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Abstract

Newmark’s model for predicting earthquake-induced landslide displacements provides a simple way to predict the
coseismic displacements affecting a sliding mass subject to earthquake loading. In this model, seismic slope stability
is measured in terms of critical acceleration, which depends on the mechanical soil properties, pore-pressure
distribution, and slope geometry. The triggering seismic forces are investigated in terms of energy radiation from the
source, propagation, and site effects, based on 190 accelerometric recordings from 17 Italian earthquakes with
magnitudes between 4.5 and 6.8. The method is based on the calibration of relations having the general form of an
attenuation law that relates the energy of the seismic forces to the dynamic shear resistances of the sliding mass to
propagate the expected landslide displacements as an inverse function of the distance from the fault rupture; the
amount of displacement computed through these relations provides a criterion to predict the occurrence of slope
failures. Finally, maps showing, in a deterministic and a probabilistic way, the potential of seismically induced
landslide displacements are displayed as a tool to provide seismic landslide scenarios and earthquake-induced landslide
hazard maps, respectively. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Attenuation relations; Landslide displacement; Newmark’s method; Probability maps; Seismic hazards

1. Introduction

Landslides are among the most hazardous
effects of earthquakes (Keefer, 1984). This rele-
vance has been further confirmed by the analyses
of the earthquake-induced ground failures in Italy
based on the historical information about land-
slides, surface fracturing and faulting, liquefaction,
and topographic changes contained in the National
Catalogue of Ground Effects Induced by Strong

* Tel.: 4+ 39-06-4444-2276. fax: + 39-06-4466-579.
E-mail address: roberto.romeo@dstn.it and fromeo@tiscabi-
net.it (R. Romeo)

Earthquakes (C.E.D.I.T., release 1.1; Romeo and
Delfino, 1997)*.

The stability of slopes subject to earthquake
loading can be evaluated using several methods.
Currently most seismic codes, including Italian
and European codes (see ‘Decree of the Italian
Ministry of Public Works March 11, 1988,
‘Eurocode 7: Geotechnical Design’, and ‘Eurocode
8: Design Provisions for Earthquake Resistance of
Structures’), use an ultimate-limit-state design cri-
terion for the evaluation of the safety conditions

! The catalog is available at the following Internet address:

http://www.dst.it/ssn/RT/rt9704/frameset.html.
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of embankments and slopes. These can be eval-
uated through ordinary limit-equilibrium methods
or stress analyses, expressing the stability of a
slope in terms of an overall safety factor (SF) or
safety margin (SM), i.e., as the ratio or the differ-
ence between available and mobilized shear
strengths.

Another way to express the seismic stability of
a slope is by applying Newmark’s sliding block
method (Newmark, 1965), which estimates the
expected coseismic displacements for a given
recorded or artificial acceleration time history. The
method has undergone several modifications and
improvements (Sarma, 1981; Wilson and Keefer,
1983), and several relations between seismic
ground-motion parameters and computed land-
slide  displacements have Dbeen proposed
(Ambraseys and Menu, 1988; Jibson, 1993;
Ambraseys and Srbulov, 1995).

Jibson (1993), using selected strong-motion
records, computed Newmark displacements as a
function of the critical acceleration needed to bring
the slope to limit equilibrium (SF=1 or SM=0)
and correlated them with the Arias intensity as the
most comprehensive parameter expressing the
energy content of an earthquake ground-motion
record. He formulated a very simple and useful
relation that allows estimation of landslide dis-
placement if the expected Arias intensity and criti-
cal acceleration of the slope are known.

In this work, the methodology outlined by
Jibson (1993) has been applied to Italian strong
ground-motion records, developing new relations
having the form of an attenuation equation of the
expected landslide displacements as a function of
earthquake magnitude and fault or epicentral
distance.

These relations can be used to formulate scenar-
ios of earthquake-induced landslide displacements,
as well as to predict exceedance probabilities of
fixed values of landslide displacements, as in ordi-
nary seismic hazard assessments.

