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Abstract
Identifying the optimal intensity measures (IMs) of ground motion is a critical step in the seismic fragility analysis of slopes 
using probabilistic seismic demand models. In this study, we investigated various IMs of earthquake ground motions, con-
sidering both vertical and horizontal components that can trigger landslides, through numerical simulations. A set of 19 IMs 
was examined for three heights of slopes. The optimal IMs were assessed using the maximum permanent displacement as 
an engineering demand parameter. The findings reveal that acceleration-related parameters specifically sustained maximum 
acceleration (SMA) and root-mean-square of acceleration, and velocity-related parameters namely sustained maximum 
velocity (SMV) and peak ground velocity, are the most effective IMs for slopes subjected to both vertical and horizontal 
ground motions. For slopes subjected exclusively to horizontal ground motion, SMA is recommended as the optimal IM for 
lower-height slopes, while SMV is more suitable for the taller slope. In contrast, for models subjected to combined hori-
zontal and vertical ground motions, SMA is consistently identified as the optimal IM for slope across all heights. Notably, 
the study concludes that peak ground acceleration, a commonly used parameter in seismic analysis, is unsuitable for the 
considered slopes.
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1  Introduction

Seismic fragility analysis is critical for analyzing slope 
failure susceptibility in geotechnical structures like road-
way embankments, dams, bridge abutments, and lifeline 
infrastructure in mountainous regions (Crowley et al. 2004; 
Saygili and Rathje 2009; Tsompanakis et al. 2010; Kim and 
Sitar 2013; Nguyen et al. 2020; Nguyen et al. 2024). It uses 
earthquake hazard data to analyze slope stability and esti-
mate damage, aiding managers to reduce seismic risks. Fra-
gility analysis estimates structure damage based on capacity 

limit and intensity measure (IM) of ground motion (Maruy-
ama et al. 2010; Wu 2014; Hu et al. 2019; Tran et al. 2023; 
Khalid et al. 2024; Kim et al. 2025). Developing a fragility 
curve for geotechnical structures subjected to earthquake 
requires a relationship between structural seismic demand 
(SSD) and given IM. Nonlinear time-history analysis is usu-
ally used to construct a probabilistic seismic demand model 
(PSDM) for this empirical relationship.

Employing PSDM to develop a fragility curve is neces-
sary to select both the SSD and an appropriate IM. Per-
formance of a seismic slope is typically evaluated in terms 
of seismically induced maximum permanent displacement 
( Dmax ), as seismic slope stability. Several studies have com-
puted Dmax for slopes and correlated it with parameters 
characterizing the IM at the site of interest. For instance, 
Fotopoulou and Pitilakis (2015) conducted numerical para-
metric analyses using FLAC-2D to evaluate Dmax against 
IMs of peak ground acceleration (PGA), peak ground 
velocity (PGV), and Arias intensity ( IA ). Saygili and Rathje 
(2008) presented a scalar model to predict sliding displace-
ment against PGA and the yield coefficient ky. However, it 
is unclear whether these parameters are the best among the 
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many feasible alternatives (Alielahi and Moghadam 2016; 
Hariri-Ardebili and Saouma 2016).

The most common IMs, like PGA, PGV, and peak ground 
displacement (PGD), determine the maximum absolute val-
ues from acceleration, velocity, and displacement time his-
tories (Trifunac and Brady 1975). Additionally, there are 
less frequently used acceleration-related IMs, including IA 
(Arias 1970), characteristic intensity ( IC ) (Park et al. 1985), 
root-mean-square acceleration ( aRMS ) (Kramer 1996), and 
sustained maximum acceleration (SMA) (Nuttli 1979). 
Velocity- and displacement-related IMs have been defined, 
including root-mean-square velocity ( vRMS ) (Housner 1975), 
sustained maximum velocity (SMV) (Nuttli 1979), cumula-
tive absolute velocity (CAV) (Reed and Kassawara 1990), 
cumulative absolute displacement (CAD) (Mackie and 
Stojadinović 2001), and root-mean-square displacement 
( dRMS ) (Riddell and Garcia 2001). Furthermore, IMs derived 
from response spectra were proposed, consisting accelera-
tion spectrum intensity (ASI) (Thun et al. 1988), velocity 
spectrum intensity (VSI) (Thun et al. 1988), Housner inten-
sity (HI) (Housner 1975), effective peak acceleration (EPA) 
(Kurama and Farrow 2003), and spectral acceleration, veloc-
ity, and displacement at the first natural period (Shome et al. 
1998). More information and methodologies for determin-
ing IMs can be found in studies such as Hariri-Ardebili and 
Saouma (2016) and Kramer (1996).

