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Abstract

Vulnerability assessment of structures is a vitally important topic among earthquake engineering researchers. Generally, their primary 

focus is on the seismic performance of buildings. Less attention is paid to geotechnical structures, even though information about the 

performance of these structures (e.g. road embankments, levees, cuts) during an earthquake is essential for planning remediation and 

rescue efforts after disasters. In this paper the seismic fragility functions of a highway embankment are defined following an analytical 

methodolgy. The technique is a displacement-based evaluation of seismic vulnerability. Displacements of an embankment during 

a seismic event are approximated by a 2-D nonlinear ground response analysis using the finite element method. The numerical model 

was calibrated based on the results of a 1-D nonlinear ground response analysis. The expected displacements were calculated for 

3 different embankment heights and Peak Ground Acceleration (PGA) values between 0,05 and 0,35g. Based on the results of the 2-D 

finite element analysis, the relationship between displacements and different seismic intensity measures (PGA, Arias-intensity) was 

investigated. Different damage states were considered, and the probability of their exceedance was investigated. The seismic fragility 

functions of the embankments were developed based on probability of exceedance of these different damage states based on a log-

normal fragility function. The legitimacy of using a log-normal fragility function is also examined.
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1 Introduction
Fragility functions (curves) help describe the seismic per-
formance of civil engineering structures at various levels of 
shaking intensity [1]. They are mostly used for the analysis 
and design of superstructures and nuclear structures [2, 3] 
and are seldom used to describe seismic performance of 
geotechnical structures, e.g. embankments and road cuts. 
The seismic design of these geotechnical structures is usu-
ally done with simplified, pseudo static methods and little 
attention is paid to numerical modelling. Although there are 
several recommendations for the fragility curves of differ-
ent embankments, these are usually based on empirical and 
semi empirical methods [4,5]. To construct such a fragility 
curve, previous damage at or near the site have to be taken 
into account, which may prove difficult in moderately seis-
mic regions, as there are usually little to no data regard-
ing the intensity and damage of previous seismic events. 
To overcome these limitations, more emphasis has been 

paid to analytical fragility curves in the last decade. They 
can be developed for moderately seismic regions based on 
numerical simulations. In this paper, the seismic fragility 
curves of highway embankments with different geometries 
are constructed based on the methodology developed by 
Argyroudis and Kaynia  [6]. Following the methodology, 
the probability of exceedance of different damage states 
is determined based on the displacements of the embank-
ments calculated from a nonlinear 2-dimensional site-re-
sponse analysis. The fragility curves are assumed to have 
a log-normal distribution; validated at the end of the study. 

2 Determination of the fragility curves
The fragility curves are based on nonlinear seismic ground 
response analysis for a given site. Multiple embankments 
with different heights (3–6–9 m) and a 1:2 slope were 
analyzed. 
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2.1 Soil strata
The site is located in Tehran, Iran. The strata were defined 
based on site investigations and laboratory tests. The soil 
profile was divided into two layers: an upper sandy silt, 
and a lean clay layer. The embankment was built from 
gravelly silty sand found in-situ. The soil parameters for 
each layer are summarized in Table 1. 

To describe the dynamic properties of the soil, a 48 m 
deep down-hole test was performed, and a shear wave 
velocity profile generated (Fig.  1). The maximum shear 
wave velocity recorded during the test was 555  m/s. 
Measured velocity values are less than standard values [7] 
for bedrock (750  m/s). This means that the in-situ test 
did not reach the bedrock. We added a linear extrapola-
tion to the data from 48 m depth to a depth where velocity 
reached 750 m/s. Using this methodology, the depth of the 
bedrock was defined at 95 m. The soil strata can be clas-
sified as Soil Type III [7], based on the average measured 
shear wave velocity in the upper 30 meters of the strata. 
This classification is analogous to the Soil Type C defined 
in the Eurocode-8 [8].

The shear modulus for small strains can be determined 
for the profile based on shear wave velocities and unit 
weights of the layers using Eq. (1):

G vs= 2ρ. 	 (1)

2.2 Investigated earthquake records
The earthquake accelerograms for the ground response 
analysis were taken from the PEER [9] database. A total 
of six earthquake records were investigated (SMART1-25, 
1983 (Mw = 6.50); San Fernando, 1971 (Mw  =  6.61); 
Northridge-01, 1994 (Mw = 6.69); Kobe, 1995 (Mw = 6.90); 
SMART1-45, 1986 (Mw = 7.30); Manjil, 1990 (Mw = 7.37)), 
all of which had a moment magnitude over 6.50. The records 
are similar to earthquakes that occurred in the Tehran 
region in the past 20 years. The six accelerograms were 
recorded on Type I (bedrock, or EC-8 Type-A soils) soils, 
therefore no deconvolution analysis was needed to obtain 
the bedrock motions. Their acceleration spectra closely 
match the standard for Type I soil with 5 % damping ratio. 
The time-histories were further scaled to achieve PGA val-
ues 0.05 g–0.35 g in 0.05 g steps for use in later analyses. 
Arias-intensity and peak ground acceleration (PGA) were 
used to characterize the input accelerograms [10].