2. Seismic parameters of earthquake ground motion

The most commonly used parameter to describe
earthquake ground motion is peak ground acceler-

ation (PGA). All the analyses that follow have
been carried out using a strong-motion database
composed of 190 digitized accelerograms (95
couples of EW and NS horizontal components)
from the recordings of 17 Italian earthquakes with
magnitudes ranging from 4.6 to 6.8 (Sabetta and
Pugliese, 1996). The acceleration time histories
required to be baseline- and instrument-corrected
with a filter in the frequency domain. The bandpass
frequencies (between 0.2 and 0.5 Hz for the high-
pass filtering and between 25 and 30 Hz for the
low-pass filtering) were selected in order to maxi-
mize the signal-to-noise ratio. The filtering process
reduced the PGA values by an average of about
3%. For each record, the epicentral distance (RE)
and the closest distance to the surface projection
of the fault rupture (RF) are provided. Each
recording site is also classified as rock (firm soil)
or alluvium (medium/soft soil), according to the
local shear-wave velocity (above or below 800 m/s,
respectively).

One of the most comprehensive measures of the
energy content of a strong-motion recording is the
Arias intensity (/,; Arias, 1970), which dimension-
ally is a velocity and is given by:

n ('
I,=— J [a(1)]dr (1)

0

where g is the acceleration due to gravity, a() is
the recorded acceleration time-history and #; is the
duration of the ground motion, for which has been
adopted the definition given by Vanmarke and Lai
(1980), who proposed the following simplified
expression for #:

o

=75 (2)

amax

where a,,,, 1s the maximum recorded acceleration
(PGA) and I, is the integral over time of the
squared accelerations (I,=1,2g/n).

The Arias intensity is proportional to the root
mean square acceleration (RMSA in cm/s%;
Housner, 1975):

RMSA = / <1 r [a()]? dz> (3)
I Jo
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which represents the equivalent effective accelera-
tion in the ground motion duration, f;, that is:

12
RMSA= | A% (4)
Tle

RMSA is well correlated with PGA, giving the
following linear relationship for the data set used
in this study:

RMSA =0.14PGA (3)

where PGA and RMSA are expressed in cm/s?,
and the regression has an adjusted squared correla-
tion coefficient of 0.81. More refined relations of
I, and RMSA as a function of PGA invoking a
power law correlation are shown in Fig. 1. These
allow simple estimates of I, or, alternatively,
RMSA for a given value of PGA.

3. Dynamic stability analysis

Seismic forces acting on a slope induce accelera-
tions, whose direction and magnitude vary at any

instant and from point to point in the body of the
landslide.

Spatial variability of accelerations is generally
overcome by engaging a resulting vector applied
in the center of gravity of the landslide body.
Furthermore, the temporal variability of the result-
ing acceleration vector determines the continuous
variation of the safety factor and the available
shear strengths and not simultaneously mobilized
along the sliding surface. Therefore, even if a
reliable dynamic safety factor could be evaluated,
this provides no information about the stability
conditions reached by the landslide mass after the
seismic shaking.

Moreover, pseudostatic approaches, incorpo-
rating PGA for seismic stability analyses, generally
underestimate the safety factor of the slope. An
effective acceleration (such as RMSA) could be
better assumed as representative of a pulse of
constant acceleration with a rectangular shape
acting for the entire strong-motion duration.

Newmark’s method overcomes these problems
by computing the cumulative coseismic displace-
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Fig. 1. Relationships among Arias intensity, root mean square acceleration and peak ground acceleration (Italian strong-motion

database).
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ment of the landslide mass taking into account

strong-motion duration, frequency content, and

stochastic variability of the seismic motion of the
entire acceleration time history.

The required input to perform a Newmark
analysis are a digitized acceleration time history
and the critical acceleration needed to reach the
limit equilibrium (SF=1 or SM=0).

The common assumptions and limitations
involved in Newmark’s method are:

1. the sliding mass is assumed to be a rigid-
plastic body;

2. no permanent displacements are allowed for
accelerations below the critical acceleration;

3. plastic deformations on the sliding surface are
allowed when the critical acceleration is
exceeded;

4. the critical acceleration is not strain-dependent;

5. static and dynamic strengths are considered to
be the same and constant;

6. no pore-water pressure increment is considered.