Several studies have analyzed various IMs and selected 
optimal IMs for different structures. Hariri-Ardebili and 
Saouma (2016) investigated 70 IMs across seven catego-
ries in PSDM of a concrete dam, utilizing four criteria—
efficiency, practicality, proficiency, and sufficiency—to 
compute the optimal IM for 100 analyzed ground motions. 
Considering the crest displacement as the SSD, they pro-
posed optimal IMs for each category: PGV was identified 
as the optimal IM for ground motion-dependent scalar 
IMs; Fajfar intensity (IF), which is a compound IM that 
acknowledges the damage capacity of medium-period 
structures, was optimal for ground motion-dependent com-
pound. Zhang et al. (2022) conducted a study to determine 
optimal IMs in PSDM for various burial depths of a sub-
way station. They simulated a three-story, three-span sub-
way station subjected to 100 horizontal ground motions, 
computing the maximum inter-story drift ratio (MIDR). 
They selected 21 IMs divided into two groups: non-struc-
ture-specific IMs (sub-groups of acceleration-, velocity-, 
and displacement-related) and structure-specific IMs. The 
results suggested that for a subway station embedded in 
site class 2 (SC2 includes density ρ = 1950 kg/m3, initial 
shear modulus G = 2.8×108 Pa, shear velocity Vs30 = 377 
m/s, Poisson’s ratio μ = 0.38, cohesion c = 3.5×104 Pa, 
and frictional angle φ = 13°), VSI was optimal at every 
burial depth, while for a station embedded in SC3 (the site 
class with ρ = 1950 kg/m3, G = 8.8×108 Pa, Vs30 = 212 

m/s, μ = 0.33, c = 1.4×104 Pa, and φ = 23°), PGV and 
VSI were optimal at a burial depth of 4 m, while VSI and 
IF were optimal at depths of 8 m and 20 m, respectively. 
Travasarou and Bray (2003) correlated Dmax with 12 IMs 
obtained from 1447 horizontal ground motions to define 
optimal IMs for stiff slopes by linear and nonlinear regres-
sion analyses. They considered the criteria of efficiency 
and sufficiency in IM analysis. The results showed that 
IA was a good IM for stiff slopes in the equivalent-linear 
model, whereas spectral acceleration at the slope’s elastic 
fundamental period (SA) was the best IM for the linear 
model. More studies were found in the determination of 
ground motion IMs for various geotechnical structures 
(Che et al. 2023; Irslan Khalid et al. 2023; Nguyen, Shin, 
et al. 2023).

Few studies have addressed the selection of appropri-
ate IMs for slopes, especially with vertical ground motions 
considering PSDM. Numerous seismic fragility studies used 
PGA as an IM; however, some research suggests that it may 
not be suitable (Travasarou and Bray 2003; Nguyen et al. 
2021; Hu and Bao 2024). Furthermore, optimal IMs may 
vary with some conditions including slope geometry (for 
example, slope height and inclination) (Che et al. 2023), 
the ground motion (Padgett et al. 2007), and site conditions 
(Zhang et al. 2022). This study addressed these research 
gaps by adopting a unique approach to selecting the best 
IM for evaluating slope Dmax under various seismic situa-
tions to improve seismic risk assessments. The study evalu-
ated slopes of 10, 20, and 30 m high to reveal how seismic 
responses vary with slope geometry, a topic rarely studied. 
The study also incorporated vertical and horizontal ground 
motions, providing a more complete knowledge of seis-
mic influences on slopes than horizontal-only analyses. 
Advanced analytical and numerical modeling techniques of 
finite element methods in PLAXIS-2D accurately simulate 
slope behavior for seismic inputs, advancing seismic slope 
stability analysis. Finally, the article presents the best IM 
for slope stability assessments based on the engineering 
demand parameter (EDP) of Dmax . These findings provide 
useful guidance for engineers in seismic slope design and 
risk assessment.

2 � Methodology

This section describes PSDMs that establish statistical rela-
tionships between an IM and structural responses (for exam-
ple, Dmax of slopes) to provide a comprehensive understand-
ing of seismic vulnerability levels. It also lists four criteria 
for choosing the best IM: efficiency, practicality, proficiency, 
and sufficiency. The chosen IM is accurate and dependable 
for seismic slope failure evaluations.
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2.1 � Probabilistic Seismic Demand Models (PSDMs)

Probabilistic seismic demand models are significant in the 
study of seismic fragility of slopes because they establish 
a relationship between Dmax and IMs such as PGA during 
the first natural period. They are conditional probability 
functions (P[D>C|IM]) expressing the likelihood that a 
slope will have a certain demand (D) given an IM (Tran 
et al. 2023). Previous studies (Cornell et al. 2002; Padgett 
and DesRoches 2008; Hariri-Ardebili and Saouma 2016; 
Nguyen, Lee, et al. 2023) assumed that this conditional 
probability function follows a lognormal distribution, as 
Eq. 1:

where P[·] is the probability of exceeding the limit state of 
the seismic demand D (the Dmax computed from the nonlin-
ear time history analyses), and C is the capacity of the slope. 
SD|IM is the median infrastructural demand associated with 
IM. SC is the threshold value of the limit state, �D|IM is the 
logarithmic standard deviation of the seismic demand, �C is 
the logarithmic standard deviation accounting for the uncer-
tainty in the limit state, and �M is the logarithmic stand-
ard deviation describing the uncertainty modeling. In this 
study, the Dmax of the slope was considered as the seismic 
demand (also known as the EDP) in PSDM. The relationship 
between Dmax and IM can be expressed as follows:

where a and b are the coefficients derived from the regres-
sion analysis. We considered βC and βM to be 0.3 and 0.4, 
respectively, as suggested by Wen et al. (2004) and HAZUS-
MH (NIBS and FEMA 2003). �D|IM is calculated using the 
regression analysis and seismic demand of the slope fol-
lowing Eq. 4:

where di is the Dmax of the slope subjected to ground motion 
number i ( i = 1,… ,N  ). N is the total number of ground 
motions.

