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Abstract: A landslide displacement (DLL) attenuation model has been developed using spectral intensity and a ratio 
of critical acceleration coeffi cient to ground acceleration coeffi cient. In the development of the model, a New Zealand 
earthquake record data set with magnitudes ranging from 5.0 to 7.2 within a source distance of 175 km is used. The model 
can be used to carry out deterministic landslide displacement analysis, and readily extended to carry out probabilistic seismic 
landslide displacement analysis. DLL attenuation models have also been developed by using earthquake source terms, such 
as magnitude and source distance, that account for the effects of earthquake fault type, source type, and site conditions. 
Sensitivity analyses show that the predicted DLL values from the new models are close to those from the Romeo model that 
was developed from an Italian earthquake record data set. The proposed models are also applied to an analysis of landslide 
displacements in the Wenchuan earthquake, and a comparison between the predicted and the observed results shows that the 
proposed models are reliable, and can be confi dently used in mapping landslide potential.

Keywords: displacement; landslide; intensity measures; deterministic analysis; probabilistic analysis

Correspondence to: Zhang Jian, Southwest Jiaotong University, 
Chengdu 610031, China
Tel: +86-28-87603978;      
E-mail: JianZhang1102@home.swjtu.edu.cn

†Professor; ‡Principal Scientist; §Post-graduate Student
Supported by: Foundation for Research and Science and 

Technology of New Zealand, No C05X0208 and 
C05X0301; Major Project of Chinese National Programs for 
Fundamental Research and Development (973 Program), No 
2008CB425802

Received February, 2, 2010; Accepted April 19, 2010

1    Introduction

Earthquake-induced landslides are one of the 
most important seismic hazards that often result in 
serious structural damage and loss of life. To identify 
potential losses from earthquake-induced landslides, 
an approach often used is to map a parameter that can 
represent landslide potential. Landslide displacement 
(DLL) is one of the parameters that can be derived from 
the Newmark displacement model (1965). Therefore, 
DLL is sometimes called the Newmark displacement. 
Two types of DLL models, expressed by either seismic 
intensity or earthquake source parameters, are often 
used to estimate landslide displacements. The fi rst 
type of models includes the Jibson et al. model (1998) 
(using the Arias intensity, Ia) and the Crespellani

et al. model (1998) (using an earthquake destructiveness 
potential factor, Pa). The second type of model includes 
the Ambraseys & Srbulov model (Ambraseys and 
Srbulov, 1994) and the Romeo model (Romeo, 2000). 
On the basis of existing DLL models, some landslide-
potential maps have been developed and used in landslide 
hazard mitigation strategies. However, some drawbacks 
still exist in the existing DLL models. For example, the 
effects of faulting mechanism and tectonic type are 
not included in the existing DLL models. However, it is 
well-known that faulting mechanism and tectonic type 
have a strong effect on ground motions. In addition, few 
existing models include the effect of vibration frequency 
on landslide displacement, but experiments (Wartman 
et al., 2001) showed that this effect is signifi cant. The 
existing landslide displacement attenuation models can 
not be easily used in a simplifi ed probabilistic seismic 
landslide displacement analysis (PSLDA), such as in the 
model by Romeo (2000), because the ground response 
intensity used in the existing models, such as Arias 
Intensity, can not be easily estimated from a widely 
used probabilistic seismic hazard analysis (PSHA). 
Therefore, some modifi cations to the existing DLL 
models are necessary.

In the present study, two types of DLL models are 
developed, one using spectral intensity and the other 
using earthquake source parameters to account for the 
effects of tectonic type and faulting mechanism. A New 



178                                           EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                               Vol.9

Zealand earthquake record data set is used to develop the 
DLL models in the study. The reason for using the spectral 
intensity in this study, rather than the Arias Intensity, is 
that the spectral intensity incorporates the effect of 
vibration frequencies and vibration amplitude, and more 
importantly the spectral intensity is easily obtained from 
PSHA. Note that the fi rst type of DLL model developed 
in the study is easily extended to perform simplifi ed 
PSLDA, and the second type of DLL model can be 
directly used to develop truly probabilistic seismic 
landslide displacement models. Finally, the predicted 
landslide displacements from the model are compared 
with observed landslide displacements, including those 
from the Wenchuan earthquake.

2   Newmark displacement model and ground 
     response intensity

2.1  Newmark displacement model

The Newmark displacement model is often used 
to estimate the total permanent displacement for slope 
failures triggered by earthquakes, where permanent 
displacement occurs only when the earthquake 
acceleration acting on the assumed rigid friction block 
exceeds its critical acceleration. Therefore, the critical 
acceleration is an important factor, depending on 
topography of the slope and soil properties, and can be 
estimated as follows:

                           kc=(FS-1) sinα                         (1)

where kc is the critical acceleration in g (gravity 
acceleration), FS is the static factor of safety, and α is 
the angle between the slip direction of the mass centre 
and the horizontal direction. 

