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1. Introduction

Natural disasters such as heavy rains, tornadoes, and 
earthquakes can destroy structures and cause irreparable 
damages, and sometimes, the severity of these damages is 
very high. Earthquakes, in particular, can cause massive 
damage and geological changes, especially in older structures 
more vulnerable to such events. In recent decades, numerous 
dams have been constructed for agriculture, water supply, 
electricity, and flood control. These dams have a core that 
seals the dam body to prevent water penetration. Constructing 
this core from materials with the least permeability, such 
as dense clay, concrete, and asphaltic concrete is important 
(Hoeg, 1993). Asphaltic concrete offers advantages such as 
self-healing, low permeability, and high flexibility. Its good 
compressibility and cost-effectiveness in cold and rainy 
conditions make it a preferred choice for dam construction 
(Creegan & Monismith, 1996). Numerous dams have been 
constructed in areas with high seismicity and may be subjected 
to seismic loads with different intensities. If these facilities 
are damaged, they will cause irreparable human and financial 
losses, emphasizing the importance of understanding how 
these structures behave during earthquakes. In the past, 

structures were designed utilizing simple quasi-static methods 
for a single earthquake event. Usually, the allowable stress 
method was used when more complicated dynamic analyses 
were needed. In geotechnical structures, limit stability 
analysis methods were commonly used. However, relying 
only on quasi-static methods is inadequate for achieving 
optimal performance and functional response for structures. 
A novel approach to evaluating performance is based on 
assessing the risk of structural damage (Alembagheri & 
Ghaemian, 2013). Using a performance index, this method 
considers the optimal performance of a structure subjected 
to multiple earthquakes. The structure performance and 
level of damage are determined through different methods 
such as earthquake risk, vulnerability, and fragility functions 
(Iervolino & Cornell, 2005). The fragility function is one 
of the most appropriate methods to evaluate the behavior of 
the structure under possible seismic loads. In the fragility 
function, different levels of failure are defined. Then, for each 
level, the possibility of exceeding that level based on one 
of the ground motion parameters is computed. Non-linear 
dynamic analysis can be conducted using the incremental 
dynamic analysis (IDA) approach. The IDA method evaluates 
structure vulnerability by subjecting it to varying levels of 
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seismic loads. The obtained incremental dynamic analysis 
curves are used to evaluate the structure performance and 
determine its range of behavior from linear to non-linear 
(Vamvatsikos & Cornell, 2002).

In recent years, limited research has been published 
about seismic evaluation of different types of rockfill dams. 
Pang et al. (2018) studied the seismic behavior of a 250 m 
high rockfill dam utilizing fragility function. They used 
incremental dynamic analysis to develop fragility curves, 
allowing them to evaluate the behavior of these types of 
dams subjected to different seismic loads. This research uses 
crest settlement ratio and concrete face damage as damage 
indexes (DI). The results indicate that the fragility curve 
is scientifically helpful in predicting possible damage to 
rockfill dams subjected to seismic waves. Pang et al. (2019) 
applied 15 different seismic loads with different intensities 
to a rockfill dam with 242 m height. They used peak ground 
acceleration (PGA), spectral acceleration (SA), peak ground 
velocity (PGV), and peak ground displacement (PGD) 
as intensity measures (IMs). The fragility function was 
developed using incremental dynamic analysis and multiple 
strip analysis (MSA) for each failure level based on the dam 
crest settlement ratio, sliding displacement of the dam slope, 
and concrete face slab damage as DI.

