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Bridges are essential components of transportation networks, serving as lifelines for
the movement of people and goods. The bridges' resilience to natural disasters,
particularly earthquakes, is an issue of paramount significance. Yet, a critical knowledge
gap exists when it comes to understanding how bridges perform in the challenging
terrain of medium-density sandy and clay soils during seismic events. This study seeks
to bridge that gap by developing fragility curves that quantitatively evaluate the
likelihood of bridge damage or failure across varying levels of earthquake magnitudes.
The CSI Bridge v25.0.0 was used to simulate earthquake ground motions specifically
within medium-density sandy and stiff clayey soils. Nonlinear time history analyses of
the bridge were performed by using 5 different earthquake events with PGA ranging
from 0.25 — 1.5g. Fragility analysis is performed to develop seismic fragility curves for
the critical part of the bridge for various peak ground acceleration (PGA) in two types
of soil conditions. The findings revealed that the deck component is more susceptible
to damage than the pier. The impact of seismic activity on medium-dense soil is more
significant than on stiff clayey soils in relation to the critical components of the bridge.
This result enhances the ability to design bridges that can withstand and recover from
seismic events more effectively.

1. Introduction

Transport infrastructure, particularly bridges, is significantly vulnerable to natural hazards,
including earthquakes. The occurrence of The Great East Japan Earthquake in 2011, resulted in the
documentation of significant structural damages to 300 bridges. This evidence highlights the
susceptibility of bridges to earthquake disasters. Indonesia ranks second among the countries most
exposed to natural disasters in the world. This is mainly due to the country's unique geographical
characteristics, being surrounded by volcanic plateaus, making the country susceptible to
earthquakes [1]. Earthquakes (EQ) in Peninsular Malaysia are mostly caused by tectonic activity in
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Sumatra. With reference to Syuib et al., [2], a series of severe earthquakes, such as the 2004 Sumatra
Earthquake, the 2005 Nias Earthquake, and the 2007 Bengkulu Earthquake, have reactivated the
long-dormant fault system in Peninsular Malaysia. According to Silva et al., [3], earthquakes are
responsible for an average of 20,000 deaths per year worldwide. Malaysia cannot prevent calamities
like those detected in the region [4] where Malaysia lies on the relatively stable Sunda Plate and the
semi-stable South China Sea region, exposing the country to seismic activity from Sulawesi and the
Philippines, especially Sabah and Sarawak [5]. A case study was conducted by Rosli et al., [6] on the
Mesilau River basin due to the earthquake and rainfall caused by the 2015 Sabah earthquake.
Agricultural land and MRN bridges were destroyed [7]. Overall, Malaysia faces low to moderate
seismic hazard, with seismic sources originating from regional and local movements. Bridge
performance during earthquakes is an important aspect of infrastructure resilience and public safety.
Bridges are particularly vulnerable to earthquake damage due to their vulnerable location and
exposure to many natural hazards [8]. Figure 1 shows bridges that collapsed due to seismic activity.
The 2011 Tohoku-Oki earthquake, with a magnitude of 9.0, occurred on March 11, 2011, causing
significant damage over a wide area. This damage included the washing away of the main bridge
girders, as shown in Figure 1(a), due to the combination of seismic motion and subsequent tsunami
[9]. The under-construction Yadanatheinkha Bridge in Figure 1(b) collapsed after the Thabeikkyin
earthquake in Myanmar on November 11, 2012 [10]. Baihwa Bridge, a continuous-span reinforced
concrete structure, collapsed at the rotating part due to the earthquake, as shown in Figure 1(c). This
can be due to weak connections, insufficient reinforcement, small stirrups, and insufficient bearing
strength [11]. On September 21, 1999, a powerful earthquake struck Chi-Chi, Taiwan, with a
magnitude of 7.6 on the moment magnitude scale. This seismic event resulted in significant
deformation of the Earth's crust in the central Taiwan region. The earthquake resulted in an 85-km-
long surface rupture along the Chelungpu fault [12] while pier wall of the Wu-Shi Bridge failed due
to shear stress caused by the Chi-Chi earthquake as shown in Figure 1(d). Thus, from all these
damages, it gives strong evidence that the bridges become vulnerable to natural hazards especially
to earthquake disasters.