Anyway, some of these assumptions can be

removed by the analyst.

The last two assumptions can represent limita-
tions too restrictive to perform a reliable displace-
ments analysis. In fact, strain-softening soils can
undergo large shear-strength degradation under
cyclic strain; shear strengths, after reaching peak
values, suddenly decrease toward residual values.
Again, residual shear strengths imply lower values
for the critical acceleration, increasing the cumula-
tive displacement reached by the landslide mass
after the seismic shaking. Thus, performing a
Newmark analysis assuming peak shear strengths
could underestimate the final coseismic displace-
ments. On the contrary, rate effects on shear
strength parameters due to fast shearing, strain-
hardening materials, and soils that display a vis-
coplastic response due to dynamic pore-pressure
effects (Jibson and Harp, 1996), can actually pro-
duce an overestimation of the coseismic displace-
ments when Newmark’s methodology is applied.

The stability conditions after the earthquake
shaking can be assessed in terms of critical dis-
placement. Critical displacement is defined as the
coseismic displacement beyond which ground
cracking is produced, shear strengths along the
sliding surface approach residual values, and a

general failure of the landslide mass may occur.

The critical displacement depends on the rheologi-

cal behavior of the landslide mass. Masses that

display a brittle behavior (i.e., coherent and
disrupted slides, and falls) have a lower critical
displacement than masses whose ductility accom-

modates greater deformations prior to sliding (i.e.,

lateral spreads and flows). In this study, failures

occurring in rocky slopes (disrupted falls and
slides) have been assimilated to the first category,
for which a critical displacement of 5cm

(Wieczorek et al., 1985) has been assumed, while

a critical displacement of 10 cm has been assumed

for flows and slides occurring in cohesive soils

(Jibson and Keefer, 1993).

After the earthquake, for those landslides
exceeding the critical displacement, a static analysis
with residual shear strengths can be performed to
evaluate post-seismic safety conditions (Jibson and
Keefer, 1993). Two cases arise:

1. the static safety factor in residual strength con-
ditions is less than 1, or the corresponding
safety margin is less than 0: the slope is not
stable and undergoes a general failure;

2. the static safety factor in residual strength con-
ditions is greater than 1 or the corresponding
safety margin is greater than 0: the slope is
stable and deformation will cease after the end
of the seismic shaking. However, the final dis-
placement will range from the displacement
computed with peak shear strengths (maximum
value of the critical acceleration) to the displace-
ment computed with residual shear strengths
(minimum value of the critical acceleration).
The latter allows the upper bound of the
expected displacements to be estimated and
overcomes the problem of considering critical
acceleration to be strain-independent.

In saturated soils, the pore-water pressure can
rise due to transient loads; in loose soils, the water
pressure can balance the effective stress causing
the soil to liquefy (cyclic or dynamic liquefaction).
In dense soils, water pressure results in an increase
of the shear strengths during the cyclic loading
due to dilation; this will increase the short-term
stability conditions of the slope. After the earth-
quake, however, the shear strengths decrease due
to the generation of positive pore pressures, and
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thus the long-term stability conditions of the slope
become worse than the short-term stability condi-
tions. This mechanism explains the delay of hours
and even days between seismic shaking and sig-
nificant landslide movements in overconsolidated
clays and dense sands.

To determine the critical acceleration, conven-
tional stability analyses to compute the static safety
factor of the slope are generally performed. In
Fig. 2, an infinite slope and a rotational slide are
pictured to show the different significance of the
slope/thrust angle, f (Newmark, 1965). The criti-
cal acceleration coefficient, K, acting parallel to
the slope is given by the critical acceleration nor-
malized to acceleration of gravity.

