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This study employs strong-motion data from the 1999 Chi-Chi earthquake, the 1999 Kocaeli earthquake, the 1999
Duzceearthquake, the1995Kobeearthquake, the1994Northridgeearthquakeand the1989LomaPrieta earthquake
to refine the relationship among critical acceleration (Ac), Arias intensity (Ia), and Newmark displacement (Dn). The
results reveal that, as expected, logDn is proportional to logIawhenAc is large.AsAcgets smaller however, the linearity
becomes less.We also found that logDn is proportional to Ac, and that the linearity is very stable through all Ia values.
These features are commontoall six sets of data. Therefore,weadda third term inaddition to the Jibson's formwhich
covers the aforementioned problem, and propose a new form for the relationship among Ia, Ac and Dn. Two
alternative forms were tested using each of the six data sets, before a final form was selected.
The final analyses grouped the data into aworldwide data set and a Taiwanese data set. Coefficients for the selected
formwerederived fromregressionwith thedata, and twofinal empirical formulas, one for global, the other for local,
proposed. Site conditions are also considered in this studywith empirical formulas being developed for soil and rock
sites, respectively. The estimation error is smaller and the goodness of fit is higher for both the local soil-site and
rock-site formulas. Since landslides are more likely to occur on hillsides, the rock site formula may be more
applicable for the landslide cases, whereas the soil site formula should be used for side slope of landfills.
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1. Introduction

Landslides are one of themost damaging hazards from earthquakes.
Estimating where they are likely to occur and what kind of shaking
conditions will trigger them is an important topic in regional landslide
seismic hazard assessment. Newmark (1965) first developed a simple
model to estimate co-seismic slope displacement. Since then many
researchers have used the Newmark method and actual strong-motion
records to estimate the earthquake-induced slope displacement at
specific sites (e.g., Wilson and Keefer, 1983; Wieczorek et al., 1985;
Jibson and Keefer, 1993; Bray and Rathje, 1998; Pradel et al., 2005).
Others have empirically assessed the earthquake-triggered landslide
hazard using the Newmark displacements and a suitable formula
(Jibson et al., 1998; Mankelow and Murphy, 1998; Luzi and Pergalani,
1999; Miles and Ho, 1999; Jibson et al., 2000; Miles and Keefer, 2000,
2001;Del Gaudio et al., 2003;Haneberg, 2006; Saygili andRathje, 2008).

In the Newmark method, a pseudo-static analysis is first used to
calculate a critical acceleration value. The critical acceleration (Ac) is
determined by interactively employing different horizontal earth-
quake accelerations in a static limit-equilibrium analysis until the
safety factor approaches 1.0.

Ac = FS−1ð Þgsinα; ð1Þ
where g is the acceleration of gravity, FS is the static factor of safety, and
α is the angle from the horizontal of the sliding surface or the thrust
angle (Newmark, 1965). The Newmark's cumulative displacement for a
sliding block is then calculated by double integration of the earthquake
acceleration time history data above the critical acceleration.

In a real landslide hazard case, however, it is not easy to find the
strong-motion record at a specific site for calculation of the Newmark
displacement. It is also complicated and time consuming to generate a
proper acceleration time history for a site for analysis. This is why
empirical relationships were developed. Ambraseys andMenu (1988)
were the first to propose various regression equations to estimate the
Newmark displacement (Dn) as a function of the critical acceleration
ratio (the ratio of critical acceleration to maximum acceleration)
based on analysis of 50 strong-motion records from 11 earthquakes.
They concluded that the following equation best characterizes the
results of their study:

logDn = 0:90 + log 1− Ac

A max

� �2:53 Ac

A max

� �−1:09
 !

� 0:30; ð2Þ

where Ac is critical acceleration, Amax is themaximumacceleration in a
strong-motion record, Dn is in centimeters, and the last term is the
estimation error of the model. Regression equations of different
forms have been proposed in other studies, with various additional
parameters included, to estimate Newmark displacement (Yegian
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Table 1
Strong-motion data used in the present study.

