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Abstract. After a primary seismic event, subsequent after-
shocks frequently induce progressive damage to slopes. Eval-
uating the response of slopes to mainshock—aftershock se-
quences (MAS) from a probabilistic perspective is crucial
for disaster prevention and mitigation. Current research pri-
marily focuses on single mainshock events, and commonly
adopts peak ground acceleration (PGA), with limited consid-
eration of the cumulative aftershock effects. This study pro-
poses a PDEM-based reliability framework for soil slopes
subjected to MAS. First, the random input field of the MAS
is first constructed by integrating theoretical models with
real data. Then, considering the peak, cumulative, and spec-
tral characteristics of the MAS, correlation analysis is con-
ducted to identify cumulative absolute velocity (CAV) as the
controlling parameter for the soil slope response among the
21 candidate parameters. Finally, based on the probability
density evolution method (PDEM), a reliability assessment
framework for soil slope behavior under MAS is constructed.
Compared with existing methods, the proposed approach
more effectively incorporates the effects of aftershocks and
enables more accurate reliability assessment of slope perma-
nent displacement under MAS. This study provides a prob-
abilistic framework and methodological approaches for as-
sessing slope stability under MAS.

1 Introduction

Major seismic events are commonly followed by a series of
aftershocks, whose effects on slope stability should not be
underestimated. Observations of earthquake-induced dam-
age indicate that aftershocks often act as the final trigger for
slope failure (Xu and Huang, 2008; Yin, 2008). As the safety
requirements for engineering structures become increasingly
stringent, slope stability under MAS has attracted consider-
able interest from both researchers and engineering practi-
tioners. Li et al. (2009) developed and improved the PDEM
framework for analyzing stochastic dynamic systems, pro-
viding a systematic approach to nonlinear stochastic dynamic
analysis and reliability assessment of large-scale and com-
plex engineering structures. The framework has been widely
applied to stochastic dynamic analyses of slopes (Li and
Chen, 2017). Building on this work, Pang et al. (2021, 2024)
introduced an enhanced generalized-PDEM approach for re-
liability analysis of complex slopes. Their methodology con-
siders multiple slope parameters and ground motion uncer-
tainties. Additionally, accounting for the spatial variation in
soil strength properties, a reliability assessment methodology
integrating the Newmark method and PDEM is developed to
evaluate the effects of aftershocks and spatial heterogeneity
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on slope dynamic reliability (Newmark, 1965; Zhou et al.,
2023; Wang et al., 2022; Xu et al., 2025). Most existing stud-
ies use peak ground acceleration (PGA) as the primary mea-
sure of ground motion intensity. Nevertheless, intensity mea-
sures based only on peak values may not adequately capture
the overall characteristics of MAS ground motions (Ruiz-
Garcia and Negrete-Manriquez, 2011; Amiri et al., 2022).

For characterizing the ground motion random field of the
MAS, the Monte Carlo method is a well-established and
effective approach (Metropolis and Ulam, 1949; Hu et al.,
2018; Nithin et al., 2020; Kim and Sitar, 2013). However, it
requires a large number of samples and incomplete proba-
bility information of the sample set (Jiang et al., 2021). The
random function-dimension reduction simulation technique
generates MAS time histories with associated probabilities,
thereby forming a complete probabilistic set. These time his-
tories can then be coupled with the PDEM to conduct sophis-
ticated dynamic response and reliability analyses for com-
plex engineering structures subjected to MAS (Liu and Liu,
2017; Liu et al., 2019, 2022).

Current reliability analysis methods for seismic slopes
are predominantly developed for single-mainshock scenar-
ios and therefore may not adequately assess slope reliability
under MAS. Moreover, existing studies on sequential ground
motions predominantly use PGA as the intensity measure,
which may not adequately capture the cumulative damage
effect contributed by aftershocks. To address these limita-
tions, this study adopts cumulative absolute velocity (CAV)
as the intensity measure for MAS ground motions and devel-
ops a reliability analysis framework for the permanent dis-
placement of soil slopes based on the PDEM. The proposed
method accounts for the effects of aftershocks and provides a
basis for stability assessment and disaster prevention of soil
slopes subjected to MAS.