As known from slope stability analysis, the static 
factor of safety is dependent on the geometric shape 
of a failure surface in the slope, and a failure surface 
is often assumed as either an infi nite, planar, circular 
or compound surface. An infi nite failure surface 
assumption is often used in landslide hazard mapping for 
the sake of simplicity, but using this assumption implies: 
1) the thickness of the landslide block is much smaller 
than its length; and 2) the failure surface is parallel to the 
ground surface. On the basis of an infi nite failure surface 
assumption, the static factor of safety can be estimated 
from Eq. (2):
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where φ ’ is the effective friction angle, c’ is the effective 
cohesion, α is the slope angle, γ is the material unit 
weight, γw is the unit weight of water, t is the slope-normal 
thickness of the failure slab, and m is the proportion of 
the slab thickness that is saturated. Substituting FS from 
Eq. (2) into Eq. (1) yields the critical acceleration kc.

In order to calculate the cumulative permanent 
displacement triggered by ground shaking, a simple and 

accurate method proposed by Wilson and Keefer (1983) 
is used, where the permanent displacement is derived by 
double integrating those parts of the accelerations over 
the critical acceleration. 

2.2  Seismic  intensity

Peak ground acceleration (PGA) has been widely 
used as an earthquake shaking intensity measure. 
However, recently it has been recognized that the PGA 
is not an appropriate intensity measure in assessing 
structural damage. In order to accurately evaluate 
structural damage, several intensity measures have been 
proposed as follows.

Housner (1952) proposed a spectral intensity defi ned 
as:

  SI PVRS d25
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where SI25 represents the spectral intensity, PVRS(T, 
ζ) is the pseudo-velocity spectrum, PVRS(T,ζ)=(T/2/
π)*SA(T, ζ), here SA(T, ζ) is the spectral acceleration, T 
is the spectral period, and ζ is the damping ratio ( here 
ζ =5%).

Arias (1970) proposed the following, called the 
Arias intensity, Ia 
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where a(t) is the acceleration time history and Td is 
the duration of the measured acceleration time history. 
The physical meaning of the Arias intensity is the input 
vibration energy.

Saragoni et al. (1989) also proposed a destructiveness 
potential (Pa) as an intensity measure, in which the effect 
of the vibration frequency, amplitude and duration of 
ground motions are considered

       
 P I

na
a=

2 2
                             (5)

where Ia is the Arias intensity and n is the number of 
zero crossings for the acceleration time history. The 
destructiveness potential has been used by Crespellani
et al. (1998) in developing DLL models. 

3   New Zealand earthquake record data set

In the present study, the New Zealand strong 
motion data set that was used by Zhao et al. (1997) 
for the development of New Zealand PGA attenuation 
relationships and McVerry et al. (2006) for the 
development of New Zealand acceleration response 
spectra attenuation relationships is used, together with 
the implementation of some records from the 2003 
Fiordland earthquake (a magnitude 7.2 event). In the 
original data set, some acceleroscope records and 
undigitized fi lm records (only contributing to PGA 
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attenuation relationships) were included, but for the 
purpose of the DLL attenuation model, those records were 

removed. Finally, 48 out of 52 events with earthquake 
moment magnitudes ranging from 5.0 to 7.2 remain 