Using the Dmax , this study analyzed 19 ground motion 
IMs to find the best one for slope seismic fragility analysis. 
The following steps should be taken to create a PSDM: 
First, the number of N ground motions and their IMs are 
chosen. Second, a numerical model of the slope is built, 

(1)P[D ≥ C|IM] = Φ

[
ln
(
SD|IM∕SC

)

�total

]

(2)�total =
√

�2
D|IM + �2

C
+ �2

M

(3)ln(Dmax) = ln(a) + b × ln(IM)

(4)�D�IM ≅

�∑�
ln
�
di
�
− ln

�
a × IMb

��2

N − 2

and nonlinear history analyses are performed on this 
model exposed to N ground motions to determine Dmax . 
After that, we conducted a linear regression analysis 
between Dmax and the IMs to obtain the coefficients as 
shown in Eq. 3. Finally, Eq. 1 is used to develop the fragil-
ity curve of the slope, considering the capacity limit state 
of SC . Two major benefits result from correlating seismi-
cally produced Dmax with an IM indicating strong ground 
motion intensity. First, optimal IM improves displacement 
prediction, lowering ground motion for dynamic response 
analysis. Correlating IM and displacement in a simplified 
manner improves displacement prediction. Second, the 
dynamic response assessment can be isolated from seis-
mic hazard computation, allowing probabilistic seismic 
evaluations to use widely available seismic hazard maps.

2.2 � Criteria for the Selection of Optimal Intensity 
Measures

This study considered four criteria to determine the opti-
mal IM including efficiency, practicality, proficiency, and 
sufficiency (Hariri-Ardebili and Saouma 2016; Tidke and 
Adhikary 2022; Nguyen, Shin, et al. 2023). Each criterion 
is briefly defined as follows.

2.2.1 � Efficiency

An efficient IM is characterized by reduced dispersion of 
Dmax for a given IM. This efficiency can be quantified using 
�D|IM from Eq. 4, which represents the standard deviation of 
the structural demand for a specified IM. Consequently, a 
lower �D|IM value indicates a more effective IM.

2.2.2 � Practicality

The criterion of practicality assesses the correlation between 
Dmax and the IM. This is determined by the regression coef-
ficient b, as shown in Eq. 3, which represents the slope of 
the linear regression between Dmax and IM. A higher b value 
indicates a more practical IM.

2.2.3 � Proficiency

The proficiency of an optimal IM is evaluated using ζ, which 
is the ratio of �D|IM to b. This criterion provides a composite 
assessment of both practicality and efficiency. A lower ζ 
value signifies a more proficient IM.

2.2.4 � Sufficiency

The sufficiency criterion (denoted by p-values) evaluates 
the conditional statistical independence of an IM from the 
magnitude ( Mw ) and closest distance like a Joyner-Boore 
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distance ( RJB ) of earthquake events for the suite of ground 
motions (Padgett et al. 2007). In this study, the p-values 
are obtained by performing a linear regression of PSDM 
residuals ( �EDP|IM) . The relationship of ( �EDP|IM) with Mw 
in Eq. 5 and RJB in Eq. 6 were applied to determine IM 
sufficiency:

where aM , bM , aR , and bR are the regression coefficients. A 
more sufficient IM has higher p-values.

3 � Ground Motion

This section provides an overview of ground motion charac-
teristics relevant to seismic analysis in slope model simula-
tion, focusing on the description of two sets of employed 
motion—horizontal only direction (set H), and horizontal 
and vertical combination (set HV). We then discuss the 
selected 19 IMs of ground motion used for optimal IM 
investigation.

3.1 � Characteristics of Ground Motion

The nonlinear dynamic time history analysis of slopes 
used ground motions from a subset of Next Generation 
Attenuation West2 (NGA-West2) recordings. This subset 
contains 450 ground motion records from 137 stations and 
61 earthquake events. For reliable PSDMs, this collection 
of 450 ground motion records from varied seismic sources, 
sites, magnitude, and distance is sufficient. According to 
the Applied Technology Council (ATC-63) (Deierlein 
et al. (2008), the ground motions were selected to ensure 
that they have the potential to induce structural collapse. 
These ground motions meet criteria related to earthquake 
magnitude, recording conditions, and diversity, with no 
more than two records from a single event to reduce bias. 

(5)�EDP|IM = aM + bM
(
Mw

)

(6)�EDP|IM = aR + bR
(
RJB

)