For the simplest model of an infinite slope with
a steady seepage parallel to slope, the static safety
factor is given by (Lambe and Whitman, 1979):

’

c

+(1—ry)cos B tan ¢’
vz cos f§

SF= s (6)

where z is the depth of the sliding surface from
the ground level, r, is the pore pressure coefficient
(Bishop, 1954), and ¢’ and ¢’ are the effective
shear-strength parameters. The relation overcomes
the problem of performing a stability calculation
in terms of total stresses. In fact, dynamic stability
analyses are commonly carried out implementing
the undrained shear strength of the soil, although,
strictly, an effective stress analysis should be per-
formed, taking into account the proper value of
pore-water pressure developed during the cyclic
loading. The proper r, value under undrained
loading can be evaluated through rigorous analyses

AN

C

of pore-pressure generation (Martin and Seed,
1978) or through simplified procedures (Matsui
et al., 1980).

The critical acceleration coefficient is given by:

K,=(SF—1)sin (7)
if K, is acting parallel to the slope and by:
K., =(SF—1)tan §8 (8)

if K, is acting horizontally.

Strictly speaking, critical acceleration should be
defined in direction parallel to the sliding surface
along which the landslide mass moves downslope.
However, for practical purposes, the analysis is
often simplified by taking into account horizontal
acceleration and neglecting the vertical component
of the ground motion, which contributes little to
the instability conditions. In the following, critical
acceleration is always referred to K, unless a
different definition is explicitly given.

As an illustration of Newmark’s method, Fig. 3
shows the coseismic displacement computed for
the lower part of the Calitri landslide (Hutchinson
and Del Prete, 1985; Crespellani et al., 1996)
triggered by the Irpinia 1980, Ms 6.8 earthquake
(Bernard and Zollo, 1989). When accelerations
exceed the critical acceleration, the relative velocity
between the block and its base increases until the
acceleration drops below the threshold accelera-
tion. The cumulative displacement continues to
increase owing to inertial forces, and stops when
the velocity becomes zero.

The resulting cumulative displacement is then

]

Fig. 2. Infinite slope (left) and rotational slide (right). K, refers to tangential critical acceleration; f§ is the slope angle (infinite slope)

or the thrust angle (rotational slide).



342 R. Romeo | Engineering Geology 58 (2000) 337-351

150 —

|

1

o
o

i HIVW il
o i

T

Acceleration (cm/s?)
(=]

-

(=4

o
|

-
[
o

_IIII’III([\\\I‘Y \\‘\\[I‘

10 20 30 40 50 60

I\\‘\

16
14
12
10

Velocity (cm/s)
(o]

J|I|I‘rjl|llt‘\‘o

MI | ! I ILMA

11||||1\||||H'H||f; T
0 10 20 30 40 50 60

(=

n
o
|

)
l

Displacement (cm
o

0 L B L B B R
0 10 20 30 40 50 60

Time (sec)

Fig. 3. Newmark’s approach to coseismic landslide displace-
ment computation. Example from the Calitri accelerometric
recording (PGA 0.156g) of the Irpinia 1980, Ms 6.8 earthquake
with a critical acceleration K, =0.045g equal to that used by
Crespellani et al. (1996) for modeling the lower part of the
Calitri landslide (slip surface ‘A’ in their analysis).

given by:

D=Jw J“ [a(t)— K, g] dt>. 9)

0 0

The double integration over time of the accelera-
tions exceeding the critical acceleration gives the
cumulative displacement; in the slope examined,
the cumulative displacement is about 20 cm, in
good agreement with that computed by Crespellani
et al. (1996) for the slip surface ‘A’, corresponding
to the lower part of the Calitri landslide.

In order to generalize the computed displace-
ments as a function of the seismic parameters of
the accelerometric recordings, theoretical slopes
have been considered with critical acceleration
normalized to PGA, that is:

K.g
"~ PGA’

(10)

The parameter K is hereafter called the critical
acceleration ratio. The critical acceleration ratio
ranges between 0 and 1, and nine steps from 0.1
to 0.9 at an increment of 0.1 have been fixed,
excluding the two extreme values. In fact, for K=
0, the displacement goes to infinity, and for K=1,
no coseismic displacements occur. Both K and K
were used in the analyses that follow, as representa-
tives of the resistance of the slope to failure.

4. Attenuation of landslide displacement

Displacements have been computed for each of
the 95 couples of the horizontal components of
acceleration time histories, selecting the compo-
nent that provided the largest displacement.