Table 1   New Zealand earthquakes considered in this study

No. Date UT
Epicentre

Mw Centrum Tectonic Source 
mechanismS E depth (km) type

1 1966-03-04 T23:58 38.45 177.91 5.64 24 I R
2 1966-04-23 T06:49 41.63 174.40 5.75 19 C R
3 1968-09-25 T07:02 46.49 166.68 6.27 4 C S
4 1971-08-13 T14:42 42.13 172.10 5.70 9 C S
5 1972-01-08 T21:33 37.57 175.69 7.27 7 C N
6 1973-01-05 T13:54 39.04 175.25 6.75 149 S R
7 1974-11-05 T10:38 39.65 173.63 5.44 17 C N
8 1975-06-10 T10:11 40.34 175.93 5.62 38 S N
9 1976-05-04 T13:56 44.67 167.45 6.51 10 C R
10 1977-01-18 T05:41 41.73 174.30 6.02 34 S N
11 1977-05-11 T02:41 43.26 171.73 5.20 10 C S
12 1979-03-24 T21:06 41.94 171.63 5.08 10 C R
13 1980-06-23 T16:45 39.90 175.60 5.49 61 S R
14 1980-10-05 T15:32 39.70 176.82 5.66 36 S N
15 1980-11-25 T04:57 37.78 178.97 5.54 41 S N
16 1982-02-05 T17:51 40.64 175.92 5.36 34 S N
17 1982-09-02 T15:58 39.74 176.93 6.46 31 S N
18 1984-03-05 T02:07 38.92 175.78 5.27 9 C N
19 1984-03-08 T00:40 38.31 177.29 5.91 80 S R
20 1984-06-24 T13:29 43.60 170.56 6.14 13 C S
21 1985-07-19 T14:33 38.72 177.30 5.92 31 S N
22 1987-03-02 T01:42 37.88 176.84 6.53 6 C N L
23 1988-06-03 T23:27 45.10 167.17 6.69 60 S R
24 1989-05-31 T05:54 45.27 166.88 6.33 24 I S
25 1989-08-08 T07:59 40.12 174.30 5.40 112 S R
26 1990-08-15 T15:54 40.32 176.44 5.17 28 S N
27 1990-10-04 T23:48 41.60 175.41 5.57 15 I R
28 1990-10-06 T02:41 41.60 175.41 5.46 15 I R
29 1991-01-28 T12:58 41.89 171.58 5.79 10 C R
30 1991-01-28 T18:00 41.90 171.67 5.93 11 C R
31 1991-02-15 T10:48 42.04 171.59 5.42 9 C R
32 1991-07-12 T04:42 39.31 175.97 5.30 69 S S
33 1991-09-08 T13:50 40.25 175.17 5.61 94 S R
34 1992-03-02 T09:05 40.31 176.48 5.54 26 S N
35 1992-03-30 T07:02 43.05 171.23 5.50 5 C R
36 1992-05-16 T17:57 38.23 178.37 5.76 22 I R
37 1992-05-27 T22:30 41.63 173.62 5.88 67 S S
38 1992-06-21 T17:43 37.67 176.83 6.25 4 C N
39 1993-04-11 T06:59 39.74 176.52 5.63 24 I R
40 1993-08-10 T00:51 45.21 166.71 6.81 22 I R L
41 1993-08-10 T09:46 38.52 177.87 6.19 39 S S L
42 1994-06-18 T03:25 43.01 171.46 6.81 4 C R L
43 1994-12-15 T11:20 37.27 177.53 6.31 12 C S
44 1995-02-05 T22:51 37.65 179.49 7.09 10 C N
45 1995-02-10 T01:45 37.92 179.51 6.49 10 C N
46 1995-03-22 T19:43 41.05 174.18 5.83 90 S S
47 1995-11-24 T06:19 42.98 171.80 6.24 5 C S
48 2003-08-21 T12:12 45.19 166.83 7.20 18 I R L

     Note: Tectonic type: C = Crustal, I = Interface, S = Slab
               Source mechanism: N = Normal, R = Reverse, S = Strike-slip
               L = lots of Landslides triggered
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and are listed in Table 1. Note that the modifi ed data 
set covers different tectonic settings and earthquake 
fault types and includes several large earthquake events 
that triggered a broad range of landslides (Hancox et al., 
1997, 2004) in New Zealand. The new data set is 
considered reasonable for developing DLL attenuation 
models for mapping earthquake-induced landslide 
potential in New Zealand.     

Signifi cant factors for triggering of landslides have 
been studied. For example, Keefer (1984) pointed 
out that the minimum earthquake magnitude and the 
maximum epicentral distance for triggering landslides 
are, respectively, 5.2 and 500 km in terms of a global 
landslide data set; Hancox et al. (1997) also analyzed 
numerous landslides triggered by earthquakes in New 
Zealand and derived the minimum earthquake magnitude 
and the maximum epicentral distance as 5 and 175 km, 
respectively. In a recent study of landslides triggered by 
the 2003 Fiordland earthquake, Hancox et al. (2004) 
found that most of the landslides are concentrated within 
an epicentral distance of 60 km. On the basis of these 
past studies, the following two criteria are suggested in 
selecting accelerograms:

(1) The record should have a source distance of less 
than 175 km;

(2) The PGA of the record should be no less than 
0.01g.

The fi rst criterion is consistent with the study of 
Hancox et al. (1997, 2004). The second one refers to 
the models of Ambraseys and Srbulov (1994), where 
the minimum PGA is 0.1 g, but in the present study the 
minimum PGA is 0.01 g. The reasons for setting a lower 
bound of PGA are: 1) records with PGA greater than 0.1 
g are limited in the New Zealand data set; and 2) setting 
a lower bound of PGA does not affect the fi nal model, 
because slope stability is governed by the ratio of kc/km; 
here km is the ground acceleration coeffi cient determined 
by PGA divided by gravity acceleration. 

Similar to the discussions of the studies of Zhao

et al. (1997) and McVerry et al. (2006), the data set has 
been supplemented with overseas near-source records to 
constrain the attenuation models at near-source distances 
where New Zealand recordings are sparse. In the study 
of McVerry et al., the overseas records from crustal 
earthquakes at source-to-site distances of 10 km or less 
were included. In this study, the overseas data set of 
McVerry et al. is used, and several records in the range 
10 km to 20 km are added. The supplemented overseas 
records are listed in Table 2.