Previous research has demonstrated that well-distributed 
datasets of this size can reduce statistical bias and ensure 
stable regression in fragility and demand modeling. For 
example, Baker (2015) discussed the use of regression-
based methods in ground motion selection and indicated 
that hundreds of records are generally adequate for stable 
PSDM. Shome et al. (1998), Cornell (1999), Mackie and 
Stojadinovic (2001), and McCartney et al. (2020) sug-
gested that 100–300 ground motions may be sufficient for 
fragility analysis if well-distributed across IMs and source 
to site distance characteristics. Tothong and Luco (2007) 
also highlighted that model stability in PSDM improves 
with growing diversity of records, rather than simply 
increasing the number of records. Among the 450 ground 
motion records: 150 are in horizontal direction 1 (H1), 150 
are in horizontal direction 2 (H2), and 150 are vertical (V) 
records. Each H1 and H2 record was paired with a vertical 
component, resulting in 300 combined horizontal-vertical 
motion (150 H1+V and 150 H2+V). For the analysis, we 
considered two main sets: Set H, including 300 horizontal 
motions (150 H1 and 150 H2), and Set HV, comprising 
the 300 combined horizontal-vertical pairs. This data-
set configuration allows for a comprehensive evaluation 
of seismic effects across different component combina-
tions. Normally, vertical ground motion is usually minor 
compared to horizontal motions. Eurocode 8 (EU 2004) 
proposed that vertical accelerations are 70% of horizon-
tal ones. Combining vertical and horizontal components 
increases their impact on seismic demand and structural 
response (Murthy and Patil 2015; Wibowo and Sritharan 
2022; Wang et al. 2023). Thus, using horizontal-only and 
horizontal-vertical inputs enables for a more relevant and 
thorough seismic effect assessment, which is a standard 
seismic analysis technique. As a result, this dataset is suf-
ficient to minimize statistically biased estimation in the 
PSDM. Figure 1 illustrates the spectral acceleration (5% 
damped) of the selected ground motions. H1 represents 
higher PGA (from 0.01 to 1.4 g) at a station for a spe-
cific earthquake event than H2 (from 0.0088 to 1.26 g). 
The vertical components exhibit the lowest PGA values, 

Fig. 1   Spectral acceleration (5% 
damped) of selected ground 
motions: a H1, b H2, and c the 
vertical component
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ranging from 0.0046 to 1.23 g. Two distinct sets of input 
motions were created to evaluate the impact of the vertical 
ground motion on the seismic fragility of slopes.

3.2 � Selected Intensity Measures (IMs) of Ground 
Motion

To find the most effective indicators for the PSDM of 
slope, we examined a total of 19 IMs. These IMs were 
selected based on the criteria derived from prior studies 
(Tothong and Luco 2007; Hariri-Ardebili and Saouma 
2016; Nguyen, Shin, et al. 2023). Specifically, the selection 
framework included three key requirements: (1) relevance 
to geotechnical and slope stability applications, as opposed 
to structural-only IMs; (2) comprehensive coverage of 
major IM categories, such as peak-based (for example, 
PGA, PGV), energy-based (for example, IA , CAV), fre-
quency content (for example, dominant frequency - fmax ), 
duration-related, and spectral-based measures (for exam-
ple, ASI, VSI, HI); and (3) useful in slope or geotechnical 
demand investigations. For all 19 IMs, horizontal values 
are consistently greater than vertical values. Additionally, 
within the horizontal measures, H1 exhibits higher values ​​
than H2. In the approach suggested by Hariri-Ardebili and 
Saouma (2016), the selected IMs were categorized into 
two groups: ground motion-dependent scalar IMs (Group 
1) and structure-dependent spectral IMs (Group 2). Group 
1 encompasses 15 parameters, including:

Peak ground acceleration ( PGA),

Peak ground velocity ( PGV),

Peak ground displacement (PGD),

Ratio of PGV∕PGA (Malhotra 1999);
Root-mean-square of acceleration ( aRMS),

Root-mean-square of velocity (vRMS),

Root-mean-square of displacement ( dRMS),

(7)PAG = max |a(t)|, (g) (Trifunac and Brady 1975);

(8)PGV = max |v(t)|, (m∕s)(Trifunac and Brady 1975);

(9)PGD = max |d(t)|, (m)(Trifunac and Brady 1975);

(10)aRMS =

√
1

ttotal

ttotal

∫
0

(a(t))2dt, (g) (Kramer 1996);

(11)vRMS =

√
1

ttotal

ttotal

∫
0

(v(t))2dt, (m∕s)(Housner 1975);

Arias intensity ( IA),

Characteristic intensity ( IC),

Specific energy density ( SED),

Cumulative absolute velocity (CAV),

Cumulative absolute displacement (CAD),

Sustained maximum acceleration (SMA),
SMA = 3rd highest absolute value of acceleration time 

history, (g) (Nuttli 1979);
Sustained maximum velocity (SMV),
SMV = 3rd highest absolute value of velocity time his-

tory, (m/s) (Nuttli 1979);
and Dominant frequency ( fmax),

fmax = maximum Fourier amplitude in Fourier spectra, 
(Hz) (Kramer 1996).

Group 2 includes four parameters—acceleration spec-
trum intensity, velocity spectrum intensity, Housner inten-
sity, and effective peak acceleration. The selection of these 
four IMs was based on their extensive use in previous stud-
ies (Padgett et al. 2007; Che et al. 2023). Their broad use 
and performance evaluation efficacy make them ideal for 
our investigation.

