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Abstract Predicting approximate earthquake-induced
landslide displacements is helpful for assessing earthquake
hazards and designing slopes to withstand future earth-
quake shaking. In this work, the basic methodology
outlined by Jibson (1993) is applied to derive the Newmark
displacement of landslides based on strong ground-motion
recordings during the 2013 Lushan Ms 7.0 earthquake. By
analyzing the relationships between Arias intensity, New-
mark displacement, and critical acceleration of the Lushan
earthquake, formulas of the Jibson93 and its modified
models are shown to be applicable to the Lushan
earthquake dataset. Different empirical equations with
new fitting coefficients for estimating Newmark displace-
ment are then developed for comparative analysis. The
results indicate that a modified model has a better goodness
of fit and a smaller estimation error for the Jibson93
formula. It indicates that the modified model may be more
reasonable for the dataset of the Lushan earthquake. The
analysis of results also suggests that a global equation is
not ideally suited to directly estimate the Newmark
displacements of landslides induced by one specific
earthquake. Rather it is empirically better to perform a
new multivariate regression analysis to derive new
coefficients for the global equation using the dataset of
the specific earthquake. The results presented in this paper
can be applied to a future co-seismic landslide hazard
assessment to inform reconstruction efforts in the area
affected by the 2013 Lushan Ms 7.0 earthquake, and for
future disaster prevention and mitigation.
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1 Introduction

Landslides are one of Earth’s most serious natural disasters
and are often triggered by earthquakes, especially in
mountainous regions where co-seismic landslides may
occur over broad areas. For some recent large magnitude
earthquakes, the majority of infrastructure damage and loss
of life was due to landslides. Examples include the 2003
Tecomén (Colima) Mexico earthquake, the 2008 Wench-
uan earthquake, and the 2013 Lushan earthquake (Keefer
et al., 2006; Yin, 2009; Dai et al., 2010; Chen et al., 2013).
It is therefore important to be able to accurately predict the
quantity, locations, and severity of future co-seismic
landslides for hazard assessment and for designing slopes
to withstand earthquake shaking.

It is relatively easy to assess where landslides are likely
to occur and what kind of seismic factors will cause
landslide triggering. The basic method first presented by
Newmark (1965), can be used to estimate the expected co-
seismic displacements of a landslide based on a given
recorded acceleration time history. This method was later
modified and improved by different workers including
Sarma (1981) and Wilson and Keefer (1983). Subse-
quently, the basic method of Newmark has been used
widely in both specific slope analyses (e.g., Jibson and
Keefer, 1993; Bray and Rathje, 1998; Pradel et al., 2005)
and regional landslide hazard assessments (e.g., Jibson et
al., 1998, 2000; Del Gaudio et al., 2003; Haneberg, 2006;
Saygili and Rathje, 2008).

Generally, it is not easy to collect recordings of ground
acceleration at a specific site for calculation of Newmark
displacement. Therefore, regression equations were devel-
oped to describe the empirical relationships between
seismic shaking parameters and estimated landslide
displacements (e.g., Ambraseys and Menu, 1988; Jibson,
2007; Hsieh and Lee, 2011), which allow quick and easy
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estimates of the Newmark displacements of earthquake-
induced landslides.

Among those empirical relations, Jibson (1993) treated
Newmark displacements as a function of the critical
acceleration and the Arias intensity by analyzing selected
strong-motion recordings. The relationship, referred to
here as the Jibson93 model, is very simple and helpful for
estimating landslide displacement. This method was
further modified by making all terms logarithmic (Jibson
et al., 1998, 2000); herein it is referred to as the Jibson98
model.

In this paper, the basic methodology outlined by Jibson
(1993) and its modified forms are applied to the strong
ground-motion records during the 2013 Ms 7.0 Lushan
earthquake which occurred along the eastern margin of
Tibet. Empirical equations for the estimation of Newmark
displacement are developed based on the Arias intensity
and critical acceleration. The goodness of fit and the
estimation errors of these equations are then analyzed to
create a suitable equation for the dataset of the Lushan
earthquake. The results can be used for future earthquake-
induced landslide hazard assessments in the area affected
by the earthquake, and for future disaster prevention and
mitigation.
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2 Ground motion recordings during the
Lushan earthquake

The Ms 7.0 Lushan earthquake on 20 April, 2013, was a
destructive earthquake which struck Sichuan Province
almost exactly five years after the 2008 Ms 8.0 Wenchuan
earthquake. Its epicenter was located at 30.314°N,
102.934°E, in Lushan County, along the southern segment
of the Longmenshan thrust belt, about 85 km from the
epicenter of the Wenchuan earthquake (Fig. 1). By
combining the spatial distribution of the relocated after-
shocks and focal mechanism solutions, the Lushan earth-
quake was classified as a typical blind reverse-fault event
(Xu et al., 2013). Due to strong shaking, the Lushan
earthquake produced numerous landslides within a large
area (Chen et al., 2013), which caused significant loss of
life and property damage.