The Italian seismic data set used for the regres-
sion analyses shown hereinafter relates the maxi-
mum computed displacement to PGA, I,, and
RMSA of each acceleration time history, according
to the methodology pointed out by Jibson (1993),
but using the critical acceleration ratio rather than
critical acceleration.

In Fig. 4, the Newmark displacements versus
Arias intensity are plotted for critical acceleration
ratios between 0.1 and 0.8. The correlation coeffi-
cients range between 0.56 and 0.67, and all fits are
significant above the 95% confidence level.

In Fig. 5, the best fits of computed displace-
ments as a function of Arias intensity and RMSA
for the nine steps of the critical acceleration ratios,
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are shown. The lines fit almost parallel to each
other and are equally spaced, suggesting a good
multivariate correlation. The divergence from the
parallelism for the critical acceleration ratio 0.9
shows a deviation from the linearity of the multiple
correlation for critical accelerations very close to
PGA; as K tends to 1, in fact, displacements tend
to zero for any value of 7, or RMSA, so a tendency
of the best-fit line to become parallel to the x-axis
is to be expected as K approaches 1.
Multivariate regression analyses of the form:

log,o D=f(logo I log;o RMSA,
K or K log;o K.)

or

(11)

have been performed to search for the most sig-
nificant correlation.

Table 1 synthesizes the results of the multivari-
ate regression analyses; the statistical meaning of

or

Table 1
Landslide displacements as a function of Arias intensity, RMSA
and critical acceleration: results of the multivariate analyses

K K. Log K,
Log I,
R? 0.886 0.488 0.747
Olog D 0.365 0.799 0.562
Log RMSA
R? 0.864 0.490 0.761
Olog D 0.398 0.797 0.545

each regression is given by the adjusted squared
multiple correlation coefficient (R?) and the stan-
dard deviation of the logarithm of displacement
(O—log D) .

The correlation coefficient for RMSA is only
slightly lower than for I, when the parameter K is
adopted to represent slope conditions; the same
observation is reversed when K is used.

Although K, is easier to use than K because it
does not require knowing PGA, the most robust
and statistically meaningful relation was obtained
with the critical acceleration ratio, K (see Table 1).
Thus, the best estimator of the coseismic displace-
ments is a linear function of the critical acceleration
ratio and a log-linear function of the Arias inten-
sity:

logio D(cm)=0.607(40.020) log;, 14
(cm/s) —3.719(40.049)K +0.852(+0.030)

+0.365. (12)

For comparison, the same data set was analysed

using the same variables as Jibson (1993). The

results of the regression analyses are summarized

hereinafter:

® 3 lower correlation coefficient (0.48 versus 0.87
from Jibson) is obtained when using critical
acceleration instead of critical acceleration
ratio, according to results shown in Table 1;
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® the coefficient of log I, is almost the same as in

Jibson (1.414 versus 1.460), while the coefficient

of the critical acceleration is higher (16.781

versus 6.642).

In conclusion, both Italian seismic data and the
different form of the critical acceleration are
responsible for the differences between the Jibson
analysis and the present analysis.

Since the Arias intensity depends on the earth-
quake magnitude, the source-to-site distance, and
the geologic site conditions, 7, has been expressed
in terms of these variables:

I,=f(M,R,S) then D=f(M,R,S,K). (13)

According to Sabetta and Pugliese (1996), the best
attenuation function of the landslide displacements
fitting Italian strong-motion data is:

logig D=a+bM+clog;,
XVR?>+d*+eK+fS+gR+a (14)

where M refers to local magnitude for M <5.5 and
to surface waves magnitude for M >5.5, to ensure
the best correlation as possible with moment mag-
nitude (Hanks and Kanamori, 1979); R takes in
turn the meaning of epicentral distance (RE) or
the closest distance from the surface projection of
the fault rupture (RF); and S has weight 0 for
rock or stiff soils and 1 for soft soils (shear wave
velocity not greater than 400 m/s and depth less
than 20 m). The term S does not state that soil
slopes can undergo greater displacements than
rock slopes, since they only depend on the critical
acceleration coefficient of the slope (depending, in

Table 2

turn, on shear strengths, geometric configuration
and hydraulic conditions). Term S only accounts
for the amplification of ground motion in soils
compared to that which is observed in rock or
stiff soils.