Earthquake Magnitude
(MW)

Country Year/month/
day (GMT)

Records # Rock
sites #

Soil
sites #

Chi-Chi 7.6 Taiwan 1999/09/20 746 326 420
Duzce 7.1 Turkey 1999/11/12 20 16 4
Kocaeli 7.4 Turkey 1999/08/17 41 20 21
Kobe 6.9 Japan 1995/01/16 24 8 16
Northridge 6.7 U.S.A 1994/01/17 376 172 204
Loma Prieta 6.9 U.S.A 1989/10/18 136 74 62
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et al., 1991; Jibson, 1993; Ambraseys and Srbulov, 1995; Crespellani
et al., 1998; Jibson et al., 1998; Bray and Travasarou, 2007).

Among those empirical estimations, Jibson (1993) proposed the
following regression equation based on 11 strong-motion records for
Ac values of 0.02, 0.05, 0.10, 0.20, 0.30, and 0.40 g:

logDn = 1:460log Ia−6:642Ac + 1:546� 0:409; ð3Þ

where Ac is critical acceleration (in terms of g), Ia is the Arias intensity
(in meters per second), Dn is in centimeters, and the last term is the
estimation error of the model. This is called the Jibson93 model in the
present study. The Arias intensity (Arias, 1970) is given by

Ia =
π
2g

∫Td

0
a tð Þð Þ2dt; ð4Þ

where g is the acceleration due to gravity, a(t) is the recorded
acceleration time-history, Td is the duration of the ground motion.

The Jibson93 model has a fine goodness of fit of R2=0.87, but this
model is overly sensitive to small changes in Ac. Jibson et al. (1998)
modified the form of the Jibson93 model to make all terms logarithmic
and then performed rigorous analysis of 555 strong-motion records
from 13 earthquakes. They used the same Ac values as indicated for
Eq. (3) and generated the following regression equation:

logDn = 1:521log Ia−1:993log Ac−1:546� 0:375; ð5Þ

it has a correlation coefficient R2=0.83 and is called the Jibson98
model in the present study.

In his reviewof previous regressionmodels forfinding theNewmark
displacement, Jibson (2007) concluded that factors included in the
models can be divided into 4 groups: (1) the critical acceleration ratio;
(2) the critical acceleration ratio and magnitude; (3) the Arias intensity
and critical acceleration; and (4) the Arias intensity and critical
acceleration ratio. These can be summarized as four basic factors:
Arias intensity, critical acceleration, maximum acceleration or PGA
(peak ground acceleration) and earthquake magnitude.

PGA is a common measure of ground-shaking intensity, but it just
measures a single point in an acceleration timehistory. TheArias intensity
is a measure of earthquake intensity given by the integration of squared
accelerations over time and it is related to the energy content of the
recorded signal. It has been demonstrated to be an effective predictor of
earthquake damage potential in relation to short-period structures,
liquefaction (Kayen and Mitchell, 1997), and seismic slope stability
(Wilson and Keefer, 1985; Harp and Wilson, 1995). Jibson (1993)
suggested using the Arias intensity, because it measures the total
acceleration of the record rather than just the peak value, so it provides
a more complete characterization of the shaking content of a strong-
motion record than the PGAdoes.Moreover, the landslide ratio (landslide
pixels to total pixels ratio) also correlateswellwith theArias intensity (Lee
et al., 2008). Therefore, the Arias intensity is considered to be superlative
among many seismic parameters in landslide hazard evaluation.

This study aims at developing a set of more effective empirical
equations than pre-existing ones for the estimation of the Newmark
displacement from the Arias intensity and other seismic parameters,
which can be used for seismic-induced landslide hazard analysis in
Taiwan and possibly worldwide. The critical acceleration or critical
acceleration ratio and/or earthquake magnitude may be used as
additional parameters in a regression model for the Newmark
displacement. In the present study, we consider critical acceleration as
an additional parameter in the model for the purpose of effectiveness
and practicality.

2. Data description

The main data set used in the present study encompasses strong-
motion records from the 1999 Chi-Chi mainshock (Ma et al., 1999;
Kao and Chen, 2000) (Table 1). This includes 746 strong-motion
records of the two horizontal components from 373 recording
stations. The data are used for validation of previous empirical
formulas and analysis of the relationship among Dn, Ac and Ia to find
better regression models. They are also used to find local empirical
formulas suitable for use in Taiwan.