During the 2013 Lushan earthquake, acceleration data
were recorded at 92 stations of the China digital strong
motion network (Fig. 1). Data collected from these stations
have three-component acceleration records, including the
peak acceleration values along N-S, E-W, and U-D trends.
Part of the data from these stations was selected to evaluate
landslide displacements during the earthquake.
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Fig. 1 Location of the Lushan earthquake and acceleration stations.
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3 Basic models for estimating landslide
displacement

Newmark (1965) introduced a method to calculate critical
displacement for evaluating the stability of artificial
embankments. It was then adapted to natural slope analysis
(Wilson and Keefer, 1983). When accelerations exceed the
critical value, the relative velocity between the sliding
block and its base increases until the acceleration drops
below the threshold acceleration. The cumulative displace-
ment continues to increase owing to inertial forces, and
stops when the velocity becomes zero.

The critical acceleration (4.) for landslide triggering is
defined as following:

A, = (FS—1)gsind, (1)

where g is the acceleration of gravity, FS is the static factor
of safety, and ¢ is the angle from horizontal of the slide
surface or the thrust angle (Newmark, 1965).

The Newmark cumulative displacement for a sliding
block is calculated by double integration of the accelera-
tion time history data above the critical acceleration. The
basic steps and method are presented in Fig. 2. During
calculation of co-seismic displacement, any pore pressure
increase is neglected, and residual un-drained/drained
shear resistance remains unchanged during the deforma-
tion.

The Newmark method for computing displacement is
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simple and straightforward, but sometimes it is difficult to
get acceleration recordings at a specific site. Therefore, a
modified approach for estimating Newmark landslide
displacement needs to be developed. Some relationships
can be derived by regression analysis between displace-
ment values for landslide failure susceptibility and critical
acceleration or strong ground-motion parameters.

Jibson (1993) developed the following regression
equation based on 11 strong-motion recordings for
different values of the critical acceleration, A4,.:

logD, = 1.460logl,—6.6424, + 1.546 + 0.409

(R* = 0.87), Q)

where A, is critical acceleration (g), 1, is the Arias intensity
(m/s), D,, is landslide displacement in centimeters, and the
last term is the estimation error of the model. Arias
intensity, /,, is defined by the following formula (Arias,

1970):
T
I, = lj a
2gJo

where g is the acceleration due to gravity, a(f) is the
recorded acceleration time-history, and 7 is the duration of
ground motion.

Jibson et al. (1998) modified the form of the Jibson93
model by making all terms logarithmic and then performed
a rigorous analysis of 555 strong-motion records from 13
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Fig. 2 Calculation of earthquake-induced landslide displacements (from Newmark, 1965).
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earthquakes. A modified regression equation was then
generated:

logD, = 1.521logl,— 1.993logA, — 1.546 £ 0.375

(R* = 0.83). 4)

The basic method and models mentioned above are used in
the following analysis.

4 Regression models for displacement of
landslides induced by the Lushan earthquake

In this study, a data subset of 20 continual horizontal
acceleration recordings with PGA > 0.2g from 10 stations
was used for analysis. The distribution of the selected
stations is shown in Fig. 1. Basic information concerning
these stations and recordings is listed in Table 1. These
original recordings are then baseline- and instrument-
corrected with a filter in the frequency domain. The band-
pass frequencies for the high-pass and low-pass filtering
were selected to maximize the signal-to-noise ratio. PGA
values are reduced by an average of about 5% during the
filtering process.

At first, Arias intensities for each strong-motion dataset
are calculated according to Eq. (3). The Newmark

Table 1 Basic information on strong-motion data used in this study

displacement is then calculated based on the Jibson93
models and its modified forms for critical accelerations
from 0.01g to 0.2g.