2.3 Ground response analysis
Embankment displacements were estimated by a 2-D time 
history analysis using the geotechnical finite element soft-
ware, PLAXIS 2D. To verify the 2-D model, a 1-D non-
linear ground-response analysis was performed with 
Deepsoil 6.1 [11]. Damping ratios in the 2-D model were 
calibrated using results from the 1-D analysis. In both anal-
yses displacements were calculated based on the Newmark-
Beta integration scheme [12]. The scaled earthquake accel-
eration records were applied at the bottom boundary of the 
model as horizontal acceleration constraints. The analysis 
was carried out for the duration of the records.

2.3.1 1-D nonlinear ground response analysis
The 1-D response software used a shear modulus reduction 
curve and damping curve for each soil layer to describe 
the behavior for cyclic loading. The curves, developed by 
Darendeli [13], were based on the effective mean stress and 
plasticity index of the soils. Results from the 1-D analysis 
were used to calibrate the 2-D models. Acceleration histo-
riesat the surface and layer boundaries were used to adjust 
the small strain damping of the 2-D models by matching 
the accelerations and displacements. Fig. 2. shows the 
acceleration history at the surface and at 12.0 m depth for 
the San Fernando earthquake, used in the analysis.

2.3.2 2-D finite element analysis
To better evaluate the geometric effects of an embank-
ment, a 2-D model was constructed using PLAXIS 2D. 

Table 1 Soil parameters of the soil layers

Depth (m) PI (%) γ-γsat(%) φ (°) c (kPa) cu (kPa)

0–24 8.2 20.0–21.0 24 30 -

24–48 15.6 20.0–21.0 32 28 40

Embankment - 18.0–19.0 20 13 -
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Fig. 1 a) Shear wave velocity, b) Shear modulus versus depth
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The model boundaries were determined based on liter-
ature review. A compliant base boundary condition was 
used on the bottom boundary, which made it possible to 
apply a time-dependent acceleration constraint on the 
boundary. On the left and right sides of the model, a vis-
cous boundary condition was applied, as recommended 
by PLAXIS. They reduce reflection and enable a reduced 
mesh while still achieving free field motions near model 
boundaries [14]

The horizontal size of the model was based on recom-
mendations in literature as well. The width of the model 
was 1000 m and depth extended to 95  m resulting in 
acceptable depth ratio between 8–30 [15–17].

The typical element size was determined by Eq.  (2) 
using the average shear wave velocity (Vs) of the soil col-
umn and the typical frequencies ( f ) of the earthquake 
records [18]. This produced an average element size less 
than 2.74 m. 

L V fmax s= ÷( )×( )/ 5 8 	 (2)

The restriction mentioned in Eq. (2) made the 2-D 
model very time consuming to compute, therefore a sensi-
tivity analysis was made to determine the effect of the dif-
ferent mesh sizes to the displacements of the embankment. 
The results of the analysis are shown in Table 2.

The results show that doubling the average size has little 
effect on embankment crown displacement. Fig. 3 shows 
the response spectra of the same point for a 5 % damping 
ratio. It can be seen, that although the displacements did 
not change significantly, there was an observable attenu-
ation in the higher frequency range part of the response 

spectra caused by change in the element size. Based on 
these results, a medium density finite element mesh was 
used for the analysis.

