almost site-independent thanks to the inclusion of 3 ground motion parameters
(PGA, T,, and Ds_y5) explicitly accounting for the stratigraphic effects.

Following Biondi et al. (2011), three semi-empirical relationships can be obtained (a,
b and ¢) and used for both variables d and d, thus providing six different equations: 1a, 1b
and 1c for permanent displacement d and 2a, 2b and 2c for the normalised displacement d,
namely:

y

(@) mg¢b=A.k

max

+B+c-1 (11)

k, k,
(b) log(d;a_l)=A-log(1— & >+B-log< > >+Cic~t (12)

kmax max

- ky, \* ky \? k,
(©) log(d;d)zA'<k >+B-<k >+C~< : >+Dic-t (13)

max max kmax

where o is the standard deviation of the considered functional form and ¢ is the above-
mentioned reciprocal value of the normal standard distribution (r=1.555 for 94th percen-
tile, here adopted). Again, as in Sect. 4.2, a constant standard deviation ¢ was assumed in
computations. Relationship (a) (Eq. 11) is equivalent to the one presented in Eq. (8), while
relationship (b) (Eq. 12) complies with the following conditions: d — oo for ky/k,,, = 0 and
d=0 for ky/kmax= 1 (Ambraseys and Menu 1988). Relationship (c) (Eq. 13) was formulated
following Saygili and Rathje (2008).

Coefficients A, B, C and D characterising the different regressions are given in the
Appendix 2, together with the relevant values of the standard deviation ¢ and the coef-
ficient of determination R>. Type 2 relationships provide a better best-estimate of analy-
sis results with higher values of R?, thanks to the dimensionless expression adopted for
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permanent displacements. The maximum increase of R? was computed for soft soils, with a
maximum increase of about 22% for PGA=0.05 g.

The upper-bound curves computed using Egs. (11)-(13) are plotted in Fig. 15. The
results related to regressions (a), (b) and (c) are superimposed in the figures, for the per-
manent displacement d (1) (Fig. 15a, c, e) and the non-dimensional displacement d (2)
(Fig. 15b, d, f), for each subsoil class and two acceleration levels (PGA =0.35 and 0.15 g).
Regressions (a) to (c¢) provide very similar upper-bound displacements, for all subsoil
groups and peak accelerations PGA, with the maximum difference of about 30% obtained
for stiff soils at high accelerations (PGA=0.35 g) and for ratio k/k,,,,= 0.80, the latter
involving very low permanent displacements d or d. Influence of PGA is mostly mitigated
using the non-dimensional displacement d, reducing sensibly the maximum difference
between the permanent displacements computed for PGA=0.35 and 0.15 g (Fig. 15) from
about 380 to 50%, the latter value obtained for subsoil class B.

No significant improvement in the evaluation of permanent displacements is observed
from a to ¢ semi-empirical curves, so that relationship 2a is advised due to its simple form.
However, relationships of type 2 need an estimate of ground motion parameters 7, and
D5 g5: to this end, the GMPEs proposed in Sect. 2 as well as in the literature can be used,
this requiring evaluation of magnitude M and of epicentral or Joyner and Boore distance,
R, or Ryp, respectively (Tropeano et al. 2017).

Influence of subsoil groups on permanent displacements is shown in Figs. 16 and 17, for
relationships of types / (d) and 2 (3). Similarly to what observed by Biondi et al. (2011)
and Tropeano et al. (2017), permanent displacements d depend on subsoil group (Fig. 16),
as also discussed in Sect. 4.2.2. The largest differences among subsoil groups in the evalu-
ation of permanent displacement d are obtained comparing stiff (class B) and soft soils
(classes C, D and E), the latter providing higher permanent displacements (about+70%)
for PGA=0.35 g and k/k,,,, = 0.45. Conversely, Fig. 17 shows that the dependence of
upper-bound non-dimensional displacements on subsoil groups almost disappears irrespec-
tive of the peak ground accelerations, except for PGA=0.35 g, where the seismic inputs
recorded on rock-like subsoil result in a lower non-dimensional displacement d. In this
case, a maximum difference of about 90% is computed for the non-dimensional displace-
ment d of rock-like (A) and stiff (B) subsoils, at k/k,,,, = 0.8, for which very low values of
d are attained. Nonetheless, the curves obtained for the other values of PGA overlap, thus
providing the same estimate of the seismic performance.