Jin & Chi (2019) examined the effects of different seismic 
load intensities on the fragility curve of the embankment dam. 
To this end, they estimated fragility parameters based on 
sufficient earthquake loads. Their study utilized DYNE3WA 
3D finite difference software for dynamic analyses. The crest 
settlement ratio of the dam was considered as the damage 
index, and the fragility curves were developed based on 
MSA analytical method. The results demonstrate that 
DYNE3WA 3D software and the MSA method are suitable 
for determining the fragility curves in embankment dams. In a 
further study, Pang et al. (2020) attempted to study secondary 
damage to rockfill dams caused by aftershock earthquakes 
through fragility curves. They conducted nonlinear analyses 
concentrating on displacement and found that aftershocks can 
increase fragility in structure. Zhou et al. (2021) introduced 
a Support Vector Machine (SVM) to develop fragility curves 
to improve computational performance. The SVM model was 
trained according to the three criteria of vertical displacement 
damage, plastic shear strain, and face slab damage according 
to the intensity measurements. The results showed that the 
SVM approach efficiently analyzes the fragility of rockfill 
dams. In another study, Ayati Ahmadi et al. (2022) predicted 
the behavior of the Garmrood asphaltic core rockfill dam 
through fragility curves based on incremental dynamic 
analysis. They concluded that the behavior of rockfill dams 
can be predicted by choosing the appropriate damage index. 
Xu et al. (2022) investigated the effect of multi-component 
strong motion duration on the seismic performance of 
concrete-faced rockfill dams (CFRDs) using fragility analysis 
based on the IDA method. The results illustrated that the 
duration of the vertical component has a certain effect on the 

correction between the duration of the strong motion and the 
deformation of the dam. Also, the fragility analysis depicted 
that ground motions with a long duration can cause the risk 
of failure of CFRDs compared to short-duration motions.

Previous studies have shown that the seismic behavior 
of asphaltic concrete rockfill dams through fragility curves 
has rarely been investigated. At the same time, this method 
is very appropriate for evaluating the behavior of structures 
subjected to different seismic loads. In recent years, several 
rockfill dams with asphaltic concrete cores have been built 
in areas with high seismicity in Iran, and it seems necessary 
to investigate their behavior through new methods, such 
as fragility curves. This study aims to evaluate the seismic 
performance of the Meijaran rockfill dam with an asphaltic 
concrete core through fragility curves. Specifically, it employs 
incremental dynamic analysis (IDA) in FLAC 2D to assess 
the dam’s behavior under various seismic loads, using the 
crest settlement ratio as the damage index and peak ground 
acceleration (PGA) as the intensity measure. The results 
aim to provide insights into the dam’s resilience and inform 
seismic design and retrofitting strategies.

2. Description of Meijaran rockfill dam

The Meijaran storage dam is located in a highly seismic 
area in Iran, near Mazandaran provinces. It is an asphaltic 
concrete core dam with a height of 53.3 m, and its maximum 
water level can reach up to 46 m above the base. Figure 1 
displays a cross-section of the Meijaran dam. The dam crest 
has a length of 180 m and a width of about 8 m. The slopes 
on the upstream and downstream sides are 1:1.75 and 1:1.6, 
respectively. The dams center contains a vertical asphaltic 
concrete core, which performs as a waterproofing element. The 
core is 1 m thick and is surrounded by filter and transmission 
zones. The Meijaran dam is constructed in a V-shaped and 
asymmetrical valley, where the left support has a steeper 
slope than the right support on the conglomerate part of the 
Shemshak Formation (Baziar et al., 2008; Khalaj et al., 2022).

3. Incremental dynamic analysis and fragility 
function

All engineering structures need monitoring and 
maintenance after their construction. Detection and estimation 
of possible damages are essential for monitoring facilities. 
Until now, various stochastic analyses have been performed 
to investigate the response of the structure in different 
conditions (Assis & Nogueira, 2023; Bendriss & Harichane, 
2024). Different methods are used to evaluate seismic risks 
to structures. Generally, qualitative and quantitative methods 
can be operated. The qualitative approach is used to evaluate 
the vulnerability of strutures whose performance history 
is known under the effect of seismic loads. In this paper, 
quantitative evaluation is used. This method is based on 
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the computer modeling of structures. In this approach, after 
modeling the system, its performance during earthquakes 
can be examined (Iervolino & Cornell, 2005).