4.1 Relationships between the I, D,,, and A, of the Lushan
earthquake

According to the Jibson93 and Jibson98 models, a linear
relationship exists between log/, and logD, when 4.
remains un-changed. In this study, the dataset of the
Lushan earthquake is used to examine relationships
between these parameters. I, is calculated based on
recordings from the selected stations, and 4. is fixed at
0.01g to calculate D,,. The goodness of linear fits for /,-D,,
I,-logD,, logl,—D,, and logl,—logD, are calculated
respectively, and shown in Fig. 3. The values of R* for
the I,-D,, logl —D,,, and I,~logD,, are 0.55, 0.61, and 0.28
respectively (Fig. 3(a)-(c)), indicating a poor linear fit.
However, a good linear trend with R?>=0.85 exists in the
logl—logD,, plot (Fig. 3(d)).

Based on the method described above, a series of
different 4. values from 0.01g to 0.2g were used to test the
linear relationships between /,—D,,. The fitted results are
listed in Table 2.

According to the R* values in Table 2, good linear
relationships exist between /,—D,, and log/,—logD, with
average R* values of 0.77 and 0.89, respectively. However,

Data file Station code Longitude Latitude Site condition PGA(g)
1 51BXD 102.8 304 Soil 1.025
2 51BXD 102.8 304 Soil 0.39
3 51BXD 102.8 30.4 Soil 0.364
4 51BXY 102.9 30.5 Soil 0.394
7 51YAM 103.1 30.1 Soil 0.185
8 51YAM 103.1 30.1 Soil 0.149
10 51LSF 102.9 30.0 Soil 0.064
11 S1LSF 102.9 30.0 Soil 0.032
13 51BXM 102.7 30.4 Soil 0.20
14 51BXM 102.7 30.4 Soil 0.269
16 51QLY 103.3 304 Soil 0.315
17 51QLY 103.3 304 Soil 0.165
19 51YAL 102.8 29.9 Soil 0.828
20 51YAL 102.8 29.9 Soil 0.254
22 51PJD 103.4 30.2 Soil 0.155
23 S1PJD 103.4 30.2 Soil 0.188
130 S5THYY 102.4 29.6 Soil 0.461
131 S5THYY 102.4 29.6 Soil 0.372
133 S51UUYW 104.8 31.9 Soil 0.38
134 S1UUYW 104.8 31.9 Soil 0.357
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Fig. 3 1,-D,, relationships with fixed 4.=0.01g: (a) I,-D,; (b) I,~logD,; (c) logl,—D,; (d) logl,~logD,,.

Table 2 R? values for linear relationships between 1, and D, for different critical acceleration A, values

A, R*(I,~D,) R*(logl,~D,) R*(I,~logD,) R*(logl,~logD,)
0.01 0.55 0.28 0.61 0.85
0.05 0.89 0.41 0.59 0.90
0.1 0.91 0.66 0.42 0.92
0.15 0.87 0.56 0.33 0.83
0.2 0.73 0.78 0.25 0.86
Average 0.77 0.54 0.44 0.89

the relationship between 1,—D,, is not consistent with large
variation of R* values for different critical accelerations.
Therefore, the goodness of fit for the logl,—logD,, is better
due to more consistent and larger R values. It further
confirms that log/, is proportional to logD,, which was
proposed first by the Jibson93 models.

The linear relationship between the A, and logD,, was
first described in the Jibson93 model (Jibson, 1993). It was
modified into the relationship between logA4,. and logD,, in
the Jibson98 model (Jibson et al., 1998). In our study,
recorded data with PGA> 0.2g during the Lushan earth-
quake are used to test the relationships between 4. and D,,.
In the calculation for each record, the value of 7, was fixed
and then the goodness of fit was determined. All relation-

ships of 4.~D,,, logd.—D,,, A.~logD,,, and log4.~logD,, are
plotted in Fig. 4, and the summarized results are listed in
Table 3.

Table 3 and Figure 4 clearly reveal the variable goodness
of fit to a line for different relationships between D,, and 4...
The average R? in the A.—D,, plot is only 0.49, indicating a
poor regression relationship (Fig. 4(a)). A poor relation-
ship is also suggested in the logd.~D, with R* ranging
from 0.371 to 0.925, although the average R? is better
(0.81; Fig. 4(b)). However, A—logD, and logd.—logD,
plots show better linear trends with R?=0.98 and R*= 0.83,
with a small range of all R* values from 0.928 to 0.996 and
from 0.74 to 0.94, respectively (Figs. 4(c) and 4(d)). It
suggests that the linear relationships in 4.logD, and
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Table 3 R values for different linear relationships between A, and D, for A, values between 0.01g—0.2g

Ac_Dn IogAc_Dn Ac_lOgDn logAc_IOgDn
R? 0.18-0.79 0.371-0.925 0.928-0.996 0.74-0.94
Average 0.49 0.81 0.98 0.83
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Fig. 4 Relationships between 4. and D,, for recorded data of the Lushan earthquake: (a) 4.—D,; (b) log A.—D,;; (c) A-—logD,; (d) log A.—

IOgD n-

logd ~logD,, are very good. The same results were
obtained for the data set of the 1999 Taiwan Chi-Chi
earthquake (Hsieh and Lee, 2011).