For the 2-D finite element analysis, the Hardening Soil 
with small strain stiffness material model  [19] was used. 
This model reproduces the small strain stiffness (G0) 
as indicated by Vs profiles measured in the field (Fig.  1). 
The backbone curves of the soil layers are described by the 
small strain shear modulus (G0

ref ) at a reference stress level 
(pref = 100 kPa), and a treshold strain (γ0.7) value. The mod-
ulus profile increases with the depth and can be represented 
using the reference shear modulus (G0

ref), cohesion (c) and 
friction angle (φ), and exponent (m = 0.5–1.0, depending on 
soil type) as a function of depth (Eq. (3)):

G G c
c p

ref
ref

m

0 0

3=
−
+











coscos sin sin

coscos sin sin

'ϕ σ ϕ
ϕ ϕ

.	 (3)

The use of Eq. (3) allows for a refined mesh without 
redefining the soil layers. A single layer may have many 
G0 values as deeper elements are subjected to higher con-
fining stress (σ3'). The soil parameters used in the finite 
element model are shown n Table 3.
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Fig. 2 Accelerations from the ground response analysis using the San 
Fernando earthquake (scaled to 0.10 g)

Table 2 Displacements of the left crown of the embankment using 
different mesh sizes.

Mesh definition Avg. element size Displacement [m]

Very coarse 5.024 0.005069

Coarse 3.535 0.004996

Medium 2.672 0.004996

-0.05

0.05

0.15

0.25

0.35

0.45

0.01 0.1 1 10Sp
ec

tra
l a

cc
el

er
at

io
n 

(g
)

log(T(s))

Very coarse

Medium

Fig. 3 Response spectra of the investigated point for 5 % damping ratio

Table 3 Soil parameters used in the finite element model

Soil properties Embankment Sandy silt LP clay

gunsat (kN/m3) 18 20 20

gsat (kN/m3) 19 21 21

       (MPa) 7.000 25.000 27.000

       (MPa) 7.000 25.000 27.000

       (MPa) 21.000 75.000 81.000

m (-) 0.5 0.80 0.55

c' ref(kPa) 13 30 28

φ' (°) 20 24 32

ψ (°) 0 0 0

γ0.7 (-) 0.0001 0.00025 0.001

G0
ref (MPa) 87.500 170.000 180.000

OCR (-) 1.0 1.0 1.0

Eoed
ref

Eref
50

Eur
ref
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Although the HS small material model can generate 
a hysteretic material damping, experience shows, it is below 
the actual behavior at very small strains [20]. To approxi-
mate the real soil behavior, an additional damping has to 
be considered via the Rayleigh-formulation [21], by add-
ing a frequency-dependent viscous damping to the mate-
rial model. It can be described by three parameters: the 
damping ratio and two frequencies. At these two frequen-
cies the Rayleigh damping is the prescribed damping ratio, 
between those frequencies the system is underdamped and 
above and below them it is overdamped. Various litera-
ture recommend the value of damping ratio to be between 
0.5–2.0 % [22]. The first frequency used to describe the 
Rayleigh-damping formulation is taken as the fundamental 
frequency of the soil column. The second is based on the 
ratio of the fundamental frequency of the input accelera-
tion and the natural frequency of the soil column, rounded 
to an odd integer. [22]. The natural frequency of the soil 
column can be approximated by Eq. (4), where fs is the nat-
ural frequency of the soil column, Ts is the natural period of 
the soil column, vs,avg is the average shear wave velocity of 
the soil strata and H is the height of the soil column.

f T v Hs s s avg= =1 4/ /
,

	 (4)

The Rayleigh damping parameters were based on the 
above mentioned assumptions and equations. The damp-
ing ratio was calibrated from 1-D nonlinear results so that 
the free field displacements and accelerations from the 
1-D analysis would match the results from the 2-D model. 
With an added damping ratio of 1 % the free field results 
of both analyses showed a good agreement.

2.3.3 Results
After the calibration of the 2-D model, the embankments 
were subjected to increasing seismic intensity and their 
displacements were recorded. 

Ground response analyses were performed for three 
different embankment heights and six different accelera-
tion histories, each scaled from 0.05 to 0.35 g. The results 
of the analysis using the San Fernando earthquake as input 
accelerograms are shown in Table 4. for each peak ground 
acceleration. The Arias-intensities belonging to the records 
is also shown in the table. Fig. 4. shows the results for the 
ground response analysis of the San Fernando earthquake 
record scaled to a peak ground acceleration of 0.05 g.

A relationship between the displacements and the seis-
mic intensity was apparent from the results, and a power 
function in the following form was developed to describe 

their connection, where the Peak Ground Displacement 
(PGD) is the displacement of the embankment, αInt is 
a coefficient of the seismic intensity and βInt is the power 
of the seismic intensity.

PGD IntensityInt
Int= ⋅α β 	 (5)

In case of a 9.0 m high embankment, the displacements 
can be determined with the following equation based on 
the PGA of the input acceleration.

