
14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14
Dublin, Ireland, July 9-13, 2023

Seismic reliability assessment of slopes subjected to stochastic
pulse-like ground motion

Guan Chen
Postdoc, Institute for Risk and Reliability, Leibniz Universität Hannover, Hannover,
Germany. E-mail: guan.chen@irz.uni-hannover.de (corresponding author)

Chao Dang
PhD candidate, Institute for Risk and Reliability, Leibniz Universität Hannover,
Hannover, Germany. E-mail: chao.dang@irz.uni-hannover.de

Ruohan Wang
PhD candidate, Institute for Risk and Reliability, Leibniz Universität Hannover,
Hannover, Germany. E-mail: ruohan.wang@irz.uni-hannover.de

Michael Beer
Professor, Institute for Risk and Reliability, Leibniz Universität Hannover, Hannover,
Germany. E-mail: beer@irz.uni-hannover.de

ABSTRACT: Near-fault pulse-like ground motions attract increasing attention in engineering because
they tend to cause more severe damage to structures than ordinary ground motions. Landslides, as the
most common natural hazard triggered by earthquakes, pose a critical threat to life and infrastructure
safety. However, the seismic reliability assessment of slopes under near-fault pulse-like ground motions
remains challenging due to the lack of records and the complexity of the dynamic response analysis.
Hence, this study developed a framework for assessing the reliability of slopes under near-fault seismic
excitation by integrating the pulse-like ground motion simulation method, the nonlinear dynamic
analysis, and the extreme value distribution-based reliability method. A data-based empirical
relationship between the design target spectrum in anti-seismic codes and seismic reliability was
established for slopes, providing references for further study of seismic reliability in near-fault regions.

The near-fault pulse-like ground motions that
feature long period and high amplitude in veloc-
ity have attracted increasing attention since they
were reported by Housner and Hudson (1958).
So far, great achievements also have been made
in various aspects, such as generation principle
(e.g., Somerville et al. (1997)), identification (e.g.,
Baker (2007); Chen et al. (2023a)), simulation (e.g.,
Mavroeidis and Papageorgiou (2003); Chen et al.
(2022a)), and impacts on structures (e.g., Alonso-
Rodríguez and Miranda (2015); Baltzopoulos et al.
(2016)).

That pulse-like ground motions tend to cause
severer damage on structures than ordinary ground
motions is widely accepted (e.g., Phan et al. (2007);
Tothong and Cornell (2008); Chen et al. (2023b)).
However, most studies do not consider the random-
ness of pulse-like ground motions. Based on the
study of Shahi and Baker (2014), about 250 pulse-
like ground motions are identified in the PEER
NGA-West2 database. Hence, although some stud-
ies attempt to carry out seismic reliability under
pulse-like ground motions (e.g., Li et al. (2022);
Pang et al. (2018); Psycharis et al. (2013)), the ef-

1



14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14
Dublin, Ireland, July 9-13, 2023

fects of uncertainties of near-fault pulse-like ground
motions on seismic risk analysis still remain largely
unexplored due to the insufficiency of pulse-like
records.

This study performs the seismic reliability as-
sessment under stochastic pulse-like ground mo-
tions by integrating the pulse-like ground mo-
tion simulation method, the finite element method,
and the extreme value distribution-based reliabil-
ity method. Compared with previous studies, an
advantage of this study is that the target spectrum
compatibility of near-fault pulse-like ground mo-
tion is considered. An unsaturated soil slope is
taken as an example because landslides are one of
the most common hazards in earthquakes and most
soil is unsaturated naturally.

1. GROUND MOTION DATABASE
1.1. Pulse-like ground motion simulation

In accordance with the anti-seismic codes (like
Eurocode8), the target spectrum-based strategy is
adopted for input ground motions in this study.
Since the insufficiency of pulse-like records, ar-
tificial pulse-like ground motions are simulated.
Specifically, a trigonometric series-based simu-
lation method proposed by Chen et al. (2022a)
is used, which can generate target spectrum-
compatible pulse-like ground motions effectively.
The method is briefly introduced as follows.

A trigonometric series-based form for ground-
motion velocity u̇(t) is proposed first, as shown in
Eq. (1).

u̇(t) =
n

∑
i=1

u̇i(t) =
n

∑
i=1

A(t)cos(ωit +φi) (1)

where u̇i(t) is the component of the ground-motion
velocity; A(t) is the amplitude modulation function,
which is fixed in this study to make the simulated
ground-motion velocity containing a pulse; t is the
time series; ωi is a frequency variable in the inter-
val of [0,ωs], in which ωs is the half of sampling
frequency of recorded ground motions; and φi is a
phase variable in the interval of [0,2π].