The analysis presented above on the different relation-
ships between the /,, D,, and A4, variables of the Lushan
earthquake suggests that the forms of the Jibson93 and
Jibson98 models can be used for the earthquake’s dataset
with new coefficients.

4.2 Regression models for landslide displacement induced
by the Lushan earthquake

In order to develop a suitable empirical relationship
between Newmark displacement, critical acceleration,
and Arias intensity for the 2013 Lushan earthquake
dataset, Newmark displacements are calculated for differ-
ent critical accelerations from 0.02g to 0.1g. All calculated
results are plotted in log-log space. Data points for

different critical accelerations show fairly linear relation-

ships with regression coefficients R*=0.86-0.97 in log-log

plots of Arias intensity versus Newmark displacement

(Fig. 5(a)). New multivariate regressions are then fit to the

dataset of the Lushan earthquake based on the forms of the

Jibson93 and Jibson98 models, as shown in Fig. 5(b).
The formula based on the Jibson93 model is:

logD, = 1.846logl,— 13.864, + 1.42 % 0.409.

(R* = 0.887). (5)
The formula based on the Jibson98 model is:
logD, = 1.83logl,—1.997logd,.—1.96 4+ 0.375
(R* = 0.875). (6)

It appears that the goodness of fit in Eqgs. (5) and (6) with
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the new coefficients is better than that in the original
Jibson93 and Jibson98 models, with the same estimation
errors. However, the fit lines for different critical
accelerations from 0.02g to 0.1g present a fan-shape in
Fig. 5(a), with lines disproportionately spaced and
unparallel unlike that presented in the original Jibson93
and Jibson98 models (Jibson, 1993; Jibson et al., 1998).
Similar results were presented by Hsieh and Lee (2011),
indicating that these models could be modified to get more
reasonable results.

In 2011, Hsieh and Lee suggested that the Jibson 93 and
Jibson98 models needed to be modified for the 1999 Chi-
Chi earthquake data set (Hsieh and Lee, 2011). Two new
forms of empirical formula thus were developed by
modifying the log/, to A.Jogl, based on the Jibson93
model:

New form I:

logD, = Cld,logl, + C24, + C3 + €. )

And new form II:
logD,, = Cllogl, + C2A4,. + C3A4_ logl, + C4 + €. (8)

where, C1, C2, C3, and C4 are coefficients.

Because there is a linear relationship between logD,, and
A, or logl,, it can be concluded that a linear relationship
also exists between A.logl, and logD,. Therefore, the
modified formulas are reasonable. These modified for-
mulas are used to test the Lushan earthquake dataset. The
fitting results which are shown in Figs. 6(a) and 6(b), are
fan-shaped and similar to the fitting results of the Chi-Chi
dataset (Figs. 6(c) and 6(d); Hsieh and Lee, 2011).

The best fitting formulas for Egs. (7) and (8) are the
following:

—
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logD,, = 1.147logl,—13.6644, + 9.6734.log,

+1.396 £ 0.1716. (10)

The goodness of fit for the new Egs. (9) and (10) are R*=
0.866 and R*=0.901, respectively.

5 Discussion

In order to further analyze the estimated D, based on
different empirical equations, a checking point at /,= 1m/s
and A= 0.1g is selected to validate the Jibson93 model and
its modified forms. The checking results are listed in
Table 4.

The estimation errors based on the Jibson93 and
Jibson98 models are always larger than those based on
Eq. (7) (new form I) and Eq. (8) (new form II), as shown in
Table 4. The modified new forms should be more accurate
in describing the characteristics of Newmark displacement
of earthquake-induced landslides. D, values estimated
from the Lushan equations and the Chi-Chi equations are
much lower than those estimated from equations based on
global models or models derived from the dataset of
several earthquakes. The compared results of D,, in Table 4
indicate that global equations should not be directly used to
estimate Newmark displacement of landslides induced by
one specific earthquake. Rather, it is better to perform a
new multivariate regression to derive new coefficients
based on the global equation for the dataset of the specific
earthquake.
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Fig. 5 Fit lines for each value of critical acceleration plotted (a) and multivariate regression models of the Lushan earthquake with the

Jibson93 form and Jibson98 form (b).
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Fig. 6 Fitting results based on the modified formulas for the Lushan earthquake data (a, b) and for the Chi-Chi earthquake data set (c, d;
revised from Hsieh and Lee, 2011).