Fig. 1. Bridges damage in various countries (a) Tohoku-Oki earthquake, Japan in 2011 (b)
Thabeikkyin earthquake, Myanmar in 2012 (c) Wenchuan earthquake, China in 2008 (d) Chi-
Chi earthquake, Taiwan in 1999

o
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Seismic fragility analysis has grown in importance as a method of assessing the seismic response
of bridge structures as more bridges had experienced major earthquakes event which causes the loss
in economic and fatalities. The current emphasis in the analysis of fragility curves is focused on three
distinct categories, namely analytical fragility curves, empirical fragility curves, and fragility curves
derived from expert opinions [13]. The aforementioned curves offer a quantitative assessment of the
potential harm and assist in the evaluation of the seismic hazard linked to bridge structures [14]. It is
used to assess the seismic performance of bridge structures situated in different soil conditions sandy
when subjected to earthquakes [15,16]. Nevertheless, there is still a dearth of empirical data
regarding bridge damage caused by ground motion and the development of analytical fragility curves
specifically tailored to the seismic performance of bridges situated in medium density sandy soil and
stiff clayey soils. Prior studies have highlighted those bridges located on sandy and clay soils are
particularly susceptible to seismic damage due to the amplification of ground motion and the
occurrence of soil liquefaction phenomena [17]. Besides, the correlation between the bridge
structure and the underlying soil is a pivotal element in seismic performance. The integration of this
interaction into the understanding of fragility poses a significant challenge and thus data gathering
for numerical analysis of bridge performance under seismic hazard is deemed vital. Therefore, this
study employs dynamic nonlinear time history analysis to examine the seismic vulnerability of a
reinforced concrete (RC) bridge subjected to various dynamic analyses based on the data from past
earthquakes events with various moment magnitude (My).

The objective of this study is to develop fragility curves by quantitatively assess the likelihood of
bridge failure or collapse based on a series of thorough dynamic analyses of the bridge. The analyses
were performed using a finite element modelling (FEM).

2. Methodology
2.1 Numerical Model of the Bridge

The bridge being assessed in this context is a prestressed concrete structure featuring three
spans, collectively measuring 100.5 meters in length with reference to the paper from Argyroudis et
al., [18]. Its components are constructed using C30/37 concrete, characterized by a unit weight of
y=25 kN/m?3 and an elastic modulus of E=3.3 x 10’ kN/m?. The Poisson ratio utilized is 0.2. The
reinforcement applied in building the bridge model includes rebar with a unit weight of y=76.97
kN/m3 and an elastic modulus of E=1.999 x 10® kN/m?2. The structural steel incorporated in the
construction is of grade S355, with a unit weight of y=76.97 kN/m3 and an elastic modulus of E=2.1 x
108 kN/m?2. The bridge's tendon, featuring a unit weight of y=76.97 kN/m?3 and an elastic modulus of
E=1.965 x 10% kN/m?, spans three equal-length segments, each measuring 33.5 meters. The bridge is
supported by two piers and two integral abutments extending to full height, as illustrated in Figure
2.
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Fig. 2. Finite element of a reinforced concrete (RC) bridge

The bridge deck is designed as a box girder, with a total width of 13.5 meters and a total depth of
1.5 meters. The relevant information on the bridge section specifications for the concrete box girder

of the deck can be found in Table 1 below.