Coefficients a, b, ¢, e, f, and g are computed
through a linear multivariate analysis, while
coefficient d is calculated through a non-linear
regression analysis and accounts for a fictitious
focal depth. The term of anelastic attenuation, g,
has been always found to be statistically meaning-
less and very close to zero. The results of the
regression analyses are reported in Table 2.

The predictive models are expressed in terms of
attenuation relations of the expected landslide
displacements for both rock and soil slopes as a
function of epicentral or fault distances:

logio D (cm)= —1.1444+0.591 M —0.852 log;,
x VRF? +2.62 —3.703K+0.2465+0.403  (15)

log;o D (cm)=—1.281+0.648M —0.934 log,,
x VREZ +3.5% —3.699K +0.2255+0.418. (16)

The usefulness of such relations lies on the simple
estimation of the expected magnitude and source—
site distance for a reference earthquake (seismic
scenario) to predict landslide displacements, as
well as on the possibility to perform probabilis-
tically based hazard analyses of expected landslide
displacements.

Fig. 6 illustrates the results of a parametric
analysis carried out to investigate the influence

Attenuation of landslide displacements as a function of magnitude, distance, local site conditions and critical acceleration ratio:

results of the multivariate regression analyses

Coefficients Log D=f(M, log RF, K, S) Log D=f(M, log RE, K, S)
a —1.144+0.125 —1.281+ 0.134

b 0.591+0.026 0.648 +0.030

c —0.852+0.041 —0.934+0.051

d 2.6 3.5

e —3.703+£0.055 —3.699+0.057

f 0.246+0.028 0.225+0.029

g 0.0 0.0

R? 0.861 0.851

Glog D 0.403 0.418
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Fig. 6. Graphical illustration of the influence exerted by parameters of Eqs. (15) and (16) on the expected landslide displacements.
The ‘reference’ curve has been drawn for an M6 earthquake, epicentral distances [Eq. (16)], a critical acceleration ratio of 0.1, a
rock slope (§=0), and median values of computed displacements (6},, p=0). Curve ‘fault’ has the same parameters of the ‘reference’
but has been drawn using Eq. (15) (fault distance instead of epicentral distance). Curve ‘sigma’ has been plotted adding uncertainty
in the computed displacements (gy,, p=1). Curve ‘soil’ displays the attenuation of the landslide displacements for soil slopes (S=1)
instead of rock slopes. Finally, the ‘K0.2’ curve has been drawn for a critical acceleration ratio twice the ‘reference’ one. Solid lines
‘10 cm’ and ‘S cm’ show critical displacements for flows and disrupted slides, respectively.

exerted by the parameters of Eqgs. (15) and (16).
Comparisons are made with regard to a ‘reference’
curve whose parameters are: M6 earthquake, epi-
central distances, critical acceleration ratio 0.1,
rock slopes (S=0), and median values of computed
displacements (g3, p=0).

Critical displacements (D,) for disrupted and
coherent slides (5cm) and for flows or slides
occurring in slopes that behave as viscoplastic
materials (10 cm) are also shown in Fig. 6. Curve
‘fault’ refers to landslide displacements computed
as a function of fault distance [Eq. (15)]. The
same displacement is computed at a greater dis-
tance by Eq. (16) than by Eq. (15), by a definition
of epicentral distance (a 20% of increment, on
average), up to a distance of about 100 km.
Nevertheless, fault distance attenuates less than
epicentral distance, as its c-coefficient [the distance
coefficient in Eq. (15)] shows.

Coefficient ‘¢’ of the critical acceleration ratio
is practically the same in both equations. When

the uncertainty (y,, p) in the expected landslide
displacements is considered, displacements that are
a factor of 2.6 greater than the median displace-
ments are predicted (curve ‘sigma’ in Fig. 6). The
term ‘S’ exerts an influence that is about two-
thirds of that exerted by oy, p, determining an
increment of about 70% in the expected landslide
displacements when taken into account. The same
considerations can be argued for different reference
earthquakes, that is for different magnitude values.