Table 4 Different empirical equations and estimated D,, based on checking point at /,=1 m/s and 4.=0.1g

Models Formula R’ Fitting data set Estimated D,/cm
Jibson93 model logD,= 1.460log/,—6.6424 .+ 1.546+0.409 0.87 Data Set from 7 earthquakes 7.62
Jibson98 model log D,= 1.521log 1,-1.993log A.—1.546+0.37 0.83 Data Set from 13 earthquakes 2.08
Eq. (7) New form I) logD,= 11.2874 log 1,—11.4854 .+ 1.948+0.357 0.84  Data Set from worldwide earthquake 6.3
(Hsieh and Lee, 2011)

Eq. (8) (New form II) logD,= 0.847logl,—10.624 .+ 6.587Aclogl,+ 1.84+0.295  0.89  Data Set from worldwide earthquake 6.02
(Hsieh and Lee, 2011)

Eq. (7) New form I) logD,= 11.2874 log 1,-11.4854 .+ 1.948+0.357 0.84 Data Set from the Chi-Chi earthquake 1.55
(Hsieh and Lee, 2011)

Eq. (8) (New form II) logD,= 0.847logl,—10.624 .+ 6.587A4 logl,+ 1.84+0.295  0.89  Data Set from the Chi-Chi earthquake 1.59
(Hsieh and Lee, 2011)

Eq. 9) logD,= 23.3724 logl,~13.2784 .+ 1.355+0.1831 0.866 Data Set from the Lushan earthquake 1.06
based on New form I

Eq. (10) logDn = 1.147logl,~13.6644 .+ 9.673 A logl,+ 0.901 Data Set from the Lushan earthquake 1.07
based on New form II 1.396+0.1716

Eq. (5) based on logD,= 1.846logl,~13.86A4 .+ 1.42£0.409 0.887  Data Set from the Lushan earthquake 1.08
Jibson93 model

Eq. (6) based on logD,= 1.83logl,~1.997logA.—1.96+0.375 0.875 Data Set from the Lushan earthquake 1.09

Jbson98 model

Comparative analysis of goodness of fit and estimation  applying Eq. (10) is 0.901, which is better than 0.887 for
errors for results calculated from Egs. (5) or (6) and Eqs.  the Jibson93 formula and 0.875 for the Jibson 98 formula.
(9) or (10) reveals good model fits for all four formulas.  Moreover, the pattern of fan-shaped lines in Figs. 6(a) and
However, the goodness of fit for the Lushan dataset 6(b) is similar to that based on Eqs. (7) and (8) in Figs. 6(c)
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and 6(d). Eq.(10), with smaller estimation errors, appears
most suitable for estimating the Newmark displacement of
the Lushan earthquake-induced landslides. This result
further verifies the conclusions presented by Hsieh and Lee
(2011), but more case studies are needed to broaden this
conclusion.

According to the analysis of results presented in this
study, it seems that for the Lushan earthquake dataset, the
Jibson93 and Jibson98 approach with simple formulas is
still applicable, but not optimal. Instead, for describing
displacement of landslides induced by the Lushan earth-
quake, the modified Eq. (10) is more suitable because of
the improved goodness of fit and smaller estimation errors.

6 Conclusions

In this work, strong ground-motion records from the 2013
Lushan Ms 7.0 earthquake are used to analyze the
Newmark displacement of landslides based on methodol-
ogy outlined by Jibson (1993). Comparative analysis of
results suggests that a global equation should not be used
directly to estimate the Newmark displacement of land-
slides induced by one specific earthquake. Instead, a
multivariate regression to derive new coefficients should
be performed based on the global equation.

Appropriate empirical equations for estimation of New-
mark displacement induced by the 2013 Lushan earth-
quake can be developed based on the Jibson93 model and
its modified formulas by fitting new formula coefficients.
However, the modified Eq. (10) with better goodness of fit
and smaller estimation errors appears most suitable and
effective for the Lushan earthquake dataset. Eq. (10) is thus
recommended for the Lushan dataset to estimate landslide
displacement in the Lushan earthquake-affected area. This
can then be used for an earthquake-induced landslide
hazard analysis to aid future construction and redevelop-
ment in the area.
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