4    DLL attenuation models using intensity 
      measures

Intensity measures widely used in predicting DLL 
are: 1) Arias intensity, Ia (Jibson et al. model (Jibson 
et al., 1998)); 2) PGA (Ambraseys and Srbulov model 
(Ambraseys and Srbulov, 1994)); and 3) destructiveness 
potential factor, Pa (Crespellani et al. model (Crespellani 
et al., 1998)). As mentioned above, the spectral intensity 
used in structural damage assessment is likely to be a 
valid intensity measure for predicting DLL (explanations 
for this follow). At present, most DLL attenuation models 
consist of different intensity measures, rather than a 
single one, such as Arias intensity and ratio of kc/km 
or Arias intensity and kc. Compared with term kc, term 
kc/km has a clearer physical meaning, namely that slope 
stability is dominated by the ratio. Consequently, the 
term kc/km, rather than kc, is used in this study. Therefore, 
the spectral intensity and kc/km are both used to develop 
the DLL attenuation model in this study by using the 
multi-linear regression method, as shown in Eq. (6). 
The attenuation model used herein was developed by 
using Ia and kc/km as expressed in Eq. (7), with a similar 
functional form as the Romeo model (Romeo, 2000).

             
  log cm log SI mLL

c m

10 10 253 1199 0 8675
3 50097

D
k k

( ) . . ( )( )
. ( / )

= + −
  (6)

Table 2   Other abroad earthquakes used in this study

No Date UT        Event name Mw
Centrum depth 

(km)
Source

mechanism

1 1940–05–19 T04:36 Imperial Valley 7.0 10 S
2 1966–06–28 T04:26 Parkfi eld 6.1 7 S
3 1971–02–28 T14:00 San Fernando 6.6 12 R
4 1978–08–13 T13:22 Santa Barbara 5.1 7 R
5 1978–09–16 T15:35 Tabas 7.41 11 R
6 1979–10–15  T23:16 Imperial Valley 6.5 10 S
7 1989–10–18 T00:04 Loma Prieta 6.92 12 S
8 1992–03–13 T17:18 Erzinch 6.72 10 S
9 1992–06–28 T11:57 Landers 7.36 7 S
10 1994–01–17 T12:30 Northridge 6.72 12 R
11 1995–01–16 T20:46 Hyogo-ken Nanbu 6.92 10 S
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Standard deviations from Eqs. (6) and (7) are 0.3 and 
0.37, respectively, in log10 scale. The difference between 
the two standard deviations is slight, but as mentioned 
above, the spectral intensity can be derived from PSHA 
and used to perform probabilistic seismic landslide 
analysis. This is why the spectral intensity is used to 
replace the Arias intensity in the DLL attenuation model. 
Residuals of the predicted DLL with respect to SI25 for the 
New Zealand earthquake record data set are shown in 
Fig.1, and an unbiased estimate is achieved. 

To perform a sensitivity analysis, three existing DLL 
attenuation models used in many studies are shown in
Eq. (8). For comparison purposes, a relationship between 
the spectral intensity and Arias intensity is plotted in Fig. 2 
and shown in Eq. (9), which is used to transform the 
Arias intensity to spectral intensity.

The Ambraseys and Srbulov model:
 

log cm log
log

LL c m

c m

D ( ) . . ( / )
. ( / )

= + − −0 90 2 531 1
1 09

k k
k k

    (8a)

The Jibson et al. model:
    
log cm log m s logLL a cD ( ) . ( / ) . .= − −1 521 1 9931 1 546I k

(8b)
The Romeo model:
 

log cm log cm sLL a c mD ( ) . ( / ) . ( / ) .= − +0 607 3 719 0 852I k k
(8c)

where kc and km have the same meaning as in Eq. (6), and 
Ia is the Arias intensity.

log SI m log m sa( )( ) . . ( )( / )25 1 2263 0 7631= − + I     (9)   

Comparisons of the predicted DLL are plotted in 
Figs. 3(a) and 3(b) with respect to Arias intensity and kc/
km, respectively. Figure 3(a) shows the effect of the input 
energy on the predicted DLL for given slopes and PGAs, 
and Fig. 3(b) shows the effect of the critical acceleration 
coeffi cients of slopes on the predicted DLL for a given 
acceleration time history. For a given kc/km (see
Fig. 3(a)), the new model predicts similar DLL values to 
those of the Romeo model, but different from those of 
the Ambraseys and Srbulov and the Jibson

Fig. 1  Residuals of the predicted displacements in log10 scale 
based on Eq. (7) with respect to spectral intensity 
obtained from Eq. (3)
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Fig. 2  Relationship between spectral intensity and Arias 
intensity derived from the New Zealand earthquake 
record dataset including crustal events and subduction 
zone events
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et al. models. The predicted DLL from the Jibson et al. 
model is much lower than those from the other models 
for Arias intensities less than 3.0. The Ambraseys and 
Srbulov model includes only a parameter, kc/km, and so 
the predicted DLL is constant. For a given Arias intensity 
and km (see Fig. 3(b)), the predicted DLL from the new 
model are similar to those from the Romeo model for 
most kc/km values and slightly larger than those from the 
Ambraseys and Srbulov model for  kc/km larger than 0.1. 
The Jibson model provides upper bounds for the range 
of  kc/km considered. The similarity of the predicted DLL 
between the new model and the Romeo model is likely 
to be because these two models have similar functional 
forms, and in addition, the Arias intensity and spectral 
intensity have a linear relationship on a logarithm scale, 
as shown in Eq. (9). For the Jibson model, the effect of km 
has been included in the Arias intensity, and so Fig. 3(b) 
for the Jibson model only shows a very special case. 
However, even for the special case, the predicted DLL 
values of the Jibson model are close to those of the new 
model for a large range of  kc/km. 