PGD PGA= ×3 7151
2 0004

.
. 	 (6)

The relationship between the displacements and the seis-
mic intensities are shown in Fig. 5 for the case of a 9.0 m 
high embankment. Similar relations were found for other 
embankment heights as well.

The relationship between the Arias-intensity and dis-
placements was also investigated (Fig. 6). To describe the 
connection between these two parameters, Eq. (5) was used.  
While in case of the PGA a near-squared power function 

Fig. 4 Displacements of the embankment in case of the San Fernando 
earthquake (PGA =0.05 g)

Table 4 Displacements of the embankment's left crown

Earthquake PGA
(g)

Arias-
intensity

(m/s)

Embankment height (m) / 
Displacement (m)

9.0 6.0 3.0

San Fernando

0.05 0.02 0.005 0.003 0.002

0.10 0.08 0.021 0.010 0.006

0.15 0.15 0.039 0.018 0.008

0.20 0.26 0.064 0.031 0.010

0.25 0.40 0.082 0.049 0.012

0.30 0.58 0.101 0.066 0.018

0.35 0.79 0.121 0.081 0.025

y = 3.7151x2.0004

R² = 0.7275
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Fig. 5 Relationship between seismic intensity and displacements
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described the relationship, for Arias-intensity, a near-linear 
correspondence was found between the displacements and 
intensity. Fig. 7 shows this relationship.

The parameters of Eq. (5) are summarized in Table 5. 
for different seismic intensities and different embankment 
heights. The variation of parameters with height of the 
embankment is shown in Fig. 8. A linear relationship can 
be found between the coefficient of the Arias-intensity and 
the embankment height.

αArias H= × −0 0312 0 0273. . 	 (7)

As stated before, the exponent of the PGA function is very 
nearly 2.0 (βPGA = 2.0), while in case of the Arias-intensity, 
a linear relationship (βArias = 1.0) can be found. For the coef-
ficient of the PGA function, no such connection was found.

Based on Fig. 8. the parameters of Eq. (5) can be derived 
for different embankment heights, which can be used to 
derive the displacements of the embankments at a given 
seismic intensity.

2.4 Damage states
To define the fragility curves, the determination of dam-
age states is needed. The fragility curve will describe the 
probability of exceedance of these damage states. Even 
though damage evaluation based on peak displacements is 
an accepted methodology, the boundaries between damage 
states varies between researchers [6, 23, 24]. For our analy-
sis, the damage states for highway embankments suggested 
by Argyroudis and Kaynia [6] were applied. The damage 
states and their corresponding maximum and minimum 
Peak Ground Displacements (PGD) are shown in Table 6.

2.5 Development of the fragility curves
Fragility curves are usually defined with a lognormal dis-
tribution. This assumption was applied to our analysis to 
define probability of exceedance of the various damage 
states. The lognormal distribution is described with Eq. (8):

P D DS
PGA

k( ) /
ln ln ln ln

> = +
−( )





















1 2 1
2

Φ
µ

β
.	 (8)

Where P is the probability of damage (D) higher than 
damage state "k" (DSk), Φ is the standard cumulative prob-
ability function, μ is the median intensity measure of each 
damage state and β their reliability.

From these parameters, the median of the intensity 
measures (PGA, Arias-intensity) for each damage state 
can be calculated by inverting Eq. (5). by substituting the 
median displacement of the damage states, which can be 
calculated based on the intervals. Following this method-
ology, the median values for each damage state, embank-
ment height, and intensity measures are shown in Table 7.

y = 0.2546x0.9225

R² = 0.8341
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Fig. 6 Relationship between Arias-intensity and displacements
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Fig. 7 Change of the parameters of Eq. (5) with increasing height

Table 5 Parameters of Eq. (5) describing the relationship between 
intensity and displacement

Embankment 
height (m)

PGA Arias-intensity

αPGA βPGA αArias βArias

9.0 3.7151 2.0004 0.2546 0.9225

6.0 1.5693 1.8526 0.1578 1.0045

3.0 0.9962 2.0384 0.0674 1.0017

Table 6 Damage states suggested by Argyroudis and Kaynia [6]

Structure type Damage state
Peak ground displacement 

(PGD) [m]

min max

Highway 
embankments

Small 0.02 0.08

Medium 0.08 0.22

Severe/Total 0.22 0.58

Table 7 Median intensity measures for three damage states

Median PGA (g) Median Arias-intensity (m/s)

Embankment height (m)