2 Methods
2.1 Model

This investigation employs a two-layer slope model to in-
vestigate slope response under MAS. Figure 1 shows the
double-layer slope model established by referring to Wang
et al. (2021). The model is 150m long and 30 m high. The
grid size AL range from 0.5 to 1.8 m, with a finer resolution
of approximately 0.5 m in the potential sliding zone. The soil
consists of clay from southwestern China (Yang et al., 2022;
Ma et al., 2023; Zhang et al., 2024), and its properties are
listed in Table 1.

This investigation utilizes the finite-difference platform
FLAC3D, with soil mechanical behavior characterized
through a Mohr—Coulomb constitutive model with a tensile
cutoff. Local damping is adopted in this study. Its imple-
mentation is given by Eq. (1) (Li and Yang, 2006). Because
FLAC3D does not require the assembly of a global stiffness
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matrix, it is computationally efficient for nonlinear dynamic
analysis. This feature makes FLAC3D suitable for simulating
the nonlinear dynamic response of slopes. (Hu et al., 2017;
Puthanpurayil et al., 2018; Yan et al., 2011).

§ =m Dy 6]

Within Eq. (1), the coefficient & quantifies localized damp-
ing intensity, Ds designates the critical damping fraction,
while 7 maintains its conventional value of 3.14.

This investigation adopts a 5 % critical damping fraction
to replicate energy dissipation characteristics during seis-
mic wave transmission through soil media (Qu et al., 2015),
yielding a local damping coefficient of 0.157 according to
Eq. (1).

2.2 Reliability analysis method of slope under MAS

Based on the principle of probability conservation, general-
ized density evolution equations can be derived for the analy-
sis of stochastic dynamic systems. By combining these equa-
tions with the virtual stochastic process method, the proba-
bility characteristics of stochastic systems can be modeled.
Furthermore, based on the PDEM, the reliability analysis of
the permanent displacement of the slope under the MAS ac-
tion is realized (Li and Chen, 2008; Liu and Liu, 2017; Jiang
et al., 2021). The main steps are as follows:

1. The measured data of the MAS were statistically ana-
lyzed to obtain the frequency-domain energy distribu-
tion function curves for each ground motion. Employ-
ing optimal square approximation criteria, we determine
the parameter vector A defining each evolving power
spectral density function. The MAS dataset in this re-
search is modeled as zero-mean, fully non-stationary
processes characterized by an evolutionary power spec-
tral density (EPSD) model. The discrete representa-
tive points of each ground motion are expressed as
Oq = (01,q.02,q, -+, 05,q- ¢ =1,2,...,96), with the cor-
responding probabilities given in Eq. (2):

P =/ pO(H)do 2)
Vg

2. Within the framework of reliability analysis based on
PDEM, it is essential to identify a ground-motion pa-
rameter that exhibits the strongest correlation with slope
displacement responses under MAS. We have demon-
strated that among the 21 parameters considered in three
categories — namely, peak types (PGA, PGV, PGD),
spectral characteristics (Satg, Saj 575, ASI), and cumu-
lative types (asq, Vsq» dsq» Grss Urss dis, 1a, CAV, CAD,
CAL arms, Vrms, drmss Ic, td) — CAV showed the highest
correlation coefficient (o =0.872) with the permanent
displacement, and more effectively captured the charac-
teristics of aftershocks, as shown in Fig. 2 (Zhang et al.,
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Figure 1. Geometric dimensions and mesh division of the slope model.

Table 1. Parameters of the slope.

Soil layer Density Bulk modulus ~ Shear modulus  Cohesion Internal friction angle  Shear strength

(kgm™3) MPa MPa kPa ©) kPa
Soft soil 1900 70 37 34 24 42
Hardpan 2000 875 560 120 42 120

2024). Consequently, CAV is adopted as the primary in-
tensity measure for slope displacement response under
MAS and combined with the PDEM for reliability as-
sessment.

Based on trial calculations, 96 sets of MAS were scaled
to three CAV levels: 12, 28, and 40ms~!. Using the
FLAC3D, the slope response under MAS, denoted as
X;(©4,1;j=12,...,9.

. Based on the above two steps to get assigned to prob-
ability Py and slope of the response results X ;(©g, 1)
probability density evolution Eq. (3):

d x,0,t ; il x,0,t
Pxe( )+Z Xj(0q.0) x PX@(X )=0,

q=1,2,3, ...... ,96 3

Within this formulation, X designates system response
quantities, ® encompasses the ensemble of random
variables exclusive of initial conditions. ® = (X, @)
represents the vector comprising all stochastic variables
within the system; X = H(®t) indicates the physical
response of X; pxe(x0t) signifies the joint probability
density function (PDF) for X and ©®.