5 Development of DLL attenuation models 
     using earthquake source parameters

As discussed above, DLL attenuation models were 
usually developed using various intensity measures 
(such as the Arias intensity), and these intensity 
measures have to be derived from corresponding 
attenuation relationships that are a function of source 
and path parameters (earthquake magnitude and source 
distance) and site conditions. In order to simplify the 
intermediate steps in predicting DLL,  the DLL attenuation 
models are directly derived using earthquake source and 
path parameters by introducing three terms, one for site 
conditions, one for tectonic type and one for faulting 
mechanism, and are represented as: 

log cm
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LL w w

rup

10
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2

5 7949 0 4084

0 4244 0 02 10
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. .
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= − −

+ × 00 45 3 4323

0 1215 17 5128
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M k kw
c m
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( ) − +
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where Mw is the moment magnitude, rrup is the shortest 
distance to the rupture plane from the recording station 
in km, and SC is a dummy variable for site condition, 0 
for rock sites and 1 for soil sites. Note that in Eq. (10) 
only the site condition effect is explicitly included (in 
order to compare with existing models). Furthermore, 
the maximum magnitude used in developing the model 
is 7.4, therefore the upper limitation of magnitude for 
using the model is 7.0. The fi rst three terms on the right 
side of the equation include the effect of earthquake 
magnitude and source distance. In log(distance) term, 
a magnitude-dependent term is added for refl ecting the 
phenomena of magnitude saturation at near-fault sites. 
In addition, a magnitude-square term is introduced in 
the model to reduce the bias of residuals with respect to 
magnitude.

The standard deviation, σ log LL10D , of the model is 
0.39. In this study, rock sites contain subsoil category (a) 
in New Zealand Standard NZS4203:1992 (1992) with 
natural periods less than 0.25 s, and soil sites contain 
subsoil categories (b) and (c). Residuals of predicted DLL 
with respect to earthquake magnitude and distance are 
shown in Fig. 4. Figure 4 shows that an unbiased estimate 
for earthquake magnitude has been achieved.                   

For comparison purposes, the Ambraseys and 
Srbulov model (1994) and Romeo model (2000) are 
listed below:

Ambraseys and  Srbulov model:
 

log cm

log
LL s

c m c m

D M r h

k k k k

( ) . .

/ /. .( )

= − + +

−( ) −

0 463 0 008

1

2 2

2 58 1 07⎡⎡
⎣⎢

⎤
⎦⎥

− 2 4.
   (11a)

Romeo model:
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where Ms is the surface-wave magnitude, r is the 
horizontal site-source distance in km, h is the focal 
depth in km, rrup is the shortest distance to rupture plane, 

   5.0            5.5             6.0             6.5            7.0            7.5
Mw

2.5
2.0
1.5
1.0
0.5

0
-0.5
-1.0
-1.5
-2.0
-2.5

R
es

id
ua

l (
lo

g 10
)

     0                  50                 100                150                200
Distacne (km)

2.5
2.0
1.5
1.0
0.5

0
-0.5
-1.0
-1.5
-2.0
-2.5

R
es

id
ua

l (
lo

g 10
)
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and SC in the Romeo model is a dummy factor, 1 for soil 
sites and 0 for rock sites, M in the Romeo model refers to 
local magnitude for M≤ 5.5 and surface wave magnitude 
for M > 5.5. Other parameters have the same meaning as 
in Eq. (10). Note that the Ambraseys and Srbulov model 
does not account for the effect of site conditions. Figure 
5 shows a comparison of the predicted DLL by the three 
models for magnitude 5.8 and 6.8 events on soil sites, 
the latter of which is the maximum event in the Romeo 
data set. 