Various quantitative evaluation functions are utilized to 
estimate the potential risks of earthquakes. These functions 
include earthquake risk, vulnerability, and fragility. Fragility 
functions are particularly useful in estimating the probability 
of exceeding structural limitations during seismic activity. 
Fragility curves proposed the relationship between the ground 
movement during an earthquake and the level of damage 
that may occur (Iervolino & Cornell, 2005; Mayoral et al., 
2016). It is necessary to employ the appropriate earthquake 
accelerations and the structure model to create fragility 
curves for structures using analytical methods. However, 
predicting an earthquake’s occurrence, magnitude, and 
amplitude is impossible. Structural responses are typically 
evaluated using ideal structural models, which may result 
in calculated responses that differ significantly from actual 
responses. In addition, the characteristics of materials may 
be uncertain. A probabilistic approach is highly appropriate 
to create information on seismic fragility that can consider 
various sources of instability caused by different modes of 
ground motion and structural responses. The parameters that 
define failure can be determined by conducting a nonlinear 
dynamic analysis of the structure. The fragility curve is then 
generated using statistical operations on the obtained data 
and simulation methods (Alembagheri & Ghaemian, 2013; 
Hariri-Ardebili & Saouma, 2016).

There are different methods available for analyzing 
nonlinear dynamics based on specific earthquakes, including 
Cloud analysis, Endurance Time Analysis (ETA), Incremental 
Dynamic Analysis (IDA), and multiple strip analysis (MSA). 
In this study, the IDA method was utilized to represent 
fragility curves. The IDA approach involves performing 
a series of nonlinear dynamic analyses using a variety of 
ground motion records on various scales. It is necessary to 
scale each earthquake in multiple steps until the structure 
collapses. After subjecting the structure to seismic loads, 

the responses are analyzed to produce the IDA curve. 
The incremental dynamic analysis curve requires three 
parameters: scale factor, intensity measure, and damage 
index. The scale factor (λ) is used to scale all-natural and 
unscaled accelerogram components of ground motion. The 
intensity of ground motion can be determined by various 
parameters derived from the natural accelerogram. These 
parameters include peak ground acceleration (PGA), peak 
ground velocity (PGV), and spectral acceleration (SA). 
This parameter is a positive scalar quantity representing 
the structure response to earthquake loads and is obtained 
from the output results of nonlinear analysis. The damage 
index (DI) can be selected from maximum base shear, nodal 
rotation, and displacement of the structure’s highest point. 
Therefore, the IDA analysis process can be summarized as 
follows (Vamvatsikos & Cornell, 2002):

•	 Choosing suitable ground motion intensity measures 
(IMs) and damage indexes (DI).

•	 Using appropriate algorithms to select the record 
scaling.

•	 Employing proper interpolation
•	 Summarization techniques for multiple records to 

estimate the probability distribution of the structural 
demand given the seismic intensity.

•	 Defining limit-states.
The results can be used to intuitively understand 

the structural behavior. They can also be integrated with 
conventional probabilistic seismic hazard analysis to estimate 
mean annual frequencies of limit-state exceedance.

Flowchart of the incremental dynamic analysis (IDA) 
process for developing fragility curves, including ground 
motion selection, dam modeling, nonlinear dynamic analysis, 
damage index calculation, and fragility curve generation can 
be seen in Figure 2.

Previous studies have suggested that selecting a 
minimum of ten ground motions would provide reliable 
results (Vamvatsikos & Cornell, 2002). Parameters such as 
Peak Ground Velocity (PGV), Peak Ground Acceleration 

Figure 1. General cross-section of the dam.
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(PGA), and the first mode Spectral Acceleration (SA) have 
already been identified as Intensity Measures (IMs). It has 
been observed that displacement-based IMs (PGV) usually 
cause greater deviations in the IDA curves compared to those 
based on first-mode spectral acceleration (PGA and SA). 
Furthermore, research has shown that the vertical deformation 
of rockfill dams is the most accurate indicator of failure 
(Pang et al., 2020). Therefore, for this study, PGA is considered 
as the IMs, while the dam crest settlement ratio is selected 
as the damage index (DI). Additionally, 15 seismic records 
were utilized in the dynamic analyses.