Acceleration spectrum intensity (ASI),

Velocity spectrum intensity (VSI),

Housner intensity (HI),

(12)

dRMS =

√
1

ttotal

ttotal

∫
0

(d(t))2dt, (m)(Riddell and Garcia 2001);

(13)IA =
�

2g

ttotal

∫
0

(a(t))2dt, (m∕s)(Arias 1970);

(14)IC =
�
aRMS

�3∕2√
ttotal, (Park et al.1985);

(15)SED =
ttotal

∫
0

(v(t))2dt, (m2∕s) (Kramer 1996)

(16)

CAV =
ttotal

∫
0

|a(t)|dt, (m∕s)(Reed and Kassawara 1990);

(17)

CAD =
ttotal

∫
0

|v(t)|dt, (m)(Mackie and Stojadinovic 2001);

(18)ASI =
0.5

∫
0.1

Sa(� = 5%, T)dT , (g ⋅ s)(Thun et al.1988);

(19)VSI =
2.5

∫
0.1

Sv(� = 5%, T)dT , (m)(Thun et al.1988);
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and effective peak acceleration (EPA),

4 � Model Set‑Up

The nonlinear time history analyses of slopes were per-
formed using the PLAXIS-2D software (Bentley 2022) to 
compute Dmax based on the PLAXIS-Material guidelines in 
2024 (Bentley 2024). Some research suggested that seis-
mic slope stability analysis should consider slope heights 
between 5 and 30 m (Pushpa et al. 2016; Kumar et al. 2023; 
Meko et al. 2023). In seismically active areas, various natu-
ral and human-made slopes must be assessed for static and 
dynamic stability. Effective slope stability assessments 

(20)HI =
2.5

∫
0.1

PSv(� = 5%, T)dT , (m)(Housner 1975);

(21)
EPA =

mean
(
S0.1−0.5
a

(� = 5%)
)

2.5
, (g)(Kurama and Farrow 2003).

require knowing the influence of slope height within this 
range (for example, 10 m, 20 m, and 30 m). As shown in 
Fig. 2, in the models at Hslope = 20 m, and 30 m, the slope 
part was divided into 10 m sublayers to account for confine-
ment’s effect on the soil’s nonlinear curves. Additionally, 
constant inclination (β) of 30° and a 10 m foundation soil 
layer is maintained. The current analysis ignores the geo-
metric features in slope deformation, even though it fixes 
the slope inclination at β = 30°. The method works well 
for preliminary slope stability studies. Finally, three models 
at Hslope of 10, 20, and 30 m at β = 30° were created and 
subjected to sets H and HV ground motion in simulations. 
Table 1 shows the geometries of these models.

This study examined one soil type. The soil’s strength 
was assessed using the Mohr-Coulomb failure criterion, 
which considers c and ϕ. Soil stiffness was determined by 
shear wave velocity ( VS ). Table 2 lists the soil properties 
of slope models. The HS-small model (Bentley 2024) was 
used to evaluate soil behavior under cyclic loading. This 
material model allows for soil nonlinearity and hysteresis 
energy dissipation. The HS-small model requires nonlinear 

Fig. 2   Three slope models with β = 30° and a foundation of 10 m thick: Hslope = a 10 m; b 20 m; and c 30 m
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soil curves (that is, modulus reduction ( G/Gmax ) and damp-
ing ratio). Thus, we used the empirical model from Stokoe, 
II et al. (2001). The Rayleigh damping models soil damping 
from 0.55% to 0.98% using two frequencies: f1 (based on 
system fundamental frequency) = VS/(4×H), where H is the 
model height (H = Hslope + HF ); and the second frequency 
f2 (5 × f1), as proposed by Kwok et al. (2007). We used a 
15-node triangular element with a high mesh density for 
accuracy.

The simulations employed Cundall et al.’s (1980) free-
field conditions for the lateral side boundaries and Lys-
mer and Kuhlemeyer’s (1969) compliant base for bottom 
in PLAXIS-2D. The lateral sides and bottom of the slope 
models were protected from intentionally reflected waves 
by these boundary conditions. A viscous dashpot system 
accommodates horizontal and vertical seismic movements 
in the compliant boundary condition. Equations 22 and 23 
integrate the acceleration time series of the ground motions 
for the horizontal and vertical components into velocity time 
series to calculate shear and normal stresses for this system:

where �(t) presents the time history of shear stress at the 
slope model base, �base is the density of the model, that is, 
1800 kg/m3 for slope, and 2000 kg/m3 for foundation soil. 
VS,base is the shear wave velocity, the value of 300 m/s is set 
for foundation. u̇h(t) is the velocity time series of the ground 
motions for the H1 and H2 components. �(t) is the time his-
tory of normal stress at the model base. VP,base is the com-
pressional wave velocity of the model base ( VP,base = 489.3 
m/s for foundation). u̇v(t) is the velocity time series of the 
vertical component.

We compared our model’s Dmax to other research using 
PLAXIS-2D and FLAC-2D to verify slope nonlinear time 

(22)𝜏(t) = VS,base × 𝜌base × u̇h(t)

(23)𝜎(t) = VP,base × 𝜌base × u̇v(t)

history (Latha and Garaga 2010; Zhang et al. 2012; Özmen 
2019). Previous studies’ ground motions were employed for 
all three slopes. Parameters, and free-field and compliant 
base boundary conditions, were taken from prior studies. 
The Dmax calculated in this study are identical to those from 
the mentioned research during the full length. The Dmax 
obtained at the end of the ground motion is less than 4% 
different from the previous investigations. We also evaluated 
R2 values for displacement time series disparities between 
our results and previous studies. R2 = 0.97, 0.88, and 0.98 
for Özmen (2019), Latha and Garaga (2010), and Zhang 
et al. (2012) analyses, respectively. These values are near 
1.0, indicating good slope modeling. To further verify the 
numerical results, we compared the simulated permanent 
displacement with those computed using the Newmark slid-
ing block method. The discrepancy (≈ 14%) indicates good 
agreement and supports the reliability of the adopted mod-
eling framework.