When ¢ = t, the following initial condition is as shown
in Eq. (3):

pxe(x,0,1)]i=q = 8(x —xo0) Po(F) “

In this expression, § denotes the Dirac delta function,
while x¢ corresponds to the X value ¢t = #y. The PDF
of X at any given time can be derived by summing the
contributions from all discrete numerical solutions, as
expressed in Eq. (4):

px(x.1) =/px®(x,9,t)d9 ®
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Probability density evolution equations require numeri-
cal methods for their solution. Deriving a direct analyt-
ical solution to Eq. (4) is mathematically challenging.
Conventional practice uses finite-difference schemes to
solve the equation.

ap(z,t) ral ap(z,t) _o ©)
0 0z

First-order Taylor series expansion of Eq. (5), yields ap-
proximate differential expressions:

(k+1) (k)

ap pj —Pp;
[ar] ) = At )

For spatial coordinate z, analogous treatment produces:
(k+1) *)

op p; "~ —D;
ky=—"—"— 8
2] -2 0
Substitute Egs. (6) and (7) into Eq. (5):
(k1) _ (k) | & (k) (k+1)
p; —Aa [ - 1] or p;
=1 —xa®)p? +2a® p?, )

Equation (9) is the one-sided difference scheme. Sub-
stitute X ; j(®q, 1) obtained from X; j into Eq. (3), and
solve the pamal differential equation using the L-W or
TVD format of the finite difference method.

. The PDF of slope displacement response p_X (xt) is

obtained numerically through cumulative summation
of the joint PDF p_X®(x6t); ¢ =1,2,...,96. Subse-
quently, both PDF and cumulative distribution function
(CDF) graphs for slope displacement are developed.
These PDF and CDF curves are then used to charac-
terize the statistical distribution of slope displacement
and evaluate slope reliability.
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Figure 2. Correlation coefficient of MAS ground motion parameters (PGA: peak ground acceleration; PGV: peak ground velocity; PGD:
peak ground displacement; asq: squared acceleration; vsq: squared velocity; dsq: squared displacement; ars: root square acceleration; vys: Toot
square velocity; drs: root square displacement; /4: Arias intensity; #4: significant duration; CAV: cumulative absolute velocity; CAD: cu-
mulative absolute displacement; CAI: cumulative absolute impulse; arms: root-mean-square acceleration; vpps: root-mean-square veloc-
ity; drms: root-mean-square displacement; /.: characteristic intensity; SaTs: response spectral acceleration at natural vibration period Ts;
Sap sTs: response spectral acceleration at 1.5 Tg; ASI: acceleration spectral intensity.).

3 Stochastic simulations of MAS

Empirical MAS recordings provide more realistic representa-
tions of structural damage and cumulative degradation (Yang
et al., 2022). This study uses a diverse set of real earth-
quake records to reduce the bias associated with specific
ground motion types. Through iterative parameter identifi-
cation based on evolutionary power spectral density model-
ing, this study combines theoretical models with data-driven
methods to construct stochastic seismic inputs. These inputs
provide a stochastic loading basis for investigating the effects
of MAS on slope reliability.

This study selected 96 recorded mainshock—aftershock
pairs from 15 seismic events in the NGA-West2 strong-
motion database maintained by the Pacific Earthquake Engi-
neering Research Center (PEER). We selected records based
on five criteria (Bray and Macedo, 2019; Yeznabad et al.,
2022; Yeznabad et al., 2026): (1) the mainshock and its af-
tershock must belong to the same seismic event, with the
aftershock defined as the largest-magnitude event occurring
within 12 months after the mainshock; (2) both events have
a My, >5.0 and a PGA > 0.05 g; (3) both records are taken
from the same component of the same station; (4) the sta-
tion has an average shear-wave velocity in the upper 30 m
(Vs30) between 100 and 700ms~'; and (5) the rupture dis-
tance of each event does not exceed 80km. The 96 MAS
records selected according to the above criteria encompass a
broad range of sequence-type ground-motion characteristics.
However, as these records are derived from the NGA-West2
database and primarily represent shallow crustal earthquakes,
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Figure 3. Typical acceleration time history of a MAS.

the applicability of the results is primarily limited to MAS
ground motions from shallow crustal earthquakes.