The fragility function is typically described using a 
lognormal probability distribution function. As shown in 
Equation 1, the probability of exceeding a particular damage 
state is expressed:

( ) 1 lnφ
β

  
 = =      

ff
f ff

tot ff mi

PGA
P PGA

PGA 	 (1)

where ( )ff fP PGA  is the probability of exceeding a particular 
damage state for a given seismic intensity level defined by the 
earthquake intensity measure (IM) (e.g.; peak ground acceleration, 
PGA), φ  is the standard cumulative normal distribution, 

ff miPGA  is the median threshold value of the earthquake 
intensity measure, required to cause the ith damage state and 

totβ  is the total lognormal standard deviation. Therefore, the 
development of fragility curves requires the definition of two 
parameters, ffPGA  and totβ  (Mayoral et al., 2016).

4. Modelling for dynamic analysis

In this paper, dynamic analyses were carried out using 
FLAC 2D software at the end of the impounding stage. FLAC 
software is a finite difference software that is commonly used 
for engineering calculations (Itasca Consulting Group Inc., 
1998). The software can investigate a structure’s behavior 
where soil, rock, or other materials can reach a plastic state 
after yielding. This study assumes a plain strain model, which 
is reasonable considering the dam height ratio to its length. 
By default, the FLAC software creates rectangular meshes. 
However, if the mesh size is small, the rectangular element will 
be converted into two triangular elements, which can decrease 
the analysis accuracy. The least triangular element has been 
formed using the FLAC programming language called FISH 
to improve accuracy. (Ayati Ahmadi et al., 2024). Figure 3 
shows the model of the dam developed in FLAC. If the model’s 
dimensions are too large, the number of nodes in the model 
will increase, and the calculation time will increase. Also, if 
the dimensions are small, it is contrary to the simulation of the 
semi-infinite environment. Therefore, in each simulation, there 
are values for the model’s dimensions, and for dimensions larger 
than this, there is no change in the system’s response. These 
values are called the optimal dimensions of the model. The 
development of the grid networks in the horizontal direction 
at the heel of the dam on both sides should be such that the 
stress changes in the static state are negligible. This means 
that the distribution of stress in a cross-section at a distance of 

Figure 2. Flowchart of the incremental dynamic analysis (IDA) 
process for developing fragility curves.

Figure 3. Generated mesh grid of dam.
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B from the heel of the dam is not affected by the load or the 
presence of the wall. Safarzadeh (2003) by conducting analyses 
with different distances of B, determined that selecting B = 3H 
(H is the height of the dam and B is the modeled length of 
the environment on the sides of the dam heel) is sufficient to 
neutralize the effect of load on the stress distribution.

In order to properly analyze wave propagation within soil 
or rock, it is important to meet the recommended requirements 
by Kuhlemeyer & Lysmer (1973). They suggest that the zones 
being analyzed in the continuum area should be no larger 
than ∆l ≤ λ/10. This equation uses ∆l to represent the size of 
the largest element and λ as the wavelength of the highest 
frequency present in the area. A mesh sensitivity analysis 
was conducted by testing various mesh sizes, confirming that 
the selected element size (5 m in height and 4 m in length) 
provides convergence with minimal impact on computational 
accuracy, as recommended by Kuhlemeyer & Lysmer (1973).

The dam has been constructed in 10 layers to make its 
behavior more realistic. After constructing each layer, static 
analysis was performed to determine the dam settlement 
under its weight. This was carried out by considering the 
weight of each layer and the previous layers. Once the dam 
was fully constructed, it was impounded with water in three 
stages until it reached a height of 46 m. Hydrostatic forces 
were applied to the impervious asphaltic core surface during 
the impounding stage, and the dam settlement due to water 
pressure was calculated. The distribution of pore water 
pressure in the dam body during the impounding procedure 
is demonstrated in Figure 4.

Free field boundaries are defined for side boundaries 
to minimize wave reflections. By applying free field 
boundaries, wave reflection will not occur during the 
analysis, and the model edges will be as if the soil or rock 
material were extended over an infinite area. Usually, a 
frequency-independent damping ratio is considered for 
materials in dynamic analysis. The damping ratio is often 
2 to 5% of the critical damping for geotechnical materials. 
The damping ratio is usually regarded as equal to 2 to 

10% of the crucial damping in structural materials. In 
analyses that use elastoplastic constitutive models (such 
as Mohr-Coulomb) for system materials, significant energy 
consumption occurs during the plastic flow of the material. 
Therefore, a minimum damping of 0.5% can be used for 
many dynamic analyses.