Table 1

Dimension of the bridge section data for the

concrete box girder

Slab and Girder Thickness

Units

Top Slab Thickness (t1)
Bottom Slab Thickness (t2)
Exterior Girder Thickness (t3)

0.305m
0.205m
0.600 m

Fillet Horizontal Dimension Data

Units

f1 Horizontal Dimension
f2 Horizontal Dimension
f3 Horizontal Dimension
f4 Horizontal Dimension
f5 Horizontal Dimension
f6 Horizontal Dimension
f7 Horizontal Dimension
f8 Horizontal Dimension

0.46 m
0.46 m
0.15m
0.46 m
0.46 m
0.15m
0.46 m
0.46 m

Fillet Vertical Dimension Data

Units

f1 —f8 Vertical Dimension

0.00 m

Left Overhang Data

Units

Left Overhang Length (L1)
Left Overhang Outer Thickness (t5)

0.915m
0.350m

Right Overhang Data

Units

Right Overhang Length (L2)
Right Overhang Outer Thickness (t6)

0.915m
0.350m

Figure 3 shows the bridge section data for the concrete girder box depicted from the FEM which
was required in order to construct the bridge section and all the bridge and soil properties were
entered into the FEM, CSI Bridge software and the data can be found in Table 1.
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Fig. 3. The depicted concrete box girder bridge section of the deck

The abutments are connected to the girder bottom only and supported with fixed foundation
spring. The piers are constructed as wall-type sections, with dimensions of 1 meter by 4.5 meters in
the longitudinal and transverse directions, respectively, and they stand at a height of 10 meters.
Additionally, the shallow foundation footing for the piers is one meter thick and measures 3.5 meters
in both length and width.

As shown in Table 2, the soil stratum properties were also classified into two distinct soil types.
The soil-foundation-structure interaction is dependent on their soil's shearing capacity, as stated by
Lin et al., [19]. The study assessed the soil-foundation interaction by employing the methodology
outlined in FEMA 356 [20].

Table 2

Soil layer properties

Soil Type Layer Thickness, m  Modulus of Subgrade Reaction (ks), kN/m® Shear Factor
Medium Dense Sand 30 40000 0.1

Stiff Clayey soil 30 32000 0.1

The suggested model assumes that the shallow-bearing footings are inflexible and utilizes the
uncoupled spring model depicted in Figure 4 to describe the underlying soil support.

<+— Bridge pier

SI

Ksh
SV

Uncoupled
Spring Model

Fig. 4. Shallow foundation with uncoupled spring system

The bridge is subjected to a distributed load of 18.5 kN/m/m, by taking into consideration for
both the self-weight of the deck and live loads, as specified in Eurocode 8-Partl. The bridge lane was
also defined to identify where vehicle loads operate on the superstructure of a bridge. The two
floating lanes were specified at a width of 3.6576 meters. The five actual time histories earthquakes

122



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 49, Issue 2 (2025) 118-133

data recorded were downloaded from Pacific Earthquake Engineering Research Center (PEER) ground
motion database. The earthquakes data used are Duzce (Duzce), Mw=7.14, Turkey, 1999; Kocaeli
(Gebze), Mw=7.51, Turkey, 1999; Umbria Marche (Gubbio-Piana), Mw=5.7, Italy, 1997; Hector Mine
(Hector), Mw=7.13, USA, 1999; Fruli (Barcis), Mw=6.5, Italy, 1976. In the dynamic analyses, the time
histories are scaled so that their PGAs increases from 0.25 to 1.50 g with a step of 0.125 g. Various
load cases for the nonlinear modal time history analyses had been introduced for earthquakes data
scaled down to PGA ranging from 0.25 to 1.50 g. There will be a constant damping of 5% for all modes.
In addition, the process of scaling PGA is beneficial for doing bias analysis, specifically for aftershock
ground motions. Engineers can evaluate the influence of PGA scaling and detect any potential biases
by comparing different intensity metrics. This research enhances the precision of scaling methods
and enhances the accuracy of seismic design. The acceleration of all earthquake’s events was plotted
in Figure 5. In Figure 5 (a), (b), (c), (d) and (e) showed the data recorded by stations on the earthquake
events that happened in Duzce station, Turkey in year 1999, Gebze station, Turkey in year 1999,
Gubbio-Piana station, Italy in year 1997, Hector station, USA in year 1997 and Fruli station, Italy in
year 1976.
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Fig. 5. Ground motion retrieved from PEER