Other strong-motion data from well-recorded major earthquakes
worldwidewere collected for thepurposeof comparisonandgeneration
of a common set of empirical equations. This includes strong-motion
data from the 1999 Duzce earthquake, the 1999 Kocaeli earthquake, the
1995 Kobe earthquake, the 1994 Northridge earthquake, and the 1989
Loma Prieta earthquake (Table 1). This additional data set includes 597
horizontal-component records.

All the strong-motion data were downloaded from the Pacific
Earthquake Research Center (PEER) website (http://peer.berkeley.edu/).
These data have been processed with baseline correction and band-pass
filtering by the PEER. Site conditions for each strong-motion stationwere
downloaded from the same website except for the Chi-Chi data set, for
which data from Lee et al. (2001)were used. Themagnitude and distance
distribution of the ground-motion data set used in this study are 6.7–7.6
and 1–175 km, respectively (Figure 1).

3. Analysis

First, the Arias intensities are calculated for each strong-motion
record, according to the definition shown in Eq. (4). In the meantime,
the Newmark displacement is calculated by using the average of +a(t)
and−a(t) for different critical accelerations between 0.01 and 0.4 g for
each of the records. These derived data are stored in a plain text file for
visual checking and further use.

3.1. Verification of Jibson's formulas

This study verifies the applicability of the Jibson93 equation and the
Jibson98 equation in the Taiwanese geological setting by using the Chi-
Chi data set. This data set is large and includes many strong-motion
records near the fault ruptures. The verification works by directly
inputting thedata set into the Jibson93and Jibson98equations, and then
plotting the results for visual inspection. The estimation error is also
calculated for comparison.

The results in both plots showa significantdeviation of the data from
the median and large estimation errors equal to 1.052 and 0.925 for
Jibson93 and Jibson98, respectively. These estimation errors are much
larger than the values of 0.409 and 0.375, as shown in Jibson (1993) and
Jibson et al. (1998). These differences indicate that Jibson's formulas are
not suitable for the Taiwanese geological setting and need further study.

3.2. Test of the Jibson forms

To test the suitability of using Jibson's model in Taiwan, we used
the Jibson93 and Jibson98 forms, and the Chi-Chi data set, to perform
a new regression.

The new equation for the Jibson93 form is

logDn = 1:782log Ia−12:104Ac + 1:764� 0:671; ð6Þ

http://peer.berkeley.edu/


Fig. 1. Magnitude and epicenter distance distribution of the ground motion data used in this study. (a) Rock site data, (b) soil site data.

Fig. 2. Ia−Dn relation diagrams when Ac=0.05 g in the Chi-Chi data set. (a) Ia−Dn relation, (b) Ia− logDn relation, and (c) logIa− logDn relation.

Table 2
Goodness of fit to a line in different relation between Dn and Ia for different Acs
(0.01~0.4 g).

Earthquake Dn− Ia logDn− Ia logDn− logIa

Chi-Chi R2=0.3~0.5 R2=0.2~0.5 R2=0.7~0.9
Duzce & Kocaeli R2=0.76~0.8 R2=0.8~0.87 R2=0.88~0.98
Kobe R2=0.7~0.89 R2=0.78~0.87 R2=0.9~0.98
Loma Prieta R2=0.6~0.8 R2=0.32~0.5 R2=0.77~0.85
Northridge R2=0.6~0.8 R2=0.4~0.75 R2=0.77~0.85
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where Dn is in centimeters, Ia is in meters per second, Ac is in terms of
g, R2=0.83 and σlog Dn

=0.671.
The new equation for Jibson98 form is

logDn = 1:756log Ia−2:78logAc−2:728� 0:658; ð7Þ

R2=0.87 and σlog Dn
=0.658.

The estimation errors have improved in the new regression from
those mentioned above, but they are still larger than those obtained in
Jibson (1993) and Jibson et al. (1998), although the goodness of fits are
similar to theoriginal Jibson's results. These results are deemed less than
ideal and we judged that there was still room for improvement.