For all materials, including asphaltic concrete, filter, 
and shell, the Duncan-Chang constitutive model (Duncan & 
Chang, 1973) is used in static analyses. Duncan-Chang is 
a widely used nonlinear elastic model that simulates the 
nonlinear behavior of soil. In this model, the stress-strain 
behavior of the soil changes hyperbolically. Additionally, the 
dam foundation in static analyses has been modeled using 
the Mohr-Coulomb constitutive model. This model is one 
of the most common constitutive models for simulating soil 
and rock medium, demonstrating shear failure behavior in 
soil and rock (Itasca Consulting Group Inc., 1998).

However, the Duncan-Chang constitutive model has 
some shortcomings, particularly its inability to simulate 
stress-strain hysteresis curves, especially during loading 
and unloading, making it unsuitable for dynamic analyses. 
For this reason, the strain-hardening/softening model based 
on the Mohr–Coulomb model has been used in nonlinear 
dynamic analysis. In this model, the values of cohesion, 
friction, tensile strength, and dilation angles are increased 
or decreased as possible after the onset of plastic yielding.

To determine the shear modulus of various granular 
soils and rockfill at very low levels of strain (Gmax or G0), 
researchers have proposed a number of empirical formulas 
based on laboratory tests such as resonant column and cyclic 
triaxial tests (Ishihara, 1996). For coarse-grained soil at a 
shear strain of γ = 10-5, the shear modulus, G0 is given by 
Kokusho & Esashi (1981).

For filter material, G0 was calculated using Equation 2 
as below:

( ) ( )
2

0.60
0 0

2.17
8400

1
e

G
e

σ
−

=
+

 	 (2)

Figure  4. Distribution of pore water pressure at the end of impounding stage.
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For the shell material of the dam, Equation 3 was used 
to calculated the G0 as below:

( ) ( )
2

0.55
0 0

2.17
13000     

1
e

G
e

σ
−

=
+

 	 (3)

where 0  σ  is the mean effective stress, G and 0  σ  are both in 
kPa and e is the void ratio of the material.

The parameters used in this study are listed in Table 1. 
In this table, k and n are the model parameters (constants) 
relating to the initial modulus in a hyperbolic model. Where 

i   aE k P=  ( )3  σ n
aP  and  aP  is the atmospheric pressure.  bk  

and m are dimensionless parameters (constants) relating to 
bulk modulus, B, in a hyperbolic model. Where  b aB k P=  
( )3  σ n

aP . Also, Table  2 demonstrates the parameters of 
the Mohr-Coulomb model used for the dam foundation. In 
Table 2, γ is unit weight, E is elastic modulus, ϕ is internal 
friction angle, ψ is dilation angle, c is cohesion, ν is Poisson’s 
ratio, and K is soil permeability.

In order to verify the accuracy of numerical analyses 
for dam behavior, the numerical model approach was 
compared to a centrifuge test carried out by Baziar et al. 
(2008). Their study utilized a centrifuge with a maximum 
applied acceleration of 142 g and a rotation radius of 2.3 m. 
Five separate tests were conducted for different centrifuge 
accelerations. The Meijaran dam centrifuge setup is shown 
in Figure  5. In this paper, the results from the test with 
80 g acceleration were used due to their low error rates and 
similarity to the Friuli record.

Based on the test results and model analysis, the dam 
has displayed no signs of sliding or failure, with only minimal 
deformations occurring in various parts of the structure. 
Data monitoring has revealed that under static and dynamic 
loading (scaled at 1:80), a settlement of 9 mm has occurred at 
the top of the asphaltic core. The lateral displacement of the 
core has been found to increase from the bottom to the top, 
with the maximum displacement at the dam crest measuring 
8 mm (under static and dynamic loading). Besides, impact 
loading has resulted in a maximum shear strain of 1.8% in 

the asphaltic core. The values of lateral displacement in a 
dam with a vertical core due to seismic load in the FLAC 
software can be seen in Figure 6, while Figure 7 illustrates 
that the maximum shear strain in a dam with a vertical core 
equals 1.6%.