5 � Optimal Intensity Measure (IM) 
Considering �

���

This section identifies the optimal IM by evaluating the EDP 
of slopes in PSDM. This study evaluated seismic slope per-
formance using Dmax as the major EDP. Displacement-based 
criteria are widely used in geotechnical earthquake engineer-
ing to estimate slope collapse potential more realistically and 
practically than factors of safety. Dmax directly measures irre-
versible deformation under seismic action, which is crucial 
for slope serviceability and post-earthquake functionality. 
Travasarou and Bray (2003), Crowley (2004), Rathje and 
Saygili (2009), and Fotopoulou and Pitilakis (2015) have 
used displacement-based EDPs to create seismic demand 
models. The slopes were subjected to sets H and HV to 
determine Dmax . Figures 3 and 4 illustrate the distribution of 
Dmax against 19 IMs of set H and HV at three slope heights. 
Seismic displacements rise with slope height due to gravity. 
The Dmax of slopes increases with the rise in slope height.

5.1 � Subjected to the Horizontal Ground Motion

This section focuses on identifying the optimal IM for evalu-
ating Dmax under set H. Section 5.1.1 examines the results 
of efficiency, practicality, and proficiency. Section 5.1.2 

Table 1   Configuration 
parameters of the three models 
in this study

Model No. Hslope(m) L1 (m) L2 (m) LS(m) HF(m) h (m)

1 10 45.1 107.5 17.3 10 10
2 20 90.15 215 34.6 10 10
3 30 135.2 322.4 52 10 10

Table 2   Material properties of the three models

Model Slope component VS(m/s) Cohesion 
c (kPa)

Friction 
angle ϕ 
(°)

1, 2, 3 Slope layers in Hslope 200 10 30
Foundation soil 300 10 35
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addresses the criterion of sufficiency, confirming the 
selected IM comprehensively.

5.1.1 � Efficiency, Practicality, and Proficiency

�D|IM Evaluates the efficiency of IMs, and as explained in 
Sect. 2.2, lower �D|IM indicates greater effectiveness. To 
align with other criteria that higher values indicate greater 
IM efficiency, we consider the inverse value of �D|IM (that 
is, 1∕�D|IM ). The obtained 1∕�D|IM for IMs across the three 
models are presented in Fig. 5. The IM of IA is identified 
as the most efficient for the slope at 10 m of height, where 
1∕�D|IM = 1.035. Following IA , fmax and IC show high effi-
ciency at 1∕�D|IM = 1.031 and 1.027, respectively. For the 
slopes with heights of 20 m and 30 m, the most efficient 
IMs shift to VSI ( 1∕�D|IM = 1.078 and 1.094, respectively), 
followed by SMV and PGV ( 1∕�D|IM = 1.077 and 1.083 for 
heights of 20 m and 30 m). The results demonstrate that 
IMs related to acceleration time history (for example, IA , 
IC , ASI, EPA) are more efficient for the 10 m slope. Addi-
tionally, velocity-related IMs (for example, PGV, SMV, and 
VSI) contribute significantly to the efficiency for this model. 
Conversely, for medium-height and higher slopes (20 m 

and 30 m, respectively), velocity-related IMs (for example, 
VSI, SMV, and PGV) exhibit greater efficiency. Accelera-
tion-related IMs (for example, ASI, EPA, IA , and IC ), also 
show appreciable efficiency. fmax , related to dominant fre-
quency, shows high efficiency across all three models, with 
1∕�D|IM = 1.031, 0.99, and 1.038, respectively. In contrast, 
displacement-based IMs (PGD, RMS, and CAD) are rela-
tively less efficient across the three slope heights.

Figure 6 presents the practicalities of the IMs via com-
puted b values. The figure shows that SMA achieves the 
highest b across three slope heights (b = 1.82, 2.04, and 
1.805 for heights of 10 m, 20 m, and 30 m, respectively). 
Following SMA, aRMS and PGA exhibit higher b values. 
Specifically, for aRMS , b = 1.80, 2.03, and 1.802 for the 
respective heights of 10 m, 20 m, and 30 m, while for PGA, 
b = 1.77, 2.01, and 1.76 for the same heights. Generally, 
acceleration-related IMs (for example, SMA, aRMS , PGA, 
ASI, EPA, and CAV) demonstrate greater practicality across 
the three slopes compared to others. Displacement-related 
IMs (for example, RMSD, PGD, CAD, and SED) exhibit 
lower b, indicating relatively less practicality.