Egs. (15) and (16) require the estimation of the
expected PGA value. This can be easily done using
published attenuation relations of the peak ground
acceleration for Italy, such as those of Tento et al.
(1992), Romeo et al. (1996), Sabetta and Pugliese
(1996) and Rinaldis et al. (1998).

5. Discussion and applications

An immediate application of the methodology
proposed in this work is the formulation of an
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earthquake scenario in terms of expected landslide
displacements. As an example, the spatial distribu-
tion of the expected landslide displacements repro-
ducing the Irpinia 1980, Ms 6.8 earthquake is
shown in Fig. 7A. The map is not slope-specific,
that is the computed displacements [through Eq.
(15)] are not referred to the actual critical accelera-
tions of the slopes of the area; in fact, they have
been calculated for virtual soil slopes with only
one value of critical acceleration ratio (K=0.1).
In the same figure, the largest landslides triggered
by the Irpinia earthquake (D’Elia et al., 1985;
Cotecchia, 1986) are shown together with the fault
trace of the main rupture. Some landslides lie in
the area where this simple model predicts displace-
ments between 10 and 25 cm; for these landslides,
triggered at a large distance from the fault rupture,
a critical acceleration ratio close to 0.1 was plausi-
ble when the earthquake occurred.

Some real cases, among the landslides triggered
by the Irpinia earthquake, have been examined to
test the validity of the proposed methodology, and
the results are summarized in Table 3, where, for
each landslide (column A), the type of movement
(B), the closest distance from the fault rupture (C)
and the critical acceleration ratio (D), are reported.
The landslide displacements, computed through
the present methodology [Eq. (15), column G],
are then compared with those (F) reported in
specific studies (E). The results of the predicted
displacements are in good agreement with the
actual observations of the behavior of the land-
slides or with the dynamic analyses specifically
carried out.

The Paola earth flow was reactivated 10 days
after the main shock at a distance of 143 km from
the closest point of the main fault rupture.
Although intense rainfalls following the seismic
event were the main causes of the reactivation, an
important role was attributed to the earthquake
in determining a shear strength reduction of the
materials involved in the landslide (Cotecchia,
1986).

An alternative way to express the susceptibility
of slopes to fail under seismic conditions is to
perform a seismically induced landslide hazard
analysis. Two methodologies and applications
emerge from this study:

1. Derivation of the expected landslide displace-
ments through relation (12). Fig. 7B shows the
Arias intensity values expected to be exceeded
at 10% probability level in 50 years (Romeo
and Pugliese, 1998)? it allows computation of
the expected landslide displacements [through
Eq. (12)] at the same probability level (namely,
with an average return period of 475 years). Of
course, landslide processes are not demon-
strated to follow stationary models of occur-
rence as for earthquakes, so this map must be
interpreted with care. It shows only that soil
slopes in the darkest area with a critical acceler-
ation ratio 0.1 or lower, for instance, could
experience coseismic displacements equal to or
greater than 57 cm, with a 10% chance of being
exceeded in the next 50 years.

2. Derivation of the expected landslide displace-
ments directly using relations (15) and (16).
Fig. 7C and D shows two ways of expressing
the potential landslide hazard assuming, as a
merely illustrative example, that soil slopes may
be characterized by a critical acceleration ratio
of 0.1. Fig. 7C shows the annual probability
exceeding the critical displacement of 10 cm,
while in Fig. 7D, displacements that are expected
to be exceeded at the 10% probability level in
50 years are depicted. Annual frequency prob-
ability maps, such as that in Fig. 7C, are useful
to show the influence of frequent earthquakes
on the expected landslide displacements; on the
contrary, landslide hazard maps for long return
period, such as that in Fig. 7D, highlight the
influence of less frequent and higher energy
seismic events. In the simplistic assumptions
made for only illustrative purposes, Fig. 7B and
7D show that the maximum expected landslide
displacements are similar using Eq. (12) (49—
57 cm), and using Eq. (16) (50-60 cm). This
convergence facilitates two alternative but sim-
ilar ways to compute the expected displacements:
1.1. estimate the PGA value for the proper

magnitude—distance couple;

2 Seismic hazard maps of Italy are available at the following

web site: http://www.dstn.it/ssn/RT/rt9701/frameset.html.