4.3.2 Seismic input described via I, and k,j,,,

The energy content of the seismic input can be introduced in the semi-empirical relation-
ships through the Arias intensity I, as well, as proposed by Jibson (1993, 2007). The rela-
tionships adopted in this study are developed for the permanent displacement d only, thus
providing relationships 1d, le and 1f:

(d) log(d)=A4-logUy)+Byg -k, +Cqx0-t (14)

(e) log(d) =A, -logly) + By, - log(k,) + Cic £6 -1 (15)
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Fig. 15 Comparison between upper-bound (94th percentile) curves obtained using relationships / (a, ¢ and
e) and 2 (b, d and f) for given values of peak ground accelerations and for all subsoil groups
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Fig. 16 Influence of the subsoil group on relationships / for all considered peak ground acceleration levels

k,
() log(d) = Ay - log(l,) + By - log (k - ) +Cyyxo-t (16)

max

where [, is expressed in m/s and d in cm. As in Jibson (1993, 2007), the curves were
obtained without distinguishing between subsoil groups. Values of 7/, =0.2-10.0 m/s and
ky =0.02-0.40 were considered by Jibson (1993), while values of I, =0.002-5.451 m/s and
k,=0.005-0.28 were considered in this study.

Computed coefficients A;, B; and C;, for i = Id, Ie and If, are listed in Tables 6, 7 and
8 for relationships given in Eqgs. (14), (15) and (16), respectively. These values are also
compared to those computed by Jibson (1993, 2007). The comparison between the coef-
ficients calculated using relationship /d (Table 6) shows a similar dependence of perma-
nent displacements d on Arias intensity I, (coefficient A,,) but a doubled influence of
the yield coefficient ky (coefficient B ,); similar results were obtained by Madiai (2009)
using an older version of the Italian seismic database (Scasserra et al. 2008). A coeffi-
cient R?=0.674 was computed for this relationship. Conversely, a better agreement was
obtained using the other two relationships (Tables 7 and 8), with higher values of the
coefficient of determination R*>0.81.
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Fig. 17 Influence of the subsoil group on relationships 2 for all considered peak ground acceleration levels

-;Zble 6 Regression relationship All subsoil classes This study Jibson (1993)
Ay 1.387 1.460
By —~12.269 —6.642
Cia 1.781 1.546
c 0.508 0.409
R? 0.674 0.870
'Zble 7 Regression relationship All subsoil classes This study Jibson (2007)
A 1.613 2.401
B,. -2256 —3.481
Ci. —1.817 -3.230
c 0.382 0.656
R 0.816 0.710
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I;b'e 8 Regression relationship 'y qneoit classes This study Jibson (2007)
Ay 0.669 0.561
By ~2.549 ~3.833
Cyt ~0.924 —1.474
o 0.389 0.616
R? 0.819 0.750

The upper-bound (94th percentile) relationships /d (Eq. 14, Table 6) are plotted in
Fig. 18a, while Fig. 18b shows the comparison between relationships of type If (Eq. 16,
Table 8). With reference to Fig. 18a, a fair agreement was obtained for low values of the
yield coefficient k, (=0.02, 0.05 and 0.10), while lower values of upper-bound displace-
ments were computed for higher values of k, (=0.20, 0.25 and 0.28). By contrast, a bet-
ter agreement is provided by relationships If (Fig. 18b) for high ratios k /k,, (=0.60,
0.70 and 0.80), while a poor agreement is observed for low ratios k/k,. Again, the
observed differences can be attributed to the different databases considered in the analy-
ses. Specifically, Jibson (1993) used 11 strong-motion records from California (10) and
Iran (1), while in Jibson (2007) 2270 strong-motion horizontal components, recorded
during 30 earthquakes occurred worldwide, were adopted.