For the magnitude 5.8 event, the predicted DLL 
values from the new model (Eq. (10)) and Romeo model 
are similar for most source distances, but a slightly 
difference occurs at short source distances. At source 
distances between 10–100 km, the predicted DLL values 
by the Ambraseys and Srbulov model are close to those 
of the new model, but at source distances less than 10 
km, the Ambraseys and Srbulov model predicts much 
lower DLL values than those from the new model. For 
the magnitude 6.8 event, the Romeo model predicts 
larger DLL values than those of the new model at source 
distances less than 5 km, and for distances larger 
than 5 km, the two models predict similar DLL values. 
However, the predicted DLL values from the Ambraseys 
and Srbulov model are much lower than those from the 
new model and the Romeo model for source distances 
less than 15 km. It is worth noting that the difference in 
the predicted DLL of the three models exists mainly at 
short source distances. Generally speaking, near-fault 
prediction is mainly dominated by the near-fault records 
used in developing the model. Therefore, the difference 
is likely that different near-fault records were used in 
the three models. On the other hand, the Ambraseys and 
Srbulov model uses the horizontal site-source distance, 
but the other two models use the shortest distance to 
rupture plane. Therefore, some differences between the 
Ambraseys and  Srbulov model and the new model are 
also attributed to different source distances used. Note 
also that for the three models, different magnitudes have 
been used, but for the 5.8 and 6.8 magnitude events, 
the error caused by using different magnitudes can 
be ignored with respect to the other two as mentioned 
above. 

Strong motion attenuation models have shown 
that crustal and subduction zone earthquakes produce 
different ground motions (Zhao et al., 2006). For 
example, subduction zone earthquakes generally 
produce stronger high frequency responses than crustal 
earthquakes. Therefore, the New Zealand earthquake 
record data set was divided into two groups based 
on crustal earthquake events and subduction zone 
earthquake events, respectively. The subduction zone 
earthquake events were not further divided into interface 
and intra-slab events because of the lack of data, although 
these two types of earthquakes produce different ground 
surface shaking. For crustal earthquake events, the data 
is again divided into two subgroups based on faulting 
mechanism, one for strike-slip and normal faulting 

and the other for reverse faulting. The effect of site 
conditions is also taken into account. The DLL models for 
crustal events and subduction zone events are shown in 
Eqs. (12) and (13). Note that Eqs. (12) and (13) are only 
used for moment magnitudes less than 7.0, and Eq. (11b) 
can be used directly for a moment magnitudes larger 
than 7.0, because  for a moment magnitude less than 7.0, 
Eq. (12) and Eq. (11b) obtain similar values. 

For crustal events:
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where SR is the fault type term, 0 for strike slip or normal 
faulting and 1 for reverse faulting, and Mw, rrup, SC is 
defi ned in Eq. (10). This model has a standard deviation, 
σ log LL10D , of 0.38. From Eq. (12), it is known that reverse 
faulting produces a DLL about 11% larger than that from 
strike slip or normal faulting for the same site condition, 
and the displacement on soil sites is about 35% larger 
than on rock sites for the same earthquakes .

For subduction zone events:
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         (13)

where Mw, rrup, SC is defi ned in Eq. (10). The standard 
deviation of Eq. (13) is 0.39. It is clear that the scatter 
for directly predicting DLL using earthquake source and 
path parameters is larger than that using SI25 which 
has a standard deviation of 0.3. Equation (13) shows 
that the displacement DLL on soil sites is about 61% 
larger than that on rock sites for the same earthquakes. 
The difference in DLL values for two site conditions is 
mainly attributed to the contribution of high frequencies 
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Fig. 5   Comparisons of displacements predicted from three 
different models in terms of earthquake source 
parameters for earthquake magnitudes of 5.8 and 6.8 
on a soil site
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to DLL, which is small on rock sites, while the soil site 
amplifi cation to seismic waves dominates the DLL values 
on soil sites.

6   Validation of the new DLL attenuation models

To verify the developed DLL attenuation models, a 
commonly used approach is to compare predicted and 
observed DLL values. Al-Homoud and Tahtamoni (2000) 
investigated two landslides triggered by earthquakes. 
One is the Lower San Fernando dam landslide triggered 
by the 1994 magnitude 6.7 Northridge earthquake 
(Bardet and Davis, 1996) at a short source distance 
of about 6.5 km. The other is the Andretta landslide 
triggered by the 1980 magnitude 6.5 Irpinia earthquake 
(D’ella, 1992) at a short source distance of about 0.5 
km. The critical accelerograms for the Lower San 
Fernando dam landslide were determined by Bardet 
and Davis (1996), and the critical accelerograms for the 
Andretta landslide were determined by Al-Homoud and 
Tahtamoni.

Figure 6 shows a comparison between the predicted 
displacements from the new DLL model (Eq. (12)), the 
Ambraseys and Srbolov model (Eq. (11a)), the Romeo 
model (Eq. (11b)), and the measured displacements from 
the Lower San Fernando dam landslide and the Andretta 
landslide. 

Note that all the models underestimate the landslide 
displacements. A probable reason may be that in these 
models, near-fault effects and amplifi cation by the hills 
were not taken into account. However, Fig. 6 gives us 
confi dence that the trend of the predicted DLL values with 
respect to kc/km is quite similar to that of the measured 
displacements, i.e., the displacement reduces with 
increasing kc/km. In Fig. 6, curves representing mean 
values plus and minus one standard deviation from the 
new model are also provided. It shows that these curves 
fi t the data very well. Considering the possible near-fault 
effects that may enhance the measured displacement, the 
new model can be reliable for sites without near-fault 
effects. The comparison also shows that the predicted 
DLL values from the new model Eq. (12) are close to 

those from the Romeo model.
Romeo (2000) also reported some measured 

landslide displacements triggered by the 1980 magnitude 
6.9 Irpinia earthquake. Some parameters used by Romeo 
are listed in Table 3, where the DLL values predicted  by 
the new model are also provided. The comparison shows 
that the new model predicted DLL values close to those 
from the observed and calculated displacements. The 
latter was derived from site-specifi c studies.