3.3. Relation between the Arias intensity and Newmark displacement

It has been proposed in Jibson (1993) and Jibson et al. (1998) that
the relation between logIa and logDn should be linear, when Ac is fixed.
We examine this relation. The Chi-Chi data are plotted and the
goodness of fit of a line for Ia−Dn, Ia− logDn and logIa− logDn

calculated with Ac being fixed at 0.05 g (Figure 2). It is clear from the
figure that the data are concentrated near the origin in the Ia−Dn plot
and R2 is only 0.38; the R2 in the Ia− logDn plot is only 0.26. However,
the logIa− logDn plot shows a better linear trend with R2=0.72. We
also tested a series of different Ac values between 0.01 g and 0.4 g. The
results show that R2=0.70–0.90; as Ac gets larger, the linearity
becomes better. This result reveals that logDn is proportional to logIa,
as expected, except when Ia is very small (b0.06 m/s).

We further tested the Ia andDn relationusing theworldwidedata set.
They were plotted for visual observation and were calculated for
goodness offit. The results are listed in Table 2. In all the calculations, the
correlation coefficient is larger than 0.77 for logIa− logDn plot, even
better than the value obtained for the Chi-Chi data set. In the entire data
set tested, R2 is ranging from 0.70 to 0.98 for logIa− logDn relation. It
confirms that logDn being proportional to logIa is a worldwide
phenomenon.
3.4. Relation between the critical acceleration and Newmark displacement

Jibson (1993) first proposed the linear relation between Ac and
logDn after looking at strong-motion records from 11 earthquakes.
Jibson et al. (1998) modified their model to find the linear relation
between logAc and logDn using 555 strong-motion records from 13
earthquakes.

In the present study, we select some typical and large intensity data
(PGAN0.3 g) from the Chi-Chi data set, plot and calculate the goodness
offit of a line. The results show that the relation betweenAc− logDn best
fits a line. A typical example from the Chi-Chi mainshock records from
station TCU072 (about 14 km from the fault rupture line) is selected for
exhibition. Ac−Dn, Ac− logDn, and logAc− logDn are plotted and the
goodness of fit calculated with Ia being fixed (Figure 3). The best linear
relation is shown in Fig. 3b for theAc− logDn relation (R2=0.99). All the

image of Fig.�2


Fig. 3. Ac−Dn relationdiagrams for thenorth–southcomponentofChi-Chi earthquakeat stationTCU072; Ia=5.77 m/s. (a)Ac−Dn relation, (b)Ac− logDn relation, and(c) logAc− logDn relation.

Table 3
Goodness of fit to a line in different relation between Dn and Ac.

Earthquake (Dn−Ac) (logDn−Ac) (logDn− logAc)

Chi-Chi R2=0.6~0.7 R2=0.98~0.99 R2=0.89~0.97
Duzce & Kocaeli R2=0.7~0.87 R2=0.98~0.99 R2=0.82~0.93
Kobe R2=0.67~0.82 R2=0.98~0.99 R2=0.89~0.96
Loma Prieta R2=0.64~0.88 R2=0.98~0.99 R2=0.88~0.96
Northridge R2=0.61~0.88 R2=0.98~0.99 R2=0.81~0.97
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R2 values that have been calculated for the Chi-Chi data set are listed in
Table 3.

We further test the Ac and Dn relation using the worldwide data
set. Some typical records were plotted for visual observation and the
goodness of fit calculated. The results are listed in Table 3. All
calculations for the worldwide data set show that the results are as
good as that obtained for the Chi-Chi data set with correlation
coefficients always larger than 0.98. This means that a very stable
linear relationship exists between Ac and logDn for all Ia values.
3.5. Regression models and regression method

Weselected a subset data of 15 records from8 strong-motion stations
(TCU065, TCU071, TCU072, TCU078, TCU079, TCU089, CHY074, and
ILA067) located at a proper fault distance (1 km–82 km) and site
condition (site class B, C, or D) (the 1997 UBC and 1997 NEHRP
classificationscheme, ICBO,1997;BSSC, 1998.) for studying the regression
model forms. We used this subset data to find the model coefficients by
Fig. 4. The Chi-Chi subset data fitting with
regression with the Jibson93 and Jibson98 forms (Figure 4) in the first
step. The two plots in Fig. 4 give important information in that the data
show a steeper slope for a larger Ac, giving a critical hint that the form of
the equation can be modified. Therefore, we propose two new forms for
regression of the relationship of Newmark displacement to the Arias
intensity and critical acceleration.