To determine proficiency, we consider the criteria of ζ. 
The inverse value of ζ is applied for consistent tendency 

Fig. 3   Distribution of Dmax 
against 19 intensity measures 
(IMs) computed for set H
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Fig. 4   Distribution of Dmax 
against 19 intensity measures 
(IMs) computed for set HV

Fig. 5   1∕�D|IM for intensity measures (IMs) in the three models subjected to set H
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with the other parameters—higher 1∕� indicates a higher 
proficiency. The computed 1∕� are shown in Fig. 7. For 
lower slopes ( Hslope = 10 m and 20 m), ASI ( 1∕�ASI = 1.77 
and 2.03 corresponding to Hslope = 10 m and 20 m, respec-
tively) tends to be the most proficient. Following ASI, two 
IMs of EPA ( 1∕�EPA = 1.76 for Hslope = 10 m, and 2.02 
for Hslope = 20 m) and aRMS ( 1∕�aRMS

 = 1.73 and 1.93 for 

Hslope = 10 m and 20 m, respectively) show more profi-
ciency. These numbers imply that the parameter related to 
displacement time history exhibits the highest proficiency. 
For the model of 30 m, SMV shows the highest proficiency 
with 1∕�SMV  =  1.74, followed by fmax ( 1∕� fmax

  =  1.73) 
and aRMS ( 1∕�aRMS

 = 1.72). Displacement-based IMs (for 

Fig. 6   b values for intensity measures (IMs) in the three models subjected to set H

Fig. 7   1∕� values for intensity measures (IMs) in the three models subjected to set H
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example, dRMS , SED, and PGD) and PGV/PGA are less 
proficient in all models.

5.1.2 � Sufficiency

The sufficiency of the IMs relative to Mw and RJB is illus-
trated in Figs. 8 and 9, respectively. For Mw , SMA and 

PGV/PGA are identified as the most sufficient. Specifi-
cally, SMA is the most sufficient at lower slopes of 10 
m and 20 m, while PGV/PGA is most sufficient for the 
slope of 30 m. For RJB , SMA remains the most sufficient 
for the lower slopes, whereas PGA shows the highest suf-
ficiency for the model of 30 m. These results confirm that 
the most sufficient IMs related to distance and magnitude 

Fig. 8   P-values considering Mw in the three models subjected to set H

Fig. 9   P-values considering RJB in the three models subjected to set H
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are consistent for lower slopes but differ for the highest 
model.

5.1.3 � Summary of the Results

The final ranking was derived by normalizing and combin-
ing the four criteria into a composite score, following the 
approach of Hariri-Ardebili and Saouma (2016). Table 3 
shows the top three proposed IMs for slopes subject to set H 
based on four criteria. The ranking priority column shows 
IM weight in increasing optimization level. The results indi-
cate that acceleration-related IMs (SMA, aRMS , and PGA) 
and velocity-related IMs (VSI, PGV, and SMV) are optimal 
for these slopes. For lower slopes (10 m and 20 m), accelera-
tion-related IMs are predominant, while the velocity-related 
SMV emerges as the key parameter for the highest slope (30 
m). According to the priority ranking, SMA is recommended 
as the optimal IM for the lower and medium-height slopes 
of 10 m and 20 m, whereas SMV is suggested as the optimal 
IM for the highest model of 30 m.

5.2 � Subjected to the Set HV Motions

This subsection determines the optimal IM for evaluating 
Dmax under set HV. Section 5.2.1 evaluates three criteria: effi-
ciency, practicality, and proficiency. Section 5.2.2 assesses 
sufficiency, confirming the selected IM comprehensively.

5.2.1 � Efficiency, Practicality, and Proficiency

Figure 10 provides values of 1∕�D|IM for 19 IMs in the three 
models. The IM of PGV is the most efficient for the lowest 
and highest models ( Hslope = 10 m and 30 m), while IA shows 
highest 1∕�D|IM for the medium model of 20 m. It implies 
that the IM related to velocity achieves higher efficiency than 
others on the lowest and highest models under the effect of 
vertical motion. Acceleration-based parameter contributes 
to higher efficiency than others for a medium model. Con-
versely, the IMs related to displacement (for example, CAD 
and SED) present less efficiency for the three slopes. This 
result is consistent with cases subjected to set H.

Figure 11 illustrates practicality through b, where SMA is 
identified as the most practical across the three models. The 
IMs of PGA and aRMS show high practicality. Conversely, 
IMs related to displacement are less practical. These find-
ings are similar to the results of models subjected to set H.

Figure 12 displays proficiency through 1∕ζ values. aRMS is 
the most proficient IM across the three models, followed by 
PGA and PGV, implying that acceleration-based parameters 
from HV demonstrate significant proficiency compared to 
others. On the other hand, SED, related to displacement, 

Table 3   Optimal intensity measures (IMs) for the three slope models 
subjected to set H 

For set H motions Priority 
ranking

Slope height

10 m 20 m 30 m

IMs 1 SMA SMA SMV
2 aRMS PGV SMA
3 fmax SMV aRMS

Fig. 10   1∕�D|IM for intensity measures (IMs) in the three models subjected to set HV
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shows negligible proficiency, consistent with findings from 
models subjected to set H.

5.2.2 � Sufficiency

Figures 13 and 14 illustrate the sufficiency of IMs rela-
tive to Mw and RJB for slopes subjected to set HV. For Mw , 

SMA and PGV/PGA are the most sufficient for the three 
models. Specifically, SMA is the most sufficient for the 
lowest and highest models of 10 m and 30 m, while PGV/
PGA is optimal for the medium model of 20 m. Regard-
ing RJB, the IMs of SMA, PGV/PGA, and SED are the 
most sufficient for the models at 10 m, 20 m, and 30 m, 

Fig. 11   b values for intensity measures (IMs) in the three models subjected to set HV

Fig. 12   1∕ζ for intensity measures (IMs) in the three models subjected to set HV
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respectively. These results suggest that the most sufficient 
IMs related to Mw differ from those related to distance.