Table 3 compares the results of the numerical modeling 
and the centrifuge test. The difference between the results is 
less than 10%, which is due to testing errors. The comparison 
indicates that the numerical modeling corresponding the 
experimental results properly.

The numerical model’s limitations include simplified 
boundary conditions compared to the centrifuge test, 
where free-field boundaries in FLAC 2D minimize wave 
reflections but may not fully replicate the physical setup. 
Material properties were adapted from Baziar et al. (2008), 
supplemented by literature values where direct measurements 
were unavailable, ensuring consistency with experimental 
conditions.

Table 1. Duncan-Chang parameters (Baziar et al., 2008).

Zone γ  (kg/cm3) υ E (kPa)  φ (º) c (kPa) M bk n k
Core 2.4 0.4 8×104 25 294.2 0.32 759 0.36 280
Filter 2.1 0.4 9×104 40 0 0.7 977 0.64 864
Shell 2.05 0.35 1.1×105 45 0 0.6 500 0.6 700

Table 2. Mohr–Coulomb parameters of foundation.

Zone γ  (kg/cm3) υ E (kPa) φ  (º) c (kPa) ψ K (m/s)
Foundation 2.7 0.3 5.00 × 104 35 2883.2 1 1 × 10-5

Table 3. Comparison of numerical approach and centrifuge test 
for asphaltic core.

Method Shear strain 
(%)

Horizontal displacement 
(cm)

FLAC 1.6 35
Centrifuge test 

(Baziar et al., 2008)
1.8 32

Figure 5. Dimension of physical model in centrifuge test (adapted 
from Baziar et al., 2008).
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5. Ground motion records

The dam is located in an area with very high seismicity, 
and the maximum possible earthquake (MDE) in this area 

is 0.5 g. The dam’s foundation has an average shear wave 
velocity of 300 m/s. According to previous studies, 10 to 20 
ground motion records have met the requirements needed to 
evaluate the seismic demand of structures (Vamvatsikos & 
Cornell, 2002). According to FEMA dam recommendations, 
15 earthquakes have been selected as input records in the 
dynamic analyses (FEMA, 2001). All these earthquakes were 
recorded at stations with an average shear wave velocity 
exceeding 300 m/s, consistent with the dam’s foundation 
properties, and with magnitudes ranging from 6.36 to 7.4 on 
the Richter scale. The scaling factors for the ground motion 
records were selected linearly from 0.1g to 1g and applied 
to the dam to cover a wide range of seismic intensities, 
following the recommendations of Iervolino & Cornell 
(2005) for nonlinear seismic analysis. This approach ensures 
the evaluation of the dam’s behavior from elastic response 
to failure without restrictions on scale factor values for 
magnitudes between 6.4 and 7.4. So, 150 dynamic analyses 
have been performed on the Meijaran dam to investigate 
the dam behavior from an elastic to a failure state. Selected 
earthquake records are listed in Table 4.Figure 6. Horizontal displacement of asphaltic core.

Figure 7. Shear strain (%) contours.

Table 4. Selected records.
Vs_30 (m/s) R (km) (g)PGA Magnitude (Mw) Year Station Record name

517 23.41 0.042 7.14 1990 Lamont 362 Duzce
609 49.91 0.092 1995 1995 Chihaya Kobe (No.1)
379 31 0.147 7.13 1999 Joshua Tree Hector Mine

326.64 43.68 0.194 6.36 1983 Parkfield-Cholame Coalinga
654.76 25.82 0.23 6.63 2004 NIG023” Nigata Japan
353.6 23.6 0.25 7.28 1992 Yermo fire station, 270 Landers
488.77 19.9 0.25 6.93 1989 Anderson dam Loma Prieta (No.1)
362.38 24.61 0.315 6.53 1979 Superstition Mtn Camera Imperial valley
505.2 14.97 0.34 6.5 1999 Tolmezzo Friuli
602.1 14 0.37 6.61 1971 Lake Hughes #12 San Fernando
312 7.9 0.39 7.01 1992 Rio Dell Overpass Cape Mendocino

561.4 19.97 0.47 6.93 1989 Coyote lake dam Loma Prieta (No.2)
609 7.08 0.5 6.9 1995 Nishi-Akashi Kobe (No.1)