To summarize, scaling the PGA up to 1.5 is a technique employed to capture the fundamental
seismic properties required for constructing structures capable of withstanding seismic occurrences
with an increased level of safety and dependability. Engineers can utilize this tool to generate precise
design response spectra and do comprehensive ground motion analysis. The scale factor of each
earthquakes event needs to be calculated based on the Eq. (1) [21] below to be inserted into the CSI
Bridge for nonlinear dynamic time history analyses. Hence, a comprehensive examination was
conducted on a total of 110 combinations pertaining to the bridge model. These combinations
encompassed 2 distinct types of soil, 5 seismic inputs, and 11 levels of PGA.

Target PGA

Scale Factor, f = S tuelPOA
ctua

(1)

When performing nonlinear dynamic analyses of bridges, it is essential to carefully select
recorded ground motions that match the design spectrum of the region of interest [22]. The other
seismic records were obtained from the PEER Ground Motion Database and were auto-generated to
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match the seismic response spectrum of the bridge area. These records are considered international
seismic records. In accordance with the recommendations of the EuroCode 8 National Annex, the
accelerograms were selected to have a mean value that matches the seismic response spectrum of
the bridge area, as shown in Figure 6.

115 = Target Spectrum

11 Fruli (Barcis)
1.0 Kocaeli (Gebze)
1 Duzce (Duzce)
0.95 Hector Mine (Hector)

Umbria Marche (Gubbio-Piana)

Pseudo-Acceleration (g)
o
o

Period (sec)

Fig. 6. The response spectrum is matched to the selected ground accelerations

2.2 Establishment of the Seismic Fragility Curves

Fragility functions are mathematical models that quantify the probability of surpassing certain
limit states based on a specific earthquake intensity measure (IM), which in this case is defined as the
PGA under bedrock settings. Fragility curves are commonly characterised by a lognormal probability
distribution function as shown in Eq. (2) [23,24]. The development process involves the establishment
of two parameters, namely IMni (which represents the median threshold value of IM required to
induce the it" damage state) and Bt (representing the overall lognormal standard deviation).

=

P(DS = DSi|IM) = ® (2)

Btot

The correlation of the IM, i.e., PGA for earthquakes, and the related engineering demand
parameters (EDP) was used to generate fragility functions for each bridge component. The latter was
calculated using the results of numerical simulations for the maximum bending moment (BM) along
the deck and maximum vertical displacement of the pier, taking into consideration various seismic
hazard actions and the uncertainty in the demand (Bp) based on two distinct types of soil, i.e.,
medium density sand and stiff clayey soil. A variety of estimated EDPs resulting from the modification
of hazard intensities and their effects, i.e., ground movements for EQ. The appropriate threshold
values in Table 3 had been defined by Argyroudis and Stergios [25], a best-fit regression was used to
calculate the median threshold intensity measure (IMmi) for each damage state for all bridge
components [26]. The selection of the maximum bending moment (Mmax) as the EDP for the essential
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components of the deck is performed for the purpose to be used as a representative of structural
failure. The calculation of the total variability (Bot) incorporates three sources of uncertainty and is
performed in accordance with Eq. (3), assuming statistical independence. Based on Yuan et al., [27],
uncertainty associated with the definition of damage states (Bas) is preset to be 0.4, while the
uncertainty attributable to capacity (Bc) is set at 0.3 based on opinion from experts. The standard
deviation of the residuals of the computed EDP versus the best fit regression is used to assess the
uncertainty in response to hazard actions (Bp).

Brot” = B+ Bo” + Bas” (3)

The criteria for determining the minor damage state of the bridge deck are the occurrence of
concrete cracking and steel yielding. The yielding bending moment (M,) is indicative of the level of
moderate damage sustained by the deck. Conversely, the thresholds for the substantial damage state
of the deck are characterised by a bending moment of 1.5My. The drift ratio is regarded as an
alternative EDP for the pier, and Jain et al., [28] have implemented the damage thresholds
established by Kim and Shinozuka [29] in Table 3.