Each MAS adopted a “mainshock 420 s temporal gap +
aftershock™ configuration to preserve comprehensive non-
stationary sequence characteristics (Wang et al., 2022). Fig-
ure 3 displays a typical mainshock—aftershock acceleration
record from the Whittier Narrows event, with the main-
shock and aftershock numbered 589 and 707, respectively,
in the NGA-West2 database. In the sensitivity analysis of
the 21 MAS ground-motion parameters, the original ground-
motion records were used without amplitude scaling. Subse-
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Figure 4. The identification effect of the parameter vector A. (a) The fitting results of the mainshock. (b) The fitting results of the aftershock.

Table 2. Identification results of MAS.

Earthquake = Damping Superior  Time—frequency
type ratio circular modulation

frequency function
mainshock 0.32 14.09 0.64
aftershock 0.37 14.64 0.71

quently, when calculating the permanent displacement of the
slope at different CAV levels, the ground-motion amplitudes
were scaled to better represent practical engineering condi-
tions.

For the mainshock—aftershock sequences constructed
above, frequency-domain energy distribution analysis is per-
formed using an evolutionary power spectrum model for
fully non-stationary ground motion processes (Priestley,
1965; Liu and Liu, 2017). The best square approximation cri-
terion and the least square method are adopted to fit the en-
ergy distribution curve in the frequency domain. The param-
eter vector A is further obtained through inversion and regres-
sion. In the process, considering the site damping ratio & ex-
cellence, site soil circular frequency wr and the influence of a
frequency modulation function parameter. The identification
results are shown in Fig. 4, and the corresponding data are
listed in Table 2. The constructed ground motions can be re-
garded as zero-mean, real-valued, non-stationary ground mo-
tion processes generated by the evolutionary power spectral
density function model.

https://doi.org/10.5194/nhess-26-4611-2026

4 Results and analysis

To assess slope reliability based on permanent displace-
ment responses, it is necessary to define critical displacement
thresholds. Jibson and Michael (2009) classified slope dis-
placement into four ranges for seismic landslide risk evalu-
ation: displacements of 0—1 cm indicate low risk, 1-5 cm in-
dicate medium risk, 5-15 cm indicate high risk, and those
exceeding 15 cm indicate very high risk. For permanent dis-
placement, Ozkan (1998) suggests that the control standard
for seismic sliding deformation is 1 m. In this study, based
on the actual engineering requirements, three slope displace-
ment thresholds of 0.05, 0.25, and 0.50 m were selected, cor-
responding to low-, medium-, and high-level failure states,
respectively, to systematically evaluate slope reliability un-
der MAS.

Figure 5 shows the distribution of slope permanent dis-
placement under MAS. The distribution is widely dispersed,
and the slope displacement response increases with increas-
ing ground motion intensity. When the CAV of the MAS
was 12, 28 and 40ms~!, respectively, the corresponding
average slope permanent displacements were 0.067, 0.328
and 0.633 m, respectively, which are comparable to the slope
displacement results when the PGA of the MAS was 0.4, 0.5
and 0.6 g in reference (Wang et al., 2022). Figure 6 com-
pares the upper bounds of the permanent displacement ranges
obtained at three corresponding CAV and PGA levels. It
can be observed that, compared with PGA, the use of CAV
leads to a more concentrated distribution of permanent dis-
placement results, with the overall dispersion reduced by ap-
proximately 40 % on average. These results demonstrate that
CAV provides a more concentrated representation of perma-
nent displacement responses. Therefore, CAV is more suit-

Nat. Hazards Earth Syst. Sci., 26, 4611-4619, 2026
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CAV and PGA levels.

able than the commonly used PGA for characterizing MAS
ground motions in the reliability analysis of slope permanent
displacement.

Nevertheless, even with the use of CAV as the MAS
ground-motion intensity measure, the obtained slope dis-
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placement responses remain somewhat scattered. This sug-
gests that additional ground-motion parameters — including
frequency content and duration — also influence slope per-
manent displacement (Rathje and Saygili, 2008, 2009; Yezn-
abad et al.,2022). Given the current lack of a single compre-
hensive ground-motion parameter that can effectively predict
slope displacement responses, the PDEM framework prop-
agates this inherent variability into the reliability estimate,
thus rendering a probabilistic treatment indispensable. Build-
ing on previous studies, this study develops a reliability prob-
abilistic analysis method based on the PDEM.