Then, an iteration scheme is required to perform
the summation in Eq. (1) and to make the response
spectrum of simulated ground motion compatible

with the target spectrum. The error ε in Eq. (2) is
adopted to evaluate the compatibility between the
pseudo-spectral acceleration of simulated ground
motion Ss

a(T ) and target spectrum St
a(T ). In this

study, the allowable error is set to 10%.

ε =

√
∑

N−1
k=0 [S

t
a(Tk)−Ss

a(Tk)]2

∑
N−1
k=0 [S

t
a(Tk)]2

(2)

where St
a(Tk) is the target response spectrum;

Ss
a(Tk) is the elastic pseudo-acceleration response

spectrum of the simulated ground motion; and Tk is
the corresponding period of response spectrum.

As explained above, the method requires two
inputs: the amplitude modulation function and
the target spectrum. The Hilbert transform of a
recorded pulse-like ground motion is employed as
the amplitude modulation function, and the target
response spectrum for Spectra Type 1 and Ground
Type C in Eurocode8 is used, as shown in Figure 1.
Further details can be found in Chen et al. (2022a).

Figure 1: Amplitude modulation function and target
spectrum used in the method for simulating pulse-like
ground motions.

An example of simulated pulse-like ground mo-
tion is shown in Figure 2, in which the velocity,
the acceleration, and the spectral velocity and ac-
celeration of the ground motion are provided. It
is shown that a pulse exists in velocity, and the
response spectrum of simulated ground motion is
compatible with the target spectrum.
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Figure 2: Example of simulated pulse-like ground mo-
tion.

1.2. Ground motion intensity measures

One thousand pulse-like ground motions that are
compatible with the same target spectrum are gen-
erated. To describe the time- and frequency-domain
characteristics of simulated ground motions, three
common intensity measures, including the Arias in-
tensity, response spectrum, and frequency-domain
energy distribution, are provided, as shown in Fig-
ure 3. The wavelet packet transform is applied to
perform the time-frequency analysis due to the ad-
vantages of high resolution on the low-frequency
region (see Chen et al. (2019)).

Figure 3 shows that (i) the average significant
duration (D5−75) of simulated ground motions is
2.83 s (4.92 s - 7.75 s). (ii) About 30 % of en-
ergy distributes in the very low-frequency regions
(0 Hz - 1 Hz), which agrees with the previous study
of Chen et al. (2022b, 2023b). This feature poten-
tially makes pulse-like ground motions cause sev-
erer damage to structures with high fundamental
periods. (iii) The spectral accelerations of simu-
lated ground motions are compatible with the target
spectrum effectively.

Figure 3: Arias intensity (Ia), wavelet-based normal-
ized cumulative energy (Ew), and spectral acceleration
(Sa) of one thousand simulated pulse-like ground mo-
tions.

2. SEISMIC RESPONSE OF SLOPE
2.1. Finite element model

The seismic response analyses of an unsatu-
rated clayey soil slope are performed under sim-
ulated pulse-like ground motions, where the dy-
namic unified hardening constitutive model (see
Luo et al. (2020)) is utilized to characterize the
unsaturated clayey soil properties. Technically, a
three-dimensional finite element analysis is con-
ducted by combining a coupling-based hydro-
mechanical analysis based on ABAQUS software
with user subroutines written in FORTRAN. The
geometric dimensions and finite element mesh of
the slope model are depicted in Figure 4. The
model consists of 9840 elements which are all 8-
node elements with reduced integration (C3D8R).
The boundary conditions of the model are as fol-
lows: the upper part is a free surface; the surround-
ing is an absorbing surface; the bottom is rigid, and
the displacement in the y-axis directions is fixed.
The ground motion is inputted from the bottom in
the x-axis direction. Material properties of clay soil
in Luo et al. (2020) are used, as listed in Table
1. The mass-proportional coefficient and stiffness-
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proportional coefficient of Rayleigh damping for
the slope model are assumed to be 2.4354 and
0.0008. The fundamental period of the slope is 1.32
s.
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Figure 4: Finite element model.

2.2. Seismic slope displacement
To characterize the effects of ground motion un-

certainty on seismic response, one thousand times
Monte Carlo simulations are performed. An exam-
ple of the seismic slope displacement is shown in
Figure 5. Further analyses of the Monte Carlo sim-
ulations are carried out in the next Section.

U1

(a) Totoal displacement

Ux

(b) x-axis direction displacement

Figure 5: Seismic displacement response of slope.