5 Summary and conclusions

Seismic performance of slopes can be successfully assessed within the framework of the
performance-based design, where the seismic-induced permanent displacement d is typi-
cally assumed as an index of seismic performance. Permanent displacements induced by
earthquake loading can be computed through the well-known Newmark’s method, where
the slope is assimilated to a rigid-block sliding on a horizontal plane whenever the seismic
coefficient k(¢) exceeds the yield (or critical) seismic coefficient ky of the slope at hand.

100 100
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this study

(b) — — — Jibson (2007) -
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Fig. 18 Upper-bound curves (94th percentile) obtained using relationship 1d (a) and 1f (b)
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In this paper, Newmark-type computations have been performed through a parametri-
cal integration of an updated version of the Italian seismic database. This includes seis-
mic events recorded in the Italian territory in the time frame 1972-2017, thus including
the destructive 2009 L’Aquila, 2012 Emilia and 2016 Central Italy earthquakes. It is seen
that ground motion parameters characterising the new Italian seismic database, such as the
peak ground acceleration PGA, the Arias intensity /,, the mean period T, and the sig-
nificant duration Ds o5 can be reasonably computed using, on a first approximation, well-
known ground motion prediction equations (GMPEs) already available in the literature. It
is understood that the new database can be used to calibrate new GMPEs as well.

Both one- and two-ground motion parameter, semi-empirical models have been developed
following Rathje and Cho (2019), where the permanent displacements are expressed as a func-
tion of some parameters of the seismic motion, for a given yield seismic coefficient k,. As
expected, two-ground motion parameter relationships are characterised by a higher coefficient
of determination R* when accounting for the frequency content and the duration of the seismic
motion, in addition to its intensity: among these, the best model, both in terms of accuracy and
ease of use, proved to be the (PGA, PGV) model. These semi-empirical models can be used to
evaluate seismic-induced displacements and, in turn, the seismic performance of a slope char-
acterised by a given k,, through the comparison with threshold displacements d,.

The semi-empirical relationships can be modified to explicitly introduce the dependency of slope
displacements on the ratio between the yield and the maximum seismic coefficient, k,/k,,,,. These
relationships can be used to either estimate the permanent displacement d induced by earthquake
loading or to evaluate the seismic coefficient k to be adopted when using a pseudo-static approach.
To this end, upper-bound (94th percentile) relationships linking the permanent displacement d to the
ratio k, /k,,,. have been proposed and values of the seismic coefficient have been computed assuming
threshold displacements dy=2, 5 and 15 cm, three subsoil groups (rock, stiff and soft soils) and four
acceleration levels (PGA=0.05, 0.15, 0.25 and 0.35 g). It is worth mentioning that the procedure laid
out in this study to compute the equivalent seismic coefficient can be readily adopted for different
values of threshold displacements d,, and for different percentiles. Influence of the vertical compo-
nent of ground motion on these upper-bound curves has been found to be negligible.

Semi-empirical relationships including additional ground motion parameters provide
a better agreement with the permanent displacements computed via the sliding-block
analyses: specifically, the best agreement is obtained using the non-dimensional vari-
able d =d/ [PGA T ~D5_95] and relationship 2a (R?,,,=0.86). However, accounting
for the frequency content and duration of the strong motion phase requires an estimate
of mean period T, and significant duration Dy o5 using the above-mentioned GMPE:s,
thus introducing further dispersion in the relationship. The seismic input can also be
described by the Arias intensity I, of ground motion, thus providing an additional sim-
plified tool while considering the energy released during the earthquake. The discussed
model forms are already well-known in the literature; however, due to the fact that the
target of the analyses is evaluating the order of magnitude of permanent displacements
instead of their exact value, it is believed that, in this context, increasing the complexity
of the analyses by proposing new model forms would not have improved their prediction
substantially. Indeed, the updated semi-empirical relationships are meant to be used in
the framework of a screen analysis, where sites with expected poor seismic performance
are distinguished from those with acceptable seismic performance.