348 R. Romeo | Engineering Geology 58 (2000) 337-351

42.0N,

415N Displacementcm

ARIAS int.
p(0.10,50]

41.0NF

40.5NF

40.0NH

39.5N+ IRPINIA, 1980 Ms6.8 Earthquake
computed landslide displacements

RF 143 Km Arias (cm/s)

< triggered landslides

sl TT0E 17sE W

T40E 1456 150 1556 16.0E T16.5E

pld>10cm|1yr] D=p[0.10,50]

39

o.12annual exceedance
probability

24 Newmark
displacements(cm)

38

a7 a

36 36

Fig. 7. (A) Example of spatial distribution of expected landslide displacements reproducing the Irpinia 1980, Ms 6.8 earthquake.
Newmark displacements have been computed applying Eq. (15) and postulating, for only illustrative purposes, a critical acceleration
ratio of 0.1. Open diamonds are location of the main landslides actually triggered by the earthquake. (B) Arias intensity expected to
be exceeded at 10% probability level in 50 years (from Romeo and Pugliese, 1998, not shown). (C) Example of annual exceedance
probability for 10 cm critical displacement of flows and slides occurring in highly plastic soils. (D) Example of calculation of the
expected landslide displacements having a 10% chance of being exceeded in 50 years. These maps have been drawn referring, as a
merely illustrative example, to virtual soil slopes having a critical acceleration ratio of 0.1 (see text).
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1.2. derive the expected I, value from the rela-
tion given in Fig. 1;

1.3. compute the expected displacements
through Eq. (12) at the specific K-value.

2.1. the same step as 1.1;

2.2. compute the expected displacements
through Eq. (15) or Eq. (16) at the specific
K-value.

For example, a soil slope with critical acceleration
coefficient K_,=0.03g located 10 km from the epi-
center of a M6 earthquake will experience a PGA
value of about 0.3g (using Sabetta and Pugliese’s,
1996 attenuation law), corresponding to an
expected I, of 52.97 cm/s (Fig. 1). The expected
displacement at the critical acceleration coefficient
K=0.1 will be 33.6cm from Eq. (12) applying
methodology 1, versus 32 cm computed through
Eq. (16) using methodology 2.

The concept that the maps in Fig. 7A-D repre-
sent neither an actual earthquake-induced land-
slide scenario nor a specific geographical
distribution of the landslide hazard must be
stressed. The maps need, in fact, to be combined
with the actual geographical distribution of critical
acceleration values and need to be represented at
a detailed scale (regional or local).

6. Conclusions

A direct method to compute coseismic landslide
displacements has been formulated. This couples
the simplicity of evaluating earthquake triggering
parameters with the susceptibility of slopes to
undergo failure when subjected to cyclic loading.

Tests carried out on some real cases taken from
landslides triggered by an M6.8 earthquake that
occurred in southern Italy in 1980 (Irpinia earth-
quake) confirmed the validity of the proposed Egs.
(12), (15) and (16) for predicting seismically
induced landslide displacements.

This method is also suitable for modeling earth-
quake-induced landslide scenarios and landslide
hazard when maps of expected landslide displace-
ments for various K-values (as in Fig. 7A, C and
D) and maps showing the distribution of critical
acceleration values are overlapped (Wieczorek
et al., 1985; Luzi and Pergalani, 1996; Jibson et al.,
1998; Miles and Hoxx, 1999).

I anticipate investigating other seismicity
parameters such as the destructiveness potential
(Uang and Bertero, 1988), which has been demon-
strated to play a fundamental role in determining
the structural response to strong shakings, as well
as extending the concept of failure probability to
landslide occurrence and recurrence probabilities
to provide a forecasting where large landslide
displacements are more likely to occur.
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