Damage 
state 9.0 6.0 3.0 9.0 6.0 3.0

Small (DS1) 0.116 0.156 0.230 0.151 0.266 0.567

Medium 
(DS2) 0.201 0.282 0.395 0.481 0.782 1.767

Severe/ 
Total (DS3) 0.328 0.478 0.639 1.555 1.886 3.826
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The reliability (βD) of ground response analysis results 
can be quantified by the standard deviation of the seismic 
intensity parameters corresponding to the exceedance of 
a given damage state. The level of uncertainty in the damage 
states (βDS) were taken as 0.4, as defined by HAZUS [23] 
for buildings. The uncertainties in the capacity of the struc-
tures (βC) was taken as 0.3 after Argyroudis and Kaynia [6].  
The total reliability of the structures can be defined as the 
square root of the sum of the squares of the individual 
uncertainties (Eq. (9)). The calculated total reliabilities for 
different embankment heights are shown in Table 8.

β β β βtot DS C D= + +2 2 2 	 (9)

Given the defined reliability parameters and median val-
ues, the fragility curves were constructed for each damage 
state using Eq. (8). Fig. 8. shows the probability of exceed-
ance of each damage state with increasing peak ground 
acceleration. The fragility curves were defined based on 
PGA values between 0.05–0.35 g, therefore the fragility 
curves require extrapolation beyond this value and their 
accuracy are less certain. Similar fragility curves can be 
defined for Arias-intensity as base parameter, which are 
shown on Fig. 9.

On the basis of the defined fragility curves, the prob-
ability of exceeding different damage states can be esti-
mated for a given seismic intensity and embankment 
heights. The curves can be developed from the two differ-
ent intensity metrics (PGA and Arias-intensity) and show 
significant differences. This would imply that the curves 
are not equivalent to each other and should not be inter-
changed. While PGA characterizes the maximum ground 
acceleration, the Arias-intensity describes the energy of 
given earthquake.

Based on the fragility curves, a PGA = 0.35 g (standard 
for this site) there is over 90 % probability of exceeding 
the DS1 damage state for a 6m and 9m high embankment, 
while for a 3 m height it reduces to ~80 %. The 80 % prob-
ability corresponds to a DS2 damage state for a 9 m high 
embankment.

Fragility curves based on Arias-intensity (Fig. 9) show 
far greater dispersion for each damage class. They also 
show a wider distribution based on embankment height. 
Additional fragility curves based on Arias-intesity could 
be developed for embankment heights between 3–9  m 
using parameters chosen for Eq. (5) based on Fig. 7.

The resulting fragility curves approximate the probabil-
ity of exceeding using a lognormal distribution function.

As a last step of the investigation, the fit of the discrete 
results of the 2-D model and the assumed lognormal fra-
gility curves was examined. 

Comparison of these for the case of the DS1 damage 
state for a 9 m high embankment is shown in Fig. 10(a). 
The deviation of the values of the PGA based DS1 fragility 
curve is shown in Fig. 10(b), which is closely matched to 
the defined values. Based on our experience, the vulnera-
bility curves based on the Arias-intensity showed a better 
fit to the measured values. It is important to note, that the 
generated fragility curves do not always lead to a conser-
vative approximation of the 2-D results, especially in case 
of relatively low probabilities.

Table 8 Total reliabilities of each analysis

Total reliability for PGA(-) Total reliability for 
Arias-intensity (-)

Embankment height (m)

9.0 6.0 3.0 9.0 6.0 3.0

0.64 0.54 0.52 0.52 0.53 0.54
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Fig. 8 Fragility curves defined for different damage states and 
embankment heights based on Arias-intensity
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3 Conclusions
1.	 We have demonstrated a method to develop fra-

gility curves for embankments using 1-D and 2-D 
response analysis software. They can be used as 
planning tools for rescue and recovery and to help 
strengthen critical transportation lifelines in the case 
of an earthquake.

2.	We have applied two different intensity measures, 
PGA and Arias-intensity. They produce markedly 
different results and should not be interchanged.

3.	 We have described the relationship between crown 
displacements and intensity measures with a power 
function. A stronger correlation between Arias-
intensity and displacements was found compared to 
PGA values.

4.	 Fragility functions were developed based on the 
applied intensity measures. The curves based on the 
Arias-intensity showed a wider dispersion for each 
damage class.

5.	 The application of a lognormal distribution leads to 
non-conservative results in case of low probabilities, 
therefore care and engineering judgement should be 
exercised in these cases.

Fig. 10 Correlation of the probabilities based on the developed fragility 
curves and the discrete probabilities based on the Plaxis models  

a) based on Arias-intensity, b) based on PGA
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