Clearly, some limitations arise in the study. First, the proposed semi-empirical rela-
tionships are developed for the Italian seismicity only: nonetheless, the same discussed
procedure can be adopted in other high-seismicity areas. Moreover, computation of per-
manent displacements is based on the simplifying assumptions underlying the adopted
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rigid sliding-block model, such as the one related to a constant shear strength during
seismic loading, this possibly leading to underestimate slope displacements. Conversely,
neglecting soil deformability results in assuming an infinite wavelength of seismic
motion, this leading to overestimate permanent displacements d at the end of the earth-
quake. The latter assumption explains why the discussed results can be deemed more
appropriate for slopes characterised by shallow translational mechanisms.
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Appendix 1: Ground motion parameters describing the new seismic
database

Tables 9 and 10 show, for the horizontal and vertical records, the range of peak ground
acceleration PGA, velocity PGV and displacement PGD, together with the mean
period T,, (Rathje et al. 1998), the significant duration D5 5 (Trifunac et al. 1975), the
Arias intensity I, (Arias, 1970), and the zero-crossings frequency, Vioy the latter esti-
mated during the strong-motion phase. Maximum values of peak ground acceleration
PGA=0.867 g, velocity PGV =283.02 cm/s, displacement PGD =26.87 cm, and Arias
intensity I, = 608.7 cm/s are obtained for the horizontal records (Table 9), while
mean periods T, of 0.066 to 1.55 s, significant durations D5 o5 = 0.4 — 53.0 s and zero-
crossing frequencies vy, =1.93 to 50.52 Hz are computed.

The vertical component of the seismic records (Table 10) is characterised by maxi-
mum values of peak ground acceleration PGA=0.886 g and significant duration
D595 = 54.2 s similar to those obtained for the horizontal components. Frequency
content of the vertical component is instead richer in high frequencies, this provid-
ing a lower value of the maximum mean period T, = 1.349 s and a larger value of
the zero-crossing frequency v, =62.28 Hz. Lower values of maximum peak velocity
PGV =68.62 cm/s and Arias intensity I, = 474.6 cm/s are also obtained, together with
a higher maximum peak displacement PGD =37.08 cm.
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Table 9 Ground motion parameters of the horizontal component of seismic records

Subsoil class PGA (g) PGV (cm/s) PGD (cm) T, (s) Dsgs(s) 15 (cm/s) v, (Hz)
A 0.053-0.186 1.39-21.44 0.17-11.85 0.116-1.179 1.1-49.8 1.0-28.7 3.46-29.57
A* 0.050-0.866 0.72-66.08 0.01-14.92 0.078-0.804 0.8-53.0 0.3-608.7 3.41-34.54
A+A* 0.050-0.866 0.72-66.08 0.01-14.92 0.078-1.179 0.8-53.0 0.3-608.7 3.41-34.54
B 0.050-0.657 0.54-70.32 0.02-26.87 0.066-1.550 0.4-49.5 0.4-362.8 1.93-50.52
B* 0.050-0.867 0.60-83.02 0.02-21.28 0.080-0.987 0.5-48.7 0.3-384.2 4.49-37.57
B+B* 0.050-0.867 0.54-83.02 0.02-26.87 0.066-1.55 0.4-49.5 0.3-384.2 1.93-50.52
C 0.050-0.41 1.06-57.51 0.06-14.21 0.130-1.265 1.6-49.3 0.6-132.6 2.93-24.62
C* 0.050-0.72  0.76-58.52  0.02-23.02 0.096-1.207 0.7-52.8 0.5-288.8 3.29-45.23
C+C* 0.050-0.72  0.76-58.52  0.02-23.02 0.096-1.265 0.7-52.8 0.5-288.8 2.93-45.23
D 0.057-0.338 3.37-22.86 0.41-4.21 0.268-1.049 3.0-37.9 2.6-69.7 2.87-13.11
E 0.050-0.531 0.94-32.57 0.03-5.43  0.099-0.364 1.1-13.8 0.9-286.7 7.04-34.74
All 0.050-0.867 0.54-83.02 0.01-26.87 0.066-1.550 0.4-53.0 0.3-608.7 1.93-50.52
Table 10 Ground motion parameters of the vertical component of seismic records
Subsoil PGA (g) PGV (cm/s) PGD (cm) T, (s) D55 (s) 1, (cm/s) V(o) (Hz)
class
A 0.017-0.105 0.72-13.24  0.06-8.32 0.136-1.349 1.9-53 0.22-15.33.75-21.29
A* 0.011-0.886 0.23-68.62  0.01-37.08 0.09-0.843 1.2-53.1 0.07-474.6 7.7-37.19
A+A* 0.011-0.886 0.23-68.62  0.01-37.08 0.09-1.349 1.2-53.1 0.07-474.63.75-37.19
B 0.00002— 0.002-25.6  0.0002-16.84 0.073-1.069 0.7-52.6 0.000002—-  2.95-62.28
0.496 181.4
B* 0.007-0.645 0.11-33.7  0.004-21.13 0.069-1.127 0.5-50.6 0.02-153.55.31-46.24
B+B* 0.00002— 0.002-33.7 0.0002-21.130.069-1.127 0.5-52.6 0.000002—-  2.95-62.28
0.645 181.4
C 0.008-0.857 0.29-26.77  0.02-5.8 0.097-1.337 2.1-45.6 0.06-305.3 4.52-32.92
C* 0.008-0.729 0.15-24.93 0.006-11.350.074-1.27 0.7-54.2 0.07-225.24.34-49.9
C+C* 0.008-0.857 0.15-26.77 0.006-11.350.074-1.337 0.7-54.2 0.06-305.3 4.34-49.9
D 0.026-0.24 2.27-10.82  0.18-2.1 0.208-0.565 5-37.3 0.9-34.85.27-14.05
E 0.009-0.444 0.22-21.22  0.01-2.74 0.107-0.369 1.2-15.6 0.05-65.0 7.83-46.04
All 0.00002— 0.002-68.62 0.0002-37.08 0.069-1.349 0.5-54.2 0.000002-  2.95-62.28
0.886 474.6