723.95 12.55 0.54 7.4 1990 Abbar Manjil
561.43 19.97 0.658 6.93 1989 Waho Loma Prieta (No.3)
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6. Failure limit states and damage index

In 2003, Swaisgood analyzed 69 dams of different 
types, including CFRD, wall rockfill, hydraulic fill, and 
embankment dams (Swaisgood, 2003). He proposed 
the relative settlement ratio of a dam crest (RS) as a 
measure of failure due to earthquakes. This ratio is 
divided into four failure grades: RS < 0.1% indicates no 
damage, 0.012% < RS > 0.5% indicates minor damage, 
0.1% < RS > 1.0% indicates moderate damage, and 
RS > 0.5% indicates severe damage. The relative settlement 
of the dam crest is calculated by dividing the settlement 
in the crest after an earthquake by the dam height. Also, 
Pang et al. (2019) proposed a similar DI for rockfill dams 
based on the damage index of permanent displacement. 
In the present study, the relative settlement ratio of the 
dam crest is used as a damage index (DI), and the failure 
state of the dam is divided into three limit states: 0.4% 
as minor damage, 0.7% as moderate damage, and 1% as 
severe damage due to earthquakes.

7. Results

The incremental dynamic analysis curve can be 
obtained from the nonlinear analysis results. Figure  8 
presents the IDA curve for Meijaran dam under 15 ground 
motions. The curve values are well distributed, and there 
is a low deviation, as expected. By examining this curve, 
the values of dam settlement at various intensity measures 
(IMs) can be observed. For example, at an acceleration 
of 0.6 g, the Duzce earthquake causes about 0.42 relative 
settlement, in the moderate damage range, and for the Loma 
Prieta earthquake, at an acceleration of 1 g, the amount 
of relative settlement ratio for the dam crest is 1.2, in the 
severe damage range.

To determine the possibility of a specific structural limit 
being reached, fragility curves are plotted. This method differs 
from conventional methods in that it considers earthquakes 
with various characteristics to evaluate the behavior, safety, 
and limitations of the structure. Based on these evaluations, 
decisions can be made about retrofitting and repairing the 
structure. Conventional methods require applying numerous 
earthquake records to the structure.

As mentioned in section 2, the plotting of fragility 
curves requires the definition of two parameters,  ffPGA  
and totβ . The lognormal standard deviation totβ , which 
describes the total variability associated with each 
fragility curve, is estimated considering the uncertainty 
in the definition of damage states ( dsβ ), the response 
and resistance (capacity) of the element ( Cβ ), and in the 
earthquake input motion (demand) ( dβ ). Due to the lack 
of a rigorous estimation, dsβ  is set to 0.45 following the 
HAZUS (2003) approach for buildings, Cβ  is considered 
0.45 based on engineering judgment (Argyroudis & Kaynia, 
2015), while  dβ  is estimated based on the variability 

in the rockfill dam DI that has been calculated for the 
selected ground motions. The value of totβ  is estimated 
as the root of the sum of the squares of the component 
dispersions. The median threshold value of the earthquake 
parameter,  ffPGA  is obtained for each damage state based 
on the evolution of damage with increasing earthquake 
intensity. Figure  9 presents the fragility curves for the 
Meijaran dam. This curve has a significant advantage 
because they are straightforward. By examining various 
intensity measures, it is possible to predict and observe the 
potential failure of the structure accurately. For example, 
the design basis earthquake acceleration for the Meijaran 
dam is 0.3 g, and at this PGA, there is no possibility of 
minor, moderate, or severe failure. These findings indicate 
that the Meijaran dam is safe at the given acceleration, 
and there is no probability of failure.

Figure 8. IDA curve for Meijaran dam under 15 ground motions.