Table 3
Classification of bridge components
through defining damage states

Component Deck  Pier

EDP BM drift ratio (%)
Damage States

Minor Mer 0.7
Moderate M, 1.5

Extensive 1.5M, 2.5

3. Results

The numerical bridge model was constructed and by applying the dead load on the static bridge
model. Since the bridge is asymmetrical, only 1 point on the top of the pier and third span of the deck
will be selected as the EDP. Figure 7 shows the bending moment on the deck and displacement on
pier from the static model. The point which shows the highest bending moment and maximum
displacement were identified. Next, the time history analyses were simulated for 110 cases including
2 types of soil, 5 seismic inputs, and 11 levels of PGA.

125



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 49, Issue 2 (2025) 118-133

Joint 48 - 49

e -
g
o_ 0
My r o
"M g 0 g n M
[ L R A )
LB L )
o0 , I
v 0 "
NN v — o g
P @ 0o - N ?} ]
o ‘?” ; - N, N
Tt O
0, T .o Y
o %]
e s Ll 0
o P 0N

3

21
o
=

Joint 111-112

Fig. 7. Static RC bridge model under dead load condition
3.1 Derivation of Fragility Curves for Pier

A non-linear dynamic analysis is performed on the constructed models, whereby each model is
subjected to a range of Peak Ground Accelerations (PGA) spanning from 0.25g to 1.5g. The link
between the drift percentage and the applied ground motions for the selected pier with joint number
111-112 of the bridge model is shown by establishing the maximum drift percentage based on the
maximum displacement of the pier. The damage state definitions for the bridge model are provided
in Table 4.

Table 4
Defining the IMuyi for medium density sandy soil from the
regression curve

Damage States  Drift (%) Limits Damage Index (DI) Ln DI My

Minor 0.7 0.13 -2.04 0.55
Moderate 1.5 0.27 -1.31 1.11
Extensive 2.5 0.45 -0.80 1.97

The determination of the damage index for the piers was accomplished by Jain et al., [28] using
the utilisation of drift percentage limitations. The evolution of damage for pier drift ratio under
various PGA at different type of soil were plotted. The natural logarithm of the IMm; can be derived
by determining the point of intersection between the best-fit line. The natural exponential function
was utilised in the IMm; to facilitate the computation of fragility curves. With reference to the
regression curve the IMm; for the medium dense sandy soil and stiff clayey soil are determined as in
Table 4 and Table 5, respectively.
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Table 5
Defining the IMp,; for stiff clayey soil from the regression curve
Damage States  Drift (%) Limits Damage Index (DI) Ln DI My

Minor 0.7 0.13 -2.04 0.48
Moderate 1.5 0.27 -1.31 1.03
Extensive 2.5 0.45 -0.80 1.86

In Figure 8, an example from the paper by Argyroudis and Kaynia [30]. is presented where
different data points signify the results of an analysis regarding the damage index across various
levels of earthquake intensity. The solid line is the outcome of a regression analysis, and the median
threshold value of the intensity measure (IMmi) required to trigger the it" damage state (ds)) is
calculated based on the definition of this damage state as determined by the damage index.

Ln (Damage Index)as

Ln (Intensity Measure)mi

Fig. 8. lllustration of the damage evolves with the intensity measure
(IM) of an earthquake, including the determination of the median
threshold value (IMn,) for a specific damage state (ds;) and the
standard deviation (Bp) influenced by the variability in input motion
(demand)

Based on Eq. (3), it is one of the important parameters that is required for the derivation of
fragility curves for the pier. The medium density sandy soil value for Bt is calculated from Eq. (3),
which is 0.87 where the value for Bp is equal to 0.71 by the dispersion in response due to the
variability of the seismic input motion. The stiff clayey soil for the Btot value is calculated from Eq.
(3), which is 0.71 and the value of Bpis 0.50. The derivation of the fragility curves in Figure 9, Figure
10 and Figure 11 is calculated based on the Eq. (2) which showed the comparison between the
medium dense sandy soil and stiff clayey soil.
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Fig. 9. Seismic fragility curves for minor damage on Fig. 10. Seismic fragility curves for moderate
the RC bridge pier for different PGA levels damage on the RC bridge pier for different PGA
levels