In the 2008 Wenchuan earthquake, many landslides 
were triggered. Measurements were obtained from two 
landslides, including landslide volume, size and slope 
angle. One landside is located near the ABa aluminium 
manufacturing facility and the other is located near 
the Youyi Tunnel (1 km in the Yingxiu direction). 
The landslide near the ABa aluminium manufacturing 
facility was 50 m long, had a bottom width of 50 m, a 
thickness of 4 m, a rock-base slope of 50º, and a sliding 
displacement of 5 m. The landslide near the Youyi 
Tunnel was 500 m long, had a bottom width of 120 m, an 
upper width of about 75 m, rock-base slope of 50º, and a 
sliding displacement of 4 m. In the analysis, peak ground 
acceleration (PGA) for the two landslides is taken as 
0.975 g, which was recorded at the Wolong station. 
The PGA was taken from Wolong station because both 
landslides have a distance to fault plane similar to the 
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Fig. 6 Comparisons of measured displacements and 
displacements predicted from three different models 
for the 1994 Northridge earthquake of M = 6.7

kc/km = 0.15
Mw = 5.8
Ambraseys model
Romeo model
The new model

kc/km = 0.15
Mw = 6.8
Ambraseys model
Romeo model
The new model

Mw = 6.7 & R = 6.5 km
Ambraseys model
Romeo model
The new model
The new model ± σ
measured

Table 3   Comparisons of the observed (or calculated) DLL values: triggered by the 1980 Irpinia earthquake and predicted 
                       by the Romeo model (Eq. (11b)) and the new model (Eq. (12))

Locality of landslide
Closest 
distance 

(km)  
kc/km

Observed or 
calculated* displacements 

(cm)

Reome model
 Eq. (11b)

New model
 Eq. (12)

Calitri 20 0.07 55* 56 63
Andretta 17 0.07–0.15 70–20* 65–33 72–38
Buonin-ventre 3 0.08 General collapse 174 185
Senerchia 9 0.06 General collapse 118 129
Pergola 9 0.16 ≈30 50 57
S.Giorgio La Molara 40 0.24 Ground cracks 7 8

          Note* : From site-specifi c analysis
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Wolong station. From the measured soil strength and 
Eq. (2), a critical acceleration of 0.13 g is calculated. 
Finally, the calculated displacements are 4.53 m for the 
landslide near the ABa aluminium facility and 3.35 m 
for the landslide near the Youyi Tunnel. The comparison 
shows that the calculation slightly underestimates the 
landslide displacement, which may be because the near-
fault effect is neglected and few larger earthquake events 
are included in the model. 

    

7  Probabilistic seismic DLL analysis by using 
     the new model

Probabilistic seismic landslide displacement analysis 
(PSLDA) has been given attention in recent years, but 
because of its complexity, little progress in PSLDA has 
been made. However, to apply PSLDA to map landslide 
potential, an approximate method has been proposed 
by Romeo (2000), in which  the intensity measures, 
corresponding to different earthquake return periods, 
are estimated from probabilistic seismic hazard analysis 
(PSHA), and then the estimated intensity measure is 
substituted into DLL attenuation models (such as Eq. (6)). 
Romeo (2000) applied the method to map landslide 
displacements, and attained the Arias intensity with 
10% probability of exceedance in 50 years. However, 
at present, PSHA often outputs 5% damped elastic 
acceleration spectra, thus directly deriving the spectral 
intensity is more convenient, compared to deriving other 
intensity measures by considering hazard probability. 
Therefore, in the DLL attenuation models, using the 
spectral intensity as a parameter is an alternative for 
performing PSLDA, except for using Arias intensity. 
The steps for using Eq. (6) to derive PSLDA are as 
follows: 

Step 1: calculate 5% damped elastic pseudo-velocity 
spectrum PVRS(T) based on the 5% damped elastic 
acceleration spectrum SA(T) from PSHA; 

Step 2: calculate spectral intensity by integrating the 
pseudo-velocity spectra in a period range of 0.1 s to 2.5 s;  
and

Step 3: estimate DLL using Eq. (6), in which the km 
can be directly obtained from the estimated acceleration 
spectra. 

The procedure above is similar to that of Romeo 
(2000), except that the spectral intensity is used to 
derive PSLDA. Note that the standard deviation 
used in PSHA is that of spectral acceleration 
attenuation models, and the standard deviations 
of most spectral acceleration attenuation models 
are close to that of the new model (Eq. (6)) 
(For example, the McVerry et al. model (2006) has 
σlog10= 0.26 and the Japan attenuation model (Zhao et al., 
2006) has σlog10= 0.34). Therefore, the methodology that 
using the standard deviation in the spectral acceleration 
attenuation model derives acceleration spectra, and then 
the estimated acceleration spectra are used to estimate 
DLL values is believed to be appropriate.  