To obtain new form I, we modified logIa to become AclogIa in the
first term of the Jibson93 form as follows:

logDn = C1Aclog Ia + C2Ac + C3 � ε; ð8Þ

where C1, C2, and C3 are coefficients, Dn is in centimeters, Ia is in meters
per second,Ac is in terms of g, and the last term is the estimationerror. In
new form II, we added a term logIa to the new form I to obtain

logDn = C1log Ia + C2Ac + C3Aclog Ia + C4 � ε; ð9Þ

where C1, C2, C3, and C4 are coefficients.
The subset data was used for regression of the coefficients and

estimation error with new form I and new form II. The results show
that a higher goodness of fit and a lower estimation error can be
obtained with the new forms than with the others (Figure 5, and
Table 4), especially for new form II.

Both new form I and new form II consist of linear equations and
our data distribution is rather uniform, making the regression analysis
using a least squares method via a common matrix inversion
technique easy and quick. The LU decomposition technique (Press
et al., 1992) was used in our computer code to solve the linear
equations and find coefficients for the equations.
(a) Jibson93 form, (b) Jibson98 form.
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Fig. 5. The Chi-Chi subset data fitting with (a) new form I, (b) new form II.

Table 4
Estimation error and R2 of each equation for the Chi-Chi subset data.

Jibson93
equation

Jibson98
equation

Jibson93
form

Jibson98
form

New
form I

New
form II

σlog Dn
0.853 0.745 0.467 0.466 0.321 0.305

R2 – – 0.831 0.831 0.920 0.928

Table 5
Coefficients, estimation error and R2 of each equation for the entire Chi-Chi data set.

C1 C2 C3 C4 σlog Dn
R2

New form I 18.388 −21.536 2.344 – 0.503 0.804
New form II 0.766 −19.945 13.744 2.196 0.458 0.837
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4. Results and evaluations

4.1. Empirical formula for all site conditions

Regressions were performed using the entire Chi-Chi data set with
new form I and new form II. The results are shown in Fig. 6 and
Table 5. The best-fit equation for new form I is

logDn = 18:388Aclog Ia−21:536Ac + 2:344� 0:503; ð10Þ
Fig. 6. Results of the Chi-Chi data set fittin
and the equation for new form II is

logDn = 0:766log Ia−19:945Ac + 13:744Aclog Ia + 2:196� 0:458:

ð11Þ

The goodness of fit for new form I and new form II are R2=0.804
and R2=0.837, respectively.

A comparison of the goodness of fit and estimation error between
new form I and new form II shows the goodness of fit and deduction of
estimation error to bebetter for new form II. An examination of the plots
in Fig. 6 shows that new form I does not appear to function aswell when
Ia is larger than about 2 m/s, especially for lower Ac. Therefore, new form
II is much superior to new form I and we suggested that new form II is
better suited for use in Taiwan.

Before developing a global empirical formula, we made a
regression analysis for records from each earthquake and checked
the superiority between new form I and new form II. It confirms that
new form II always has better goodness of fit and less estimation error.
We also checked the homogeneity of data from different regions or
different earthquakes by comparing the regression lines for each
subset data at different Ac levels. Results of different subset data fitting
to new form II are shown in Fig. 7. It is clear that the best-fit lines of 4
worldwide subsets have clustered tightly, whereas the Chi-Chi set is
apart from the cluster except when Ac is small. Because of the
g to (a) new form I, (b) new form II.
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Fig. 7. Results of different data set fitting to new form II, (a) Ac=0.02 g, (b) Ac=0.1 g, (c) Ac=0.2 g.

Fig. 8. Results of worldwide data set fitting to (a) new form I, (b) new form II.
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inhomogeneity phenomenon and because the Chi-Chi set contains
more than 50% of the whole data set, we decided that global analyses
should not include the Chi-Chi data set. Only the 4 worldwide subsets
were combined to form a worldwide data set for further analyses.

The worldwide data set were then adopted for regression using
new form I and new form II. The results are shown in Fig. 8 and
Table 6. In this case, the equation for new form I is

logDn = 11:287Aclog Ia−11:485Ac + 1:948� 0:357; ð12Þ

the equation for new form II is

logDn = 0:847log Ia−10:62Ac + 6:587Aclog Ia + 1:84� 0:295: ð13Þ

The goodness of fit for new form I and new form II are R2=0.84
and R2=0.89, respectively.