Figure 7 presents the PDF and CDF curves of slope per-
manent displacement. The PDF curves show the distribution
characteristics and main concentration ranges of slope per-
manent displacement, while the CDF curves provide the cu-
mulative probability at different displacement levels for eval-
uating slope reliability based on the specified displacement
thresholds. The PDF curves shown in Fig. 7a exhibit bimodal
or multimodal characteristics, making them difficult to de-
scribe using standard distributions such as the normal or log-
normal distribution. Under the MAS action of different in-
tensities, the displacements of slopes have diverse distribu-
tion patterns, and their probabilities are also not the same.
When the CAV is 12ms™!, slope permanent displacement

https://doi.org/10.5194/nhess-26-4611-2026
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ranges from O to 0.25 m, and the slope reliability is 48.5 %
at the displacement threshold of 0.05 m corresponding to the
low failure state. At a CAV of 28 ms™!, the displacement
range expands to 0—1.00 m, and the slope reliability is 45.5 %
at the displacement threshold of 0.25 m corresponding to the
medium failure state. Ata CAV of 40 ms~!, the displacement
range further expands to 0-2.00 m, and the slope reliability
decreases to 31.7 % at the displacement threshold of 0.50 m
corresponding to the high failure state.

Figures 8 and 9 compares the CDF of slope permanent
displacement obtained using CAV and PGA. The CAV-based
CDF curves show an overall leftward shift relative to the
corresponding PGA-based curves, indicating smaller dis-
placement values at the same cumulative probability. At a
cumulative probability of 50 %, the slope permanent dis-
placements are approximately 0.07, 0.32, and 0.55m for
CAV =12, 28, and 40ms_l, respectively, compared with
approximately 0.20, 0.50, and 0.70m for PGA =04, 0.5,
and 0.6 g. The difference becomes more evident at higher

https://doi.org/10.5194/nhess-26-4611-2026
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Figure 9. Compared with the reliability results of slope displace-
ment response in reference (Wang et al., 2022).

cumulative probabilities. The PGA-based CDF exhibit more
pronounced large-displacement tails and greater dispersion,
whereas the CAV-based CDF show more concentrated dis-
placement distributions. Overall, CAV better captures the cu-
mulative effects of MAS on slope permanent displacement
and therefore provides a more comprehensive intensity mea-
sure for slope reliability analysis under MAS.

5 Conclusions

By identifying the intensity measure of MAS and integrating
it with the PDEM, this study develops a reliability analysis
method for slope permanent displacement under MAS. The
main conclusions are as follows:

1. Among the 21 MAS ground-motion parameters consid-
ered, CAV showed the strongest correlation with slope
permanent displacement (p =0.872) and best repre-
sents the cumulative effects of MAS. Therefore, CAV
can be used as the intensity measure to assess the re-
sponse of soil slopes under MAS.

Nat. Hazards Earth Syst. Sci., 26, 4611-4619, 2026
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2. By incorporating the dynamic calculation results, the
slope permanent displacement gradually increases as
CAV increases from 12 to 40ms~!, while the dis-
placement results still exhibit a degree of scatter. This
variability highlights the need for probabilistic analysis
when evaluating slope reliability under MAS.

3. By incorporating the characteristics of MAS into the
PDEM framework and adopting CAV as the intensity
measure, a methodology for evaluating the reliability
of slope permanent displacement under MAS is de-
veloped. Compared with the conventional PGA-based
method, the proposed method effectively reduces the
dispersion of slope permanent displacement responses
and improves the estimation of slope reliability at dif-
ferent displacement thresholds, demonstrating its theo-
retical and practical value.

This study focuses on clayey soil slopes in southwestern
China and examines the feasibility of the proposed reliabil-
ity analysis method for soil slope responses under shallow-
crustal MAS. The effects of soil-parameter variability and
slope geometric variability are not considered. The principal
contribution of this study lies in the proposed methodologi-
cal framework, which integrates CAV as the intensity mea-
sure for MAS with the PDEM for efficient reliability analy-
sis. Further consideration of soil-parameter variability is ex-
pected to improve the applicability of the proposed method
to practical engineering problems.
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