Figure 9. Fragility curves based on defined limit states.
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At the maximum credible earthquake level (MCE) 
of 0.5 g in the dam, there is a possibility of minor failure 
according to the relative settlement ratio of the dam crest. The 
possibilities of failure are 80% for minor, 0% for moderate, 
and 0% for severe levels. While there is a possibility of minor 
failure at 0.5 g acceleration, no moderate or severe failure 
is expected at this level. This aligns with the behavior of 
rockfill dams, which rarely fail in the dam body and crest, 
as shown in the fragility curves presented. Table 5 presents 
the probability of exceeding each damage state (minor, 
moderate, severe) at various PGA levels based on the fragility 
curves. For instance, at 0.6 g, the 100% probability of minor 
damage indicates that the dam crest settlement exceeds 0.4% 
(limit value mentioned in section 6), while the 0% probability 
of severe damage confirms that settlement remains below 
1%, reflecting the dam’s resilience to severe levels.

8. Conclusion

The primary purpose of this study is to obtain fragility 
curves of Meijaran dam to evaluate its behavior and potential 
for failure during earthquakes. To achieve this, the Meijaran 
dam was chosen as case study and modeled and analyzed 
using FLAC 2D software. The results are as follows:

•	 The IDA curve displayed appropriate distribution 
uniformity for obtained results.

•	 Based on the obtained fragility curves, it has been 
determined that the Meijaran dam shows good 
performance during the design basis earthquake 
(DBE) of 0.3 g. As such, the possibility of minor, 
moderate, or severe failure is not significant.

•	 The dam body is constructed using rockfill materials 
that have high resistance to seismic loads. This has 
been evident in the results obtained. The fragility 
curves indicate that the Meijaran dam is susceptible to 
minor failure during a maximum credible earthquake 
level (MCE) of 0.6 g. However, at moderate or severe 
damage levels, there is no possibility of failure. 

The results demonstrate that the dam can withstand a 
large earthquake of 0.6 g without incurring significant 
damage, which is also in line with experimental 
observations.

•	 When the intensity of an earthquake reaches 1 g, 
the structure is at risk of total collapse and safety is 
no longer assured.

These findings highlight the dam’s resilience, attributed 
to the high resistance of its rockfill materials and asphaltic core. 
Retrofitting measures, such as enhanced crest reinforcement, 
are recommended to mitigate minor damage risks at MCE 
levels. Limitations include simplified boundary conditions 
in FLAC 2D and the exclusion of aftershock effects. Future 
research should explore three-dimensional modeling and 
the impact of aftershocks to further enhance seismic safety 
assessments. These insights can inform seismic design codes 
for asphaltic core rockfill dams.
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List of symbols and abbreviations

c	 Cohesion (kPa)
e	 Void ratio
g	 Gravity

Table 5. Failure possibility in different IMs.
Failure probability (%) Damage State (g) PGA

0% Minor* 0.3 g
0% Moderate*
0% Severe*

100% Minor 0.6 g
5% Moderate
0% Severe

100% Minor 0.8 g
70% Moderate
5% Severe

100% Minor
100% Moderate 1 g
42% Severe

*Minor = RS < 0.4, Moderate = 0.4 < RS < 0.7, and Severe = RS > 0.7.
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m	 Meter
CFRD	 Concrete-faced rockfill dams
DI	 Damage index
E	 Elasticity modulus (MPa)
ETA	 Endurance Time Analysis
FEMA	 Federal Emergency Management Agency
G0	 Shear modulus
IDA	 Incremental dynamic analysis
IM	 Intensity measure
K	 Soil permeability (m/day)
MCE	 Maximum credible earthquake level
MSA	 Multiple strip analysis
Mw	 Magnitude

aP 	 Atmospheric pressure
fP 	 Probability of exceeding a particular damage state

PGA	 Peak ground velocity
ffPGA 	 Median threshold value of the earthquake

PGD	 Peak ground displacement
PGV	 Peak ground velocity
R	 Richter
RS	 Relative settlement ratio of a dam crest
SA	 Spectral acceleration
SVM	 Support vector machine
Vs_30	 Average shear wave velocity

totβ 	 Total lognormal standard deviation
γ	 Shear strain
γ	 Unit weight (kg/cm3)
λ	 Wavelength of the highest frequency
ν	 Poisson’s ratio

0σ 	 Mean effective stress (kPa)
ψ	 Dilation angle
∆l	 Size of the largest element
φ 	 Standard cumulative normal distribution
φ 	 Internal friction angle
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