Appendix 2 : Coefficients for the semi-empirical relationships
of Sect. 4.3.1

Coefficients A, B, C and D characterising the different regressions are given in Tables
11, 12, 13, 14, 15, 16 with a double subscript that identifies the functional form (a, b,
¢) and the dependent variable (/, 2). The coefficients calculated for each empirical rela-
tionship are listed together with the standard deviation ¢ and the coefficient of determi-
nation R, for each subsoil group and acceleration level.
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Table 11 Regression relationship
la

Table 12 Regression relationship
2a

Subsoil class A 0.05¢g 0.15¢g 025¢g 035¢g
Ay, (cm) —3.342 -3.273 —3.294 -3.371
B,,(cm) 0414 0.858 1.161 1.434
o (cm) 0.394 0.411 0.426 0.485
R? 0.770 0.747 0.737 0.694
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
A, (cm) —3.265 -3.195 -3.146 -3.154
B, (cm) 0.468 0.872 1.052 1.204
o (cm) 0.434 0.427 0.455 0.472
R? 0.725 0.723 0.691 0.676
Subsoil group CD E 0.05¢g 0.15¢g 025¢g 035¢g
Ay, (cm) —3.245 —-3.207 -3.174 -3.170
B, (cm) 0.538 0.991 1.234 1.443
o (cm) 0.497 0.463 0.451 0.465
R? 0.665 0.691 0.698 0.684
Subsoil class A 0.05¢g 0.15¢g 025¢ 035¢g
Ay, —3.342 -3.273 —3.294 -3.371
B,, —1.447 —1.402 —-1.283 —1.269
c 0.333 0.377 0.331 0.295
R? 0.825 0.779 0.823 0.859
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
Ay, —3.265 -3.195 —3.146 —3.154
B,, —1.395 —1.379 —1.342 —1.325
c 0.317 0.326 0.369 0.383
R? 0.832 0.818 0.773 0.760
Subsoil group C D E 0.05¢ 0.15¢g 025¢g 035¢g
Ay, —3.245 -3.207 -3.174 -3.170
B,, —1.447 -1.373 -1.317 —1.254
c 0.335 0.362 0.343 0.316
R? 0.814 0.785 0.800 0.825
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Table 13 Regression relationship