A comparison of the goodness of fit and estimation error between
new form I and new form II shows that new form II has better
Table 6
Coefficients, estimation error and R2 of each equation for the worldwide data set.

C1 C2 C3 C4 σlog Dn
R2

New form I 11.287 −11.485 1.948 – 0.357 0.84
New form II 0.847 −10.62 6.587 1.84 0.295 0.89
goodness of fit and less estimation error. The plots in Fig. 8 show that
the fit of new form I to the data is not as good when Ia is large.
Therefore, new form II is reconfirmed to be superior to new form I and
is suggested for use worldwide.

4.2. Empirical formula for different site conditions

It is necessary to develop an empirical formula for rock sites
because most natural slope problems occur at rock sites. Even when
the slope failure appears to be a debris soil slide, the sloped terrain
beneath the debris and soil is most likely the rock or soft rock type.

We first divided the Chi-Chi strong-motion data into rock-site
data and soil-site data according to Lee et al. (2001). The site
conditions for the Duzce earthquake and Kocaeli earthquake data
were adopted from Rathje (2001). The site conditions for the
other three earthquake data sets were assigned according to United
States Geological Survey (USGS) site classifications. Site classes A(VsN
1500 m/s), B (1500NVsN760 m/s) and C (760NVsN360 m/s) were
grouped into the rock site category, site classes D (360NVsN180 m/s)
and E (Vsb180 m/s) were grouped into soil site category; site class Ewas
not included in the present study.

The Chi-Chi rock-site subset data were put into a regression using
new form II. We obtained a local rock-site empirical formula

logDn = 0:555log Ia−20:488Ac + 14:555Aclog Ia + 2:295� 0:414:

ð14Þ
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Fig. 9. Results of the Chi-Chi data set fitting to new form II, (a) rock site, (b) soil site.

Table 7
Coefficients, estimation error and R2 of each site condition for the Chi-Chi data set.

Chi-Chi data C1 C2 C3 C4 σlog Dn
R2

Rock site 0.555 −20.488 14.555 2.295 0.414 0.875
Soil site 0.802 −19.246 12.757 2.153 0.445 0.843

Note: Using new form II.

Table 8
Coefficients, estimation error and R2 of each site condition for the worldwide data set.

Worldwide Data C1 C2 C3 C4 σlog Dn
R2

Rock site 0.788 −10.166 5.95 1.779 0.294 0.884
Soil site 0.802 −10.981 7.377 1.914 0.274 0.905

Note: Using new form II.
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The goodness of fit is R2=0.875. For the Chi-Chi soil-site subset
data we obtained a local soil-site empirical formula

logDn = 0:802log Ia−19:246Ac + 12:757Aclog Ia + 2:153� 0:445:

ð15Þ
Fig. 10. Results of worldwide data set fitting
The goodness of fit is R2=0.843. These two empirical equations and
their data fits are plotted in Fig. 9; coefficients are listed in Table 7. The
results reveal that with both the rock-site formula and the soil-site
formula we obtain better goodness of fit than that of all-sites formula
as well as reduction of estimation error. This indicates that
differentiation of site conditions does improve the results.

The worldwide rock-site subset data were adopted for regression
using new form II. We obtained the global rock-site empirical formula

logDn = 0:788log Ia−10:166Ac + 5:95Aclog Ia + 1:779� 0:294: ð16Þ

The goodness of fit is R2=0.884. Similarly, we determined the
global soil-site empirical formula

logDn = 0:802log Ia−10:981Ac + 7:377Aclog Ia + 1:914� 0:274:

ð17Þ

The goodness of fit is R2=0.905. Coefficients for these two
empirical formulas are listed in Table 8, and their data fits are plotted
in Fig. 10. There is further improvement in the goodness of fit and
estimation error with either the rock-site formula or the soil-site
formula confirming that differentiation of site conditions does
improve the results.
to new form II, (a) rock site, (b) soil site.
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Fig. 11. Comparison among suggested empirical formulas. Rock site, soil site, and all site formulas are compared at Ac=0.02 g, 0.1 g, and 0.2 g. (a) local formulas, (b) global formulas.
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4.3. Comparison among suggested empirical formulas

Wenow compare the 6 suggested empirical formulas (local all-sites,
local rock-site, local soil-site, global all-sites, global rock-site, and global
soil-site). We now plot the 6 equations with different Ac values on one
figure (Figure 11). The results reveal that the formulas are rather similar
among soil-site, rock-site, and all-site ones, either for local formulas or
global formulas. However, as demonstrated above, the soil-site and
rock-site formulas are more exact than the all-site formulas, and could
be used in a more strict sense, whereas the all-site formulas could be
applied to general seismic slope stability cases.