Fragility Curves for Extensive
Damage on Pier
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Fig. 11. Seismic fragility curves for extensive
damage on the RC bridge pier for different PGA
levels

Based on different IMmi which was retrieved from Table 4 and Table 5, the probability of damage
to happen on the pier is more significant on the medium density sandy soil foundation compare to
the stiff clayey soil. The results of the fragility curves presented in Figure 9 indicate that for bridge
piers, the probability of destruction under minor damage was approximately 76% in stiff clayey soil
with a PGA of 0.8 g, as opposed to 67% in medium dense sandy soil. At medium-dense sandy soil, the
probability that the pier will sustain damage decreases substantially at the same PGA of 0.8 g when
subjected to moderate and extensive damage, from 35% to 15%, respectively. On the other hand,
the stiff clayey soil also experiences the same decreasing probability from 25% to 12% in the fragility
curves for moderate and extensive damage, as shown in Figure 10 and Figure 11. In the fragility
curves for extensive damage on pier, the probability of the damage due to the effect of the medium
density sandy soil and stiff clayey soil eventually will be almost equal as the seismic intensity increases
to 1.5 g. To provide greater specificity, a bridge supported by a shallow foundation exhibits a more
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resilient response characterized by the capacity to absorb energy. In scenarios where scouring is
absent, there is a noted 20% increased susceptibility to "minor damage" in comparison to the two
scouring scenarios examined [31]. Likewise, heightened vulnerability is observed across the spectrum
of damage classes, including moderate, extensive, and complete damage. This observation is that the
piers supported by shallow foundations dissipate a greater amount of energy, leading to increased
hysteresis energy.

3.2 Derivation of Fragility Curves for Deck

The selection of the maximum bending moment (Mmax) as the EDP for the crucial parts of the
deck is made in order to accurately depict the potential structural collapse. Joint 48-49 is selected
from the static model as shown in Figure 4 as it has the highest bending moment effect on the bridge.
The criteria for designating the minor damage states of the bridge deck include the occurrence of
concrete cracking and steel yielding (Mc). The yielding bending moment (My) is the parameter that
characterizes the level of moderate damage experienced by the deck. On the other hand, the
thresholds indicating the extensive damage state of the deck are associated with a value of 1.5 times
of the yielding bending moment (1.5M,). The pertinent literature from the study by Tsionis and Fardis
[32] through technical knowledge judgement, and the empirical equal displacement rule from
Aydinoglu [33], the aforementioned assumptions are derived. The DI for the 3 different damage
states is with reference to the derivation method by Argyroudis and Mitoulis [25]. The DI values for
medium dense sandy soil and stiff clayey soil are presented in Table 6 and Table 7, respectively.

Table 6

Defining the IMn,; for medium dense sandy soil from the regression
curve

Damage States Damage Index (DI) Ln DI IMmi
Minor Mer 4.71 0.05
Moderate M, 5.08 0.09
Extensive 1.5M, 5.48 0.14

Table 7
Defining the IMy, for stiff clayey soil from the
regression curve

Damage States Damage Index (DI) Ln DI My,

Minor Mer 471 0.06
Moderate M, 5.08 0.10
Extensive 1.5M, 5.48 0.14

The IMmi can be obtained for each damage state using the regression curve from the evolution of
damage with earthquake intensity with reference to Figure 8. Based on Eq. (3), the derivation of
fragility curves for the deck is based on the maximum bending moment. The medium density sandy
soil value for ot is calculated from Eq. (3), which is 0.62 and the value for Bpis obtained from the
dispersion in response due to the variability of the seismic input motion which is 0.36. While for stiff
clayey soil, the Btot value is calculated from Eq. (3), which is 0.60 and the value of Bpis 0.33. The
derivation of the fragility curves in Figure 12, Figure 13 and Figure 14 is calculated based on the Eq.
(2) which showed the comparison of the damage states between the medium density sandy soil and
stiff clayey soil.
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Fig. 12. Seismic fragility curves for minor damage on Fig. 13. Seismic fragility curves for moderate
the RC bridge deck for different PGA levels damage on the RC bridge deck for different PGA
levels