b Subsoil class A 0.05¢g 0.15¢g 025¢g 035¢g
A}, (cm) 2.347 2.346 2.472 2.584
By, (cm) —1.090 —1.032 —0.953 —0.934
Cp, (cm) —0.838 —-0.339 0.024 0.304
6 (cm) 0.393 0.410 0.424 0.484
R 0.772 0.749 0.739 0.696
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
A,y (cm) 2.418 2.364 2.349 2.345
By, (cm) -0.971 -0952 -0.921 —0.930
Cip, (cm) —0.679 -0.252 —0.041 0.102
6 (cm) 0.432 0.425 0.453 0.470
R? 0.728 0.726 0.693 0.678
Subsoil group C D E 0.05¢g 0.15¢g 025¢g 035¢g
A, (cm) 2.346 2.405 2.434 2.502
By, (cm) —1.008 —-0.931 -0.880  —0.826
Cip, (cm) —0.636 -0.117 0.171 0.423
6 (cm) 0.496 0.461 0.449 0.463
R? 0.667 0.694 0.701 0.688

;Zb'e 14 Regression relationship gy clags A 005g 015g 025g  035¢g
Ay 2.347 2.346 2.472 2.584
By, —1.090 —-1.032 —-0.953 —0.934
Cy, —2.700 -2.600 -2420 -2.399
c 0.332 0.375 0.329 0.293
R? 0.826 0.781 0.825 0.862
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
Ay 2418 2.364 2.349 2.345
By, -0.971 -0.952 -0.921 -0.930
Cy, —2.542 —2.502 —2.435 —2.426
c 0.314 0.323 0.367 0.381
R? 0.835 0.821 0.775 0.762
Subsoil group CD E 0.05¢g 0.15¢g 025¢g 035¢g
Ay 2.346 2.405 2.434 2.502
By, —1.008 —0.931 -0.880  —0.826
Cy, —2.621  —2481 2381 2274
c 0.333 0.360 0.340 0.312
R? 0.817 0.788 0.803 0.829
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Table 15 Regression relationship
Ic

Table 16 Regression relationship
2c

Subsoil class A 0.05¢g 0.15¢g 025¢g 035¢g
A (cm) —-4.209 -4.203 -3.772 —3.577
B, (cm) 5.335 5.228 4412 4.019
C,. (cm) —5.236 -5.074 —4.658 —-4.516
D, (cm) 0.586 1.014 1.256 1.499
o (cm) 0.393 0.410 0.424 0.484
R? 0.772 0.749 0.739 0.697
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
A (cm) —4.355 —4.443 —4.100 -3.926
B, (cm) 5.269 5.402 4.904 4.688
C,. (cm) —4.998 —4.986 —-4.726 —4.660
D, (cm) 0.606 1.017 1.174 1.319
o (cm) 0.432 0.425 0.453 0.470
R? 0.728 0.726 0.693 0.678
Subsoil group CD E 0.05¢g 0.15¢g 025¢g 035¢g
A (cm) —4.420 —4.138 —4.066 —4.247
B, (cm) 5.482 4.923 4.716 4.807
C,. (cm) —5.124 —4.778 —4.608 —-4.562
D, (cm) 0.699 1.109 1.331 1.526
o (cm) 0.496 0.461 0.449 0.463
R? 0.667 0.694 0.701 0.688
Subsoil class A 0.05¢g 0.15¢g 025¢ 035¢g
Ay —-4.209 -4.203 -3.772 —3.577
B, 5.335 5.228 4412 4.019
Gy, -5.236 -5.074 —4.658 —-4.516
D, -1.276 —1.247 —1.187 —1.204
c 0.331 0.375 0.329 0.293
R? 0.827 0.781 0.826 0.862
Subsoil class B 0.05¢g 0.15¢g 025¢g 035¢g
Ay, —4.355 —4.443 —4.100 -3.926
B, 5.269 5.402 4.904 4.688
Gy, —4.998 —4.986 —-4.726 —4.660
D, —1.257 —-1.234 —1.221 -1.210
c 0314 0.323 0.366 0.381
R? 0.835 0.821 0.775 0.763
Subsoil group C D E 0.05¢g 0.15¢g 025¢g 035¢g
Ay —4.420 —4.138 —4.066 —4.247
B, 5.482 4.923 4.716 4.807
Gy, —5.124 —4.778 —4.608 —4.562
D, —1.285 —1.254 -1.220 —1.171
c 0.333 0.360 0.340 0.312
R? 0.817 0.788 0.804 0.829
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