To show the difference between deterministic 
landslide displacement analysis and PSLDA, an example 
is provided. In the example, spectral intensities are 
calculated from the New Zealand probabilistic seismic 
hazard model (Stirling et al., 2002) and DLL is estimated 
from the DLL attenuation model (Eq.(6)). 

The site is located in Wellington, one of the high 
seismic hazard regions in New Zealand. Three faults 
make major contributions to the Wellington seismic 
hazard. The Wellington fault has the potential to produce 
a magnitude 7.3 earthquake with a recurrence interval 
of about 600 years, the Wairarapa fault produced a 
magnitude 8.1 earthquake event in 1855 with a recurrence 
interval about 1,500 years, and the Ohariu fault produced 
a magnitude 7.4 earthquake event in history with a 
recurrence interval about 3,250 years. Other sources also 
contributed to the seismic hazard of the site, such as the 
North Island subduction zone and distributed seismicity. 
The site conditions are classifi ed as subsoil category (b) 
(intermediate soil sites) based on NZS1992:4203 (1992). 
Figure 7 shows 5% damped elastic acceleration spectra 
with 150-, 475- and 1,000-year return periods and the 
50-percentile spectrum produced by the Wellington 
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Fig. 7  Estimated 5% damped elastic acceleration spectra 
derived from New Zealand probabilistic seismic 
hazard model for return periods of 150, 475 and 1000 
years and 50-percentile ground motion at Lower Hutt
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fault. Figure 8 shows the variation of the predicted 
DLL with respect to kc/km for these return periods and 
the 50-percentile ground motion. In the calculations, a 
suite of critical accelerations have been given, with an 
assumption that these critical accelerations correspond 
to a suite of slopes. 

Note that for PSLDA, the estimated DLL values are 
dependent on earthquake return period. As expected, the 
longer the return period, the larger the seismic hazard 
level, and so the larger the landslide displacement. 
The DLL values from the 50-percentile ground motion 
are between those from the 475- and 1000-year return 
periods. The results show that the predicted DLL by 
the deterministic analysis and PSLDA are different. 
Therefore, the PSLDA method, which includes various 
uncertainties, should be developed.   

  

8   Conclusions

This study focuses on developing two types of 
landslide displacement attenuation models. One uses 
intensity measurements and is applicable to probabilistic 
seismic landslide displacement analysis. The other uses 
earthquake parameters and accounts for the effect of 
tectonic settings and faulting mechanism. A detailed 
comparison between the Ambraseys and Srbulov model 
(Eq. (11a)), the Romeo model (Eq. (11b)) and the 
developed model (Eq. (10)) was made. The following 
conclusions are achieved from this study:

(1)  A landslide displacement attenuation model using 
spectral intensity as a parameter is developed, and the 
merits of using the spectral intensity are: 1) the spectral 
intensity contains the effects of spectral amplitude and 
spectral frequency; and 2) the probabilistic seismic 
landslide displacement analysis can be easily carried 
out, as the spectral intensity is obtained based on the 
acceleration spectra derived from probabilistic seismic 
hazard models.   

(2) The landslide displacements predicted from the 
new model are close to those from the Romeo model, 
and larger than those from the Ambraseys and Srbulov 
model. The difference in the predicted DLL values 
between the new model and the Ambraseys and Srbulov 
model may originate from using different functional 
forms and earthquake record data sets. 

(3) The new models expressed by earthquake source 
parameters (Eqs. (12) and (13)) account for the effect of 
crustal and subduction zone earthquakes by introducing 
a tectonic type term. For crustal earthquakes, strike-slip 
or normal faulting and reverse faulting are accounted 
for based on a fault term. For all models, site conditions 
have been accounted for based on soil and rock site 
conditions. Generally, the displacement triggered by 
reverse faulting is about 18% larger than that of strike-
slip faulting on soil sites and about 32% larger on rock 
sites.

(4) An example is provided which shows how to use 
the landslide displacement attenuation model (Eq. (6)) 

to perform probabilistic seismic landslide analysis. 
The example shows that the predicted displacements 
differ for different earthquake return periods, and the 
displacements derived from the 50-percentile ground 
motion is between those from 475- and 1,000-year 
return periods. Based on this simple methodology, 
mapping probabilistic seismic landslide potential 
becomes convenient. 

(5) Comparisons between predicted and measured 
landslide displacements triggered by earthquakes 
suggest that the new models, including those expressed 
by either spectral intensity or earthquake source 
parameters, provide acceptable displacement estimates, 
particularly for displacements with respect to the ratio 
of critical acceleration coeffi cient to ground acceleration 
coeffi cient. 
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