3. SEISMIC RELIABILITY ASSESSMENT
Under the above settings, it is possible to assess

the seismic reliability of the slope under stochas-
tic pulse-like ground motions with the help of the
theory and methods of dynamic reliability analysis.

To do so, we turn the reliability problem into a first-
passage one and define the first-passage probability
of the slope as:

Pf = Pr{|X(t)|> δ ,∃t ∈ [0,T ]} , (3)

where X(t) represents a stochastic response process
of the slope, which is of interest for seismic relia-
bility analysis; δ is a prescribed threshold. Eq. (3)
can be equivalent to:

Pf = Pr{Y > δ} , (4)

where Y = maxt∈[0,T ] |X(t)|. It is obvious that once
the probability distribution of Y (referred to as ex-
treme value distribution) is obtained, Pf can be de-
termined accordingly.

In this study, the moment-generating function
based mixture distribution (MGF-MD) method
(Dang et al. (2021)) is adopted to approximate
the extreme value distribution. First, we assume
that Y follows a mixture distribution, called mix-
ture of two generalized inverse Gaussian distribu-
tions (MTGIGD). The probability density function
(PDF) of MTGIGD reads:

f (y) =ϖ f0(y;α
(1),β (1),λ (1))

+(1−ϖ) f0(y;α
(2),β (2),λ (2)),

(5)

where 0 < ϖ < 1, α(1) > 0, β (1) > 0, λ (1) ∈ R,
α(2) > 0, β (2) > 0 and λ (2) ∈ R are seven free
parameters; f0(y;α,β ,λ ) represnts the PDF of a
generalized inverse Gaussian distribution (GIGD),
which is defined as:

f0(y;α,β ,λ )=
(α/β )λ/2

2Kλ (1)
(√

αβ

)y(λ−1)e−(αy+β/y)/2,

(6)
where Kλ is a modified Bessel function of the sec-
ond kind with order λ . The MGF of MTGIGD is
given by:

M(τ) =ϖ M0(τ;α
(1),β (1),λ (1))

+(1−ϖ) M0(τ;α
(2),β (2),λ (2)),

(7)

where M0(τ;α,β ,λ ) denotes the MGF of a GIGD
such that:

M0(τ;α,β ,λ ) =

(
α

α −2τ

) λ

2 Kλ

(√
β (α −2τ)

)
Kλ

(√
αβ )

.

(8)
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Table 1: Mechanical parameters of soil materials

Parameters λ (-) κ (-) M (-) ν (-) N (-) ϕ(◦) a (kPa) pc (kPa) ψ(◦) κs (-) ρ (g/cm3)
Value 0.105 0.020 1.0 0.3 1.316 10 200 50 0 0.01 1.92

Then, those seven parameters can be determined by
matching the MGF of MTGIGD with that of Y at
seven discrete values. Here, the MGF of Y can be
estimated by its 1000 samples from MCS such that:

M̂(τ) =
1

1000

1000

∑
i=1

exp(τy(i)) (9)

where y(i) denotes the i-th sample of Y . For more
details, one can refer to Dang et al. (2021).

We take the displacements of the slope as an ex-
ample to demonstrate the MGF-MD method. The
PDF and 1-CDF (cumulative distribution function)
of the maximum absolute total displacement are
compared in Figure 6. It is shown that the MGF-
MD method is able to well approximate the maxi-
mum absolute total displacement. From the 1-CDF
plot, one can obtain the first-passage probability
given a threshold δ . For example, the failure prob-
ability is predicted to be 3.27× 10−4 if δ = 5 m.
Besides, the results of the maximum absolute dis-
placement along x-axis are also given in Figure 7.

4. CONCLUSIONS
A framework is formulated to perform seismic

reliability analysis in near-fault regions by integrat-
ing a stochastic pulse-like ground motion simula-
tion method, a finite element method, and an ex-
treme value distribution-based reliability method.
An application on an unsaturated soil slope is per-
formed to verify its effectiveness and efficiency.
Results show that the proposed method offers a
promising approach to connect the target spectrum
and the seismic failure probability in near-fault re-
gions.

However, this study may underestimate the un-
certainties of pulse-like ground motions compared
to natural records since the amplitude modulation
function and the target spectrum are fixed in the
ground motion simulation method. Besides, since
the uncertainties of ground motion dominate the
seismic response, the uncertainties of soil proper-
ties in the slope are ignored.
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Figure 6: PDF and 1-CDF of the maximum absolute
total displacement.
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Figure 7: PDF and 1-CDF of the maximum absolute
displacement along x-axis.
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