5.2.3 � Summary of the Results

Table 4 lists the optimal IMs for the set HV in the three 
models. The acceleration-related IMs have dominant effect 

on Dmax . The velocity-related IMs present a high effect. 
Based on the priority list, SMA is the optimal IM for the 
three models, and aRMS is another good choice.

Fig. 13   P-values considering Mw in the three models subjected to set HV

Fig. 14   P-values considering RJB in the three models subjected to set HV
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5.3 � Probabilistic Seismic Demand Model 
(PSDM)‑Based Fragility Assessment

Based on the PSDM approach presented in Sect. 2.1 and 
optimal IMs in Tables 3 and 4, fragility curves are generated 
for set H and HV as shown in Figs. 15 and 16, respectively. 
The fragility curves generated for Dmax are used to quantify 
slope seismic vulnerability by considering the exceedance 
probability of limit states in three thresholds: minor (5 cm), 

Table 4   Optimal intensity measures (IMs) for the three slope models 
subjected to set HV

For set HV motions Priority 
ranking

Slope height

10 m 20 m 30 m

IMs 1 SMA SMA SMA
2 PGA aRMS aRMS

3 aRMS PGA PGV

Fig. 15   Fragility curves against the selected intensity measures (IMs) for models at the height of 10 m (a), (d), and (g); 20 m (b), (e), and (h); 
and 30 m (c), (f), and (i), subjected to set H
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moderate (15 cm), and extensive (30 cm) (Tran et al. 2023). 
Fragility curves calculate damage probabilities for an IM. 
Figure 15 shows the values of SMV, SMA, and aRMS of set 
H with probabilities of 50% (P50) at three limit states of 
minor, moderate, and extensive for the 30 m model; SMA 
is 0.36, 0.53, and 0.70 g; SMV is 0.23, 0.35, and 0.48 m/s, 
while aRMS is 0.07, 0.1, and 0.13 g. The SMA exceeds 34% 
of the SMV and 81% of the aRMS at 50% failure probability. 
Set HV and IMs have a similar finding—SMA is the highest, 

followed by PGV, while aRMS is the lowest at the same P50 
for the 30 m model.

6 � Conclusion

The optimal IMs for seismic slope stability in PSDMs 
were examined using the criteria of efficiency, practical-
ity, proficiency, and sufficiency. Three slope models of 

Fig. 16   Fragility curves against the selected intensity measures (IMs) for models at the height of 10 m (a), (d), and (g); 20 m (b), (e), and (h); 
and 30 m (c), (f), and (i) subjected to set HV
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Hslope =10 m, 20 m, and 30 m were examined with two 
sets of ground motions including horizontal (H) and H in 
combination with vertical (V) direction. Selected 19 IMs 
were computed based on 150 H1, 150 H2, and 150 V com-
ponents from 61 earthquakes, at a total of 300 H and 300 
HV. The optimal IMs predicted Dmax as an EDP for slopes.

Generally, except for the proficiency criterion, acceler-
ation-related IMs (for example, IA , IC , ASI, and EPA) and 
velocity-related IMs (for example, VSI, SMV, and PGV) 
are optimal IMs for models subject to sets H and HV. 
Displacement-related IMs like PGD, RMSD, and CAD 
are less appropriate. There are no significant variations 
in optimal IMs between H alone and HV ground motions 
across the three slope geometries. It is possible to apply 
the best IM to both H and HV ground motions. We recom-
mend SMA for lower-height slope models ( Hslope = 10 m 
and 20 m) and SMV for the highest-height slope model of 
30 m under set H; SMA could also be used for the highest 
model; SMA is the best IM for all three models under set 
HV, with aRMS being another option. It was surprising that 
PGA, a common IM for seismic analysis of geotechnical 
and civil structures, is less effective for both H and HV 
ground motions in this study.

This study has several limitations. First, the IMs were 
determined using four criteria without considering hazard 
evaluation, which should be addressed in future research. 
Second, the analysis examined slope geometry by altering 
slope height while maintaining slope angle. The selected 
heights (10 m, 20 m, and 30 m) may provide important 
insights, but more examples with different angles of incli-
nation should be included to expand geometry diversity. 
Given the considerable importance of slope geometry 
on seismic performance, future study should rigorously 
investigate slopes with varying inclinations (for example, 
30°, 45°, 60°). Moreover, site conditions greatly affect 
seismic energy transmission and experience by struc-
tures, therefore they are critical in choosing PSDM IMs. 
Variations in soil type, site amplification effects, and 
local geological characteristics can affect seismic wave 
behavior, affecting how well different IMs capture seismic 
threats. Additional research should include site-specific 
elements to better understand their impact on slope stabil-
ity. Third, our research is based on a carefully selected 19 
IMs, although more can be chosen. Future research should 
include more IMs to better analyze their possible impact 
on seismic assessments and strengthen the conclusions in 
studies. Last, according to Xiao et al. (2024), considering 
safety and sliding volume EDPs might better explain slope 
behavior under seismic stress. However, only Dmax was 
used as the EDP in this study. Therefore, the incorpora-
tion of additional EDPs such as factors of safety or sliding 
volume in future studies would provide a more holistic 
understanding of slope behavior under seismic loading.
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