Although the local formulas are different from the global formulas,
however, they predict similar Dn values when Ia is large. This is very
important in practical application, because most seismic slope failures
occur when Ia is large. This difference becomes larger, when Ia gets
smaller and Ac becomes larger.

The local formulas predict smaller Dn values than that of the global
formulas when Ac gets larger. This phenomenon is here interpreted as a
local feature in Taiwan and could be attributable to similar active
orogens, like New Zealand. Our experience and some local studies (e.g.,
Loh et al., 2000; Lin et al., 2010) show that seismic ground-motion
attenuates faster in Taiwan as compared with other worldwide
attenuation equations, like NGA models (Next Generation Attenuation
project) attenuation equations (Abrahamson and Silva, 2008; Boore and
Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs,
2008; Idriss, 2008), especially for short-period motion. Therefore,
strong-motion records at larger fault distance will contain less short-
Fig. 12. Comparison of new global formulas (estimation error=0.295) with Jibson's formu
with Jibson98 formula (estimation error=0.375).
period motions and show less peaks in the acceleration time history, so
that the double integration above a certain Ac value will show lower Dn

values especially for records farther from fault rupture.

4.4. Comparison with pre-existing empirical equations

We compare the new formulas only with those formulas using Ac

and Ia as variables; those formulas using critical acceleration ratio or
maximum acceleration as variables were difficult to compare and
were not considered. Therefore, we now compare the new formulas
with the Jibson93 and Jibson98 formulas. The Jibson93 formula and
the new formula for worldwide and all-site data are plotted in
Fig. 12a, and the Jibson98 formula and the new formulas for
worldwide and all-site data are plotted in Fig. 12b. The main
difference between the new worldwide and all-site formula and
Jibson's formulas is the Ia−Dn pattern in the plots; the former has a
radiating pattern (as a consequence of the correlating term AclogIa)
whereas the latter exhibits a parallel pattern. When the Ia value is
about median to large, the new formula is quite similar to Jibson's
formulas thus predicting similar Dn values. However, they signifi-
cantly divergewhen Ia gets smaller.When Ia is less than 1 m/s, Jibson's
formulas over-predict the Dn value and are actually too conservative.

In summary, the new formulas possess higher goodness of fits (R2)
and lower estimation errors than that of previous ones (R2=0.87 and
0.83 for Jibson93 and Jibson98, respectively, whereas R2=0.89 for
new global all-site formula; σlog Dn

=0.409 and 0.375 for Jibson93
equation and Jibson98 equation, respectively, whereas σlog Dn

=0.295
las, (a) comparison with Jibson93 formula (estimation error=0.409), (b) comparison

image of Fig.�11
image of Fig.�12
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for new global all-site formula). Therefore, the new formulas predict
more accurate Dn values throughout the entire Ia range and are thus
more suitable for the use in seismic slope stability evaluation.

5. Conclusions

After testing a large amount of strong-motion data, we conclude
that the logarithmic Newmark displacement logDn is proportional to
the critical acceleration Ac, and the linearity is very stable through all
Arias intensity Ia values. This relation has been used in Jibson (1993)
and is adopted in the present study. We proposed and tested two new
forms for the regression model for Newmark displacement. Our
results suggest that the new form II, which adds a third term— AclogIa
to the form used by Jibson (1993), is more appropriate for use.

One global empirical formula and one local empirical formula for
all site conditions are suggested for use in evaluation of earthquake-
induced slope failures. The local formula could be used in Taiwan and
in a similar tectonic environment (active orogen) outside Taiwan. The
global formula could be used worldwide except active orogen. This
study further suggests empirical formulas for soil site and for rock
sites. Because most natural slope failures occur on hillsides, which
usually lay atop bedrock, a rock-site formula may be more valid for
use in regional earthquake-induced landslide hazard evaluation. The
soil-site formula, however, should be used for slopes of landfills.
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