Fragility Curves for Extensive
Damage at Deck Section
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Fig. 14. Seismic fragility curves for extensive
damage on the RC bridge deck for different PGA
levels

Based on different IMmi which was retrieved from Table 6 and Table 7, the probability of damage
to happen on the deck is very significant at low PGA for both medium density sandy soil and stiff
clayey soil. The results of the fragility curves presented in Figure 12 indicate that for bridge deck on
Joint 48-49, the probability of destruction under minor damage was higher in medium dense sandy
soil approximately 96% at PGA of 0.15 g, as opposed to 92% in stiff clayey soil. At medium-dense
sandy soil, the probability that the deck to achieve 100% at minor, moderate and extensive damage
are at 0.60 g, 1.05 g and 1.30 g. On the other hand, the stiff clayey soil also experiences the same
increasing probability to 100 % at 0.70 g for minor damage, 1.05 g for moderate damage and 1.50 g
for extensive damage. Hence, the bridge deck experiences the higher probability of damages as the
deck cannot take the effect of the seismic intensity. The study results on bridge decks demonstrate
a consistent damage pattern across various soil types for all damage classes. This suggests that the
type of soil may not substantially influence the level of damage experienced by bridge decks during
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seismic events. The consistent nature of these results indicates that elements such as the bridge
decks' design, construction, materials, and structural structure may have a greater influence on the
level of damage observed. The principal elements that influence the damage levels encountered by
bridge decks during seismic events are the structural qualities of the bridge decks themselves, rather
than the attributes of the underlying soil.

4. Conclusions

Comparative investigations have been conducted to analyse the influence of two distinct soil
types, specifically medium-dense sandy soil and stiff clayey soil, on the vulnerability of key
components of a bridge. In this work, the generation of seismic fragility curves for the damage states
of the bridge piers and deck section was undertaken. The assessment has shown the probability of
several damage states for a pier and deck, considering a range of PGA up to 1.5 PGA. Additionally, it
is showed that the probability of structural damage occurring during an earthquake is positively
correlated with both the PGA and the specific characteristics of the soil. The findings indicate that
the deck exhibits lower resilience to seismic events, as it is more likely to sustain minor, moderate,
and extensive damage in comparison to the pier. Based on a research paper by Argyroudis and
Mitoulis [25], it was found that the reinforced concrete bridge deck component is more susceptible
to damage than the pier when subjected to earthquakes and flood scouring hazards. The study
investigated the behaviour of reinforced concrete bridge decks under seismic loads and flood
scouring conditions. It highlighted that during earthquakes, the lateral forces and ground shaking
exert significant stress on the bridge deck, leading to cracking, spalling, and potential failure. The
horizontal nature of the bridge deck makes it more vulnerable to these dynamic forces compared to
the vertical pier structure. The medium dense sand also exhibited more pronounced damages than
that of the clayey soil. The present investigation solely examined the impairment inflicted upon the
pivotal elements of the bridge, namely the pier and deck, as well as the two distinct soil types.
Phaiand Amin [34] states that soil with poor geotechnical qualities will have a significant impact on
the structure constructed on top of it. Consequently, the soil must either be substituted with more
robust materials or be stabilised [35]. Soil stabilisation is crucial in construction to guarantee the
stability, strength, and stiffness of the soil for any building or structure to be erected [36]. The future
study may include the bridge bearings, diaphragm abutments, expansion joints, and stratified soil
with diverse properties and the possibility to enhance the scope of analysis to encompass additional
potential failure factors, including natural hazards like flood induced-scour and tsunami.
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