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A B S T R A C T

Extreme hazards such as earthquake and ensuing tsunamis can pose significant threats to offshore infrastructures, 
among which bridges are particularly vulnerable due to their locations. Accurate assessment of bridge perfor
mance under such events is crucial to enhance structural safety. In this study, the fragility method was employed 
to evaluate bridge capability against combined hazard effects, with three variables introduced to capture multi- 
hazard intensity. The vector-valued method was used to quantify bivariate tsunami intensities, with different 
fragility functions compared in their fitting capability. A new fragility form was proposed for earthquake-tsunami 
scenarios, with the system-level fragility also examined via multiple bridge components. A case study was 
conducted to compare the effectiveness of various functions to isolated bridges. The component-level fragility 
shows an inconsistent development with increasing seismic magnitudes but consistent trends with tsunami in
tensity. The comparison analysis implies the highest fitness of log-sum model, while the proposed method yields 
consistent outcomes despite the unified factor. System-level fragility results indicate that isolated bridges have 
notable vulnerability due to multi-component contributions. Further, the expected damage ratio was assessed 
and shows notable sensitivity to spectral acceleration and relative wave height, as opposed to the limited in
fluences from water depths. This study provides preliminary guidance for estimating the seismic-tsunami 
fragility of isolated bridges using complex intensity sets.

1. Introduction

Extreme events can cause catastrophic impacts on infrastructure. 
Among these, earthquakes pose a significant threat to offshore bridges 
owing to their potentials in triggering tsunamis. Most offshore bridges 
adopt isolated configurations due to their convenient construction, with 
shear keys used along with bearings to support and restraint super
structures. In recent decades, many cases of bridge damage and failure 
have been reported, such as in Chile (2010) [1,2] and Japan (2011) [3], 
with such isolated layouts also found to protect critical components 
given proper design [4,5]. Such hazards tend to pose serious threats to 
transportation and community safety in coastal areas [6–10], and thus 
leads to the necessity to provide reliable evaluation on bridge perfor
mance under such hazards.

Earthquake and tsunami hazards are highly uncertain in both 
occurrence and intensity. For a specified seismic-tsunami event, the 
bridge performance can be evaluated using the fragility method. Such 
method has proven effective toward individual hazards such as earth
quakes [11] and hurricanes [12]. Normally, fragility formulas were 
expressed using normal or lognormal distributions, and the generalized 
linear model (GLM) was also widely adopted. In this regard, individual 
intensity measure (IM) has been widely used while the performance of 
bivariate and multi-variate IMs was rarely investigated yet. Gehl et al. 
[13] studied seismic bridge fragility and found that incorporating mul
tiple IMs can enhance accuracy by reflecting more seismic characteris
tics. Alam et al. [14] investigated the fragility of bridges subjected to 
hurricane-induced extreme waves. Their study indicated that using 
multiple IMs such as water depth in addition to the wave height can 
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provide better evaluation on bridge performance, again highlighting the 
benefit of using multi-variate IMs. Similar findings were also available 
with respect to other individual hazards [15–17].

In recent years, an increasing number of multi-hazard events were 
reported, underlining the demand to expand fragility estimation from 
single to combined hazard effects. In this regard, many studies have 
been conducted by focusing on various hazard combinations. These 
hazards can be classified into correlated (e.g. earthquake-tsunami, 
hurricane-wave) and independent (e.g. earthquake-corrosion, earth
quake-scour) categories. And fragility method is also feasible and 
employed in this context. Guo et al. [18,19] conducted studies to 
investigate the time-variant fragility of bridges under combined 
scour-earthquake effects, implying an escalated fragility level with 
prolonged operation periods. Li et al. [20] investigated the seismic 
fragility under corrosion effects and found the increasing fragility due to 
a declined resistance. Argyroudis et al. [21] addressed the fragility of 
transportation system under multi-hazard scenarios by considering both 
geotechnical and climatic hazards.

While combined with long-term hazard, the hazard causing direct 
impacts is often defined as demand terms, with long-term effects 
correlating to structural capacity to reflect strength deteriorations. 
Typical examples are earthquakes in conjunction with scour and 
corrosion effects [20,22]. Whereas under correlated hazards, the sec
ondary hazard serves as the demand factor while the primary hazard is 
deemed as capacity to account for the deterioration, as reported in 
earthquake-tsunami and earthquake-landslide events [23,24]. In 
contrast, both hazards should be included as demand terms within 
concurrent scenarios, with structural capacity defined according to 
merely their initial states. Consequently, it is essential to incorporate 
multi-hazard intensities based on their demand and capacity under 
characteristic hazard actions.

To this regard, the vector-valued method has been proposed and 
used for seismic analysis. Hu et al. [25] examined the seismic fragility of 
slopes using both scalar- and vector-based fragility functions, suggesting 
the likelihood of distorted fragility estimation by scalar methods. Guo 
et al. [26] inspected the subway station fragility under local earthquake 
hazards by considering both concrete and soil damages. The optimal 
intensity measure was determined by comparing distinct vector-valued 
combinations, with the result also showing misestimation from scalar 
functions. Besides, Bojórquez et al. [27] applied such method to steel 
frames and found the dependence of vector function upon seismic in
puts. While such method has been long used in seismic study, their 
applicability to multi-hazard events are limited yet [28], and the 
effectiveness of vector functions remains unclear.

To this end, this study focused on the seismic-tsunami fragility of 
bridges using a vector-valued approach, with various vector functions 
compared in their fitting capability. Besides, a vector function was 
developed to underline sequential impacts of earthquake and tsunami 
[29]. The performance of vector-based method on system-level fragility 
was examined, with second-order-limit-method (SOLM) used to incor
porate multi-mode failure of bridge girders. The fragility was converted 
to damage ratio to quantify the damage severity induced by such 
cascading hazards. A case study was performed to typical coastal iso
lated bridges. The pier fragility was found to increase with seismic in
tensity at lower tsunami levels, but shows a reverse trend at higher 
tsunami level. In contrast, the girder fragility increases consistently with 
both hazard intensities. The fragility of bearings and constrainers re
mains stable for different damages states. The comparison among vector 
functions indicates that the log-sum formula can achieve the highest 
accuracy, while the square-root and log-poly-2 models give higher and 
lower estimation, respectively. The proposed function yields acceptable 
prediction but tends to overestimate at the upper bound. The 
system-level fragility was calculated for the best vector model, showing 
the limitation of vector-based method in capturing the systematic per
formance of isolated bridges under. Furthermore, the damage ratio 
demonstrates the development of remaining structural performance 

under different intensity baselines.
The main contents are organized as follows: (1) Section 2 describes 

the procedures for estimating seismic-tsunami fragility in both compo
nent and system levels; (2) illustrative case study is performed in Section 
3 by considering hazard and structural uncertainties; (3) Section 4 dis
cusses the results of statistical and analytical fragility, and the com
parison is made among different vector-valued functions; (4) concluding 
remarks were presented in the last section.

2. Methodology for assessing seismic-tsunami fragility

To evaluate the performance of coastal bridges under sequential 
seismic-tsunami hazards, the fragility method was adopted in the pre
sent study, for which intensity measures are required for both hazards, 
along with fragility function able to quantify typical multi-hazard im
pacts. In addition, the system-level fragility was calculated to integral 
various component contributions to complete bridge functionality.

2.1. Selecting hazard intensity and qualitative correlation

Selecting appropriate hazard IMs and accurately estimating un
certainties are essential for evaluating bridge performance under cata
strophic events. The current study emphasized the magnitudes of 
earthquake and tsunami, as well as their interdependence. In view of 
preceding studies, a number of IMs have been proposed for the seismic 
fragility estimation, such as peak ground acceleration (PGA), velocity 
(PGV), displacement (PGD), spectral acceleration (Sa), and Arias in
tensity (Ia), while cumulative IMs such as cumulative absolute velocity 
(CAV) was also employed in many cases [30]. In this context, the 
selected IM should comply with the dominant structural responses to 
ensure a strong correlation between hazard impacts and structural re
actions. Hence, spectrum levels (Sa) were chosen here for earthquake 
hazards due to the sensitivity of isolated bridges to shaking frequencies 
[31], as illustrated in Fig. 1(a).

The bridge fragility under tsunamis have also been investigated in 
many research. Unlike seismic loads that dominate in the horizontal 
direction, tsunami forces can act in multiple directions with diverse 
magnitudes, as shown in Fig. 1(b). Girders and piers are the primary 
component subjected to tsunami loads, and the force on girders is sen
sitive to the water level [32]. In this context, tsunami loads consist of 
hydrostatic and hydrodynamic components, which results from unbal
anced pressure and the flow velocity, respectively. Among the governing 
factors of tsunami impacts, wave heights have dominant influences [33]
while water depths also play an essential role by affecting the immersed 
condition and then the distribution of tsunami loads [23,34]. Hence, a 
bivariate form intensity measure was specified as (H,d) to highlight the 
multi-direction tsunami load effects. And the wave height parameter is 
further normalized as (ε = H/d) to discern the contribution of wave 
height at different water depths.

Earthquake and trigerred tsunamis are complex in their correlations. 
Prior research implies an inverse development of seismic intensity with 
epicenter distances [35], and tsunami intensity was found to also 
depend on the travelling length. Fig. 2 illustrates their correlations 
conditional on different epicenter scale, where SWL refers to still water 
level and wd1 ∼ wd3 are representative to the water depth at different 
locations, including onshore areas (wd1), moderate-depth areas (wd2), 
and inshore areas (wd3). Given long distance between rupture and the 
bridge site, both hazard intensities tend to decreases as the distance 
further increases owing to the attenuation effects (Fig. 2(b)). However, 
tsunami intensity can also increase with distance when the initial value 
is considerably small (inshore water), as the disturbed water volume 
rises while seismic intensity again exhibits decline trends (Fig. 2(a)). 
Accordingly, the intensity of tsunami hazard becomes less sensitive to 
the changing water depth in onshore areas because water level remains 
stable at such point. In the current research, a long-distance case was 
used in line with most mega-tsunami observed in past decades [36], 
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leading to positive earthquake-tsunami correlations.
As a follow up, the correlation within the bivariate tsunami IMs was 

also evaluated under different distances. In this case, water depth and 
wave heights are inversely correlated at larger distances, because the 
dispersion has dominant effects conditional on adequate space for 
shoaling development [37]. By contrast, they are positively correlated at 
a shorter distance because of the rapidly growing wave height also due 
to shoaling effects. Accordingly, a positive correlation was employed in 
this study alongside the long-distance assumption, with an inverse cor
relation adopted for the intra-dependence of the bivariate tsunami IMs. 
Note that the same intensity measures are feasible in the short-distance 
case, whereas correlation needs to reverse to avoid biased estimation of 
bridge fragility.

2.2. Calculating multi-hazard fragility

In this study, the lognormal fragility function was used to identify the 
bridge performance under sequential seismic-tsunami hazards. The 
analytical fragility for individual hazards can be denoted by the 
following equation, 

P(LS ≥ LSi|IM = im) = Φ

(
ln(im) − μln IM|LSi̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2ln IM|LSi + σ2
ξ

√

)

(1) 

where μLSi
, σLSi are the mean and variance at i-th limit state (LS), while σξ 

accounts for the structural uncertainty. Each parameter can be obtained 
via regression analysis to the statistic fragility results [38]. In this study, 

the limit states of bridge components were defined as per Table 1, with 
four primary components reckoned according to the functionality of 
isolated bridges. Here, the four limit states of girder are defined as [34], 
D1 = closest distance from shear key bottom vertex to bearing edge; 
D2 = distance from shear key vertex to outmost bearing center; 
D3 = distance from shear key vertex to the inner edge of outmost edge; 
and D4 = distance from girder mid-line to outmost pier cap edge. Be
sides, W is defined as the distance of centreline of adjacent box girders.

Fig. 1. Correlation between structural response and hazard impacts for isolated bridges under: (a) earthquakes; (b) tsunamis.

Fig. 2. Mechanism of intensity development for successive earthquake-tsunami hazards subject to: (a) short distance; (b) long distance.

Table 1 
Componential limit states of isolated bridges.

Component Demand 
parameter

Limit states Reference

LS1 LS2 LS3 LS4

Pier Drift ratio (-) 0.007 0.011 0.07 0.03 Siqueira 
et al. [39]

Girder Horizontal 
dislocation 
(mm)

D1 D2 D3 D4 +W/ 
2

Mei and 
Guo [23]

Vertical 
uplifting 
(mm)

N/A N/A N/A Hsk Mei et al. 
[28]

Bearing Shear strain 
(%)

100 150 200 250 Zhang 
et al. [40]

Shear key Deformation 
(mm)

δy 7δy 14δy 22δy Zakeri 
et al. [41]

Notes: δy denotes the yield deformation of RC shear keys [34], Hsk denotes shear 
key height.
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Earthquake and tsunami can cause typically successive impacts to 
coastal bridges. Hence, their intensities were treated separately while 
formulating capacity and demands terms in the multi-hazard fragility 
function. In this context, tsunami hazards often follow the initial seismic 
events, with a delay from minutes to hours depending on travelling 
length. During such events, coastal bridges sustain the initial damages 
under seismic actions, and then experience extensive deterioration 
under ensuing tsunami loads. The initial seismic level can affect not only 
the tsunami performance of bridge, but also the structural uncertainty 
under the secondary tsunami impacts. Hence, the seismic IM was 
included in both capacity and variance terms using a polynomial for
mula [23,28].

To accommodate the bivariate tsunami IMs, a vector-valued fragility 
function was adopted to reflect the intra-dependence. Several vector 
fragility functions were introduced according to the correlation analysis 
in Section 2.1, see Table 2. Herein, IM1, IM2 denote the two intensity 
measures for tsunami hazards while X refers to the vector-valued IM. 
Parameter γ was adopted to account for complementary effects of rela
tive wave height (H/d) and water depth (d), with another independence 
state represented by a, b, c (log-poly-1) and a1 ∼ a2, b1 ∼ b2 and c, d in 
log-poly-2 model. And the same principle also applies to the proposed 
square-root method. The first one shows the inverse correlation between 
water depth and wave height, while the second one introduces a con
stant c. The third formula introduces second-order terms and the pro
duction to reflect their interference. In addition, the two proposed 
formulas calibrate the different scales of relative wave height (0–0.7) 
and water depth (meters) by including constant c. In addition, the square 
operation in models 4 and 5 is introduced to ensure positive results for 
square-root calculation, while the unified form was adopted to underline 
their interdependences.

To evaluate the effectiveness of various vector-valued functions, the 
AIC principle was employed by considering both model complexity and 
prediction errors [14], which takes the general form as follows 

AIC = 2k+D (2) 

where k is the number of parameters in models, and D is the statistic 
deviance involving prediction errors. By comparing the predicted and 
statistical fragility, the error can be estimated using the following 
equation, 

D = 2
∑m

j=1

[

yj ln

(
yj

μ̂j

)

+
(

nj − yj

)
ln

(
nj − yj

nj − μ̂j

)]

(3) 

Note that yj is the occurrence number at a specified intensity of single 
hazard, or combined effects in multi-hazard cases. μ̂j denotes the esti
mated occurrence number. nj refers to the total calculation number for 
each hazard level, while m represents the total interval number across 
overall hazard intensities.

2.3. Evaluating system-level fragility

Isolated bridges are comprised of different components that operate 
together to ensure the bridge functionality. Therefore, each component 
damage can possibly contribute to bridge paralysis or even failures. 

Therefore, system-level fragility was used here to compare the appli
cability of various vector-valued models. In this study, the second-order 
limit method (SOLM) [43] was used to account for the complex com
ponents in isolated bridge, see Eq. 4. Note that such method was initially 
proposed for estimating the failure probability, but is also utilized here 
for other limit states. 

Pf ,1 +
∑m

i=2
max

(

Pf ,i −
∑i− 1

j=1
Pf ,ij,0

)

≤ pf ,system ≤
∑m

i=1
Pf ,i −

∑m

i=2
max

j<i

(
Pf ,ij
)

(4) 

In Eq. 4, Pf ,i is the exceedance probability of i-th component, while 
Pf ,ij denotes the coincident occurrence of i- and j-th components. Note 
that the narrow bound was attained by evaluating all combinations due 
to the indeterministic sequence of distinct components. As Eq. 4 is 
subject to only single failure pattern for each component, the original 
expression needs to be reformulated given multiple failure modes. Prior 
study has shown that the girder element in isolated bridges is prone to 
both uplift and swash-away failures during tsunamis, in addition to 
unseating under earthquakes. Hence, the original SOLM can be updated 
as, 

pf ,system ≥ (1 − δ)⋅Pf ,1 + δ⋅ max
(

Punseat
f ,1 ,Puplift

f ,1

)
+

∑m

i=2
max

(

(1 − δ)⋅Pf ,i + δ⋅ max
(

Punseat
f ,i ,Puplift

f ,i

)
−
∑i− 1

j=1
P∗

f ,ij, 0

) (5) 

pf ,system ≤
∑m

i=1

[
(1 − δ)⋅Pf ,i + δ⋅ max

(
Punseat

f ,i ,Puplift
f ,i

)]
−
∑m

i=2
max

j<i

(
P∗

f ,ij

)
(6) 

P∗
f ,ij = δ⋅P

[
max

(
DSunseat

i ,DSuplift
i

)
= dsk,DSj = dsk

]
+

(1 − δ)⋅P
[
DSi = dsk,DSj = dsk

] (7) 

in which Punseat
f ,i , Puplift

f ,i are the probability of unseating and uplifting 
failures for girder element. δ is the dummy index equal to 1 and 0 for 
girders and other components, respectively. Besides, P∗

f ,ij is the concur
rent failure probability of components i and j, with the dummy notation 
also included. Moreover, the maximum operator was used to account for 
the dominant failure mode, which represents a strong time-dependent 
failure sequence of uplifting followed by swashing away of girders. 
While this might provide underestimated results, it is reckoned 
reasonable as significant horizontal and vertical girder movements often 
occur concurrently.

3. Case study

Based on the component- and system-level fragility defined above, 
the case study was demonstrated in this section. Begin with the basic 
information of prototype bridge, characteristic loads from earthquake 
and tsunami event are estimated, with fiber-based finite element models 
developed using OpenSees. Besides, uncertainty sources were assigned 
to hazard actions and structural characteristics through sampling 
methods.

Table 2 
Expressions of vector-valued fragility functions.

No. Type Expression Parameters to be determined Reference

1 Log-sum ln X = γ ln IM1 + (1 − γ)ln IM2 γ Mei et al. [28]
2 Log-poly-1 ln X = a ln IM1 + b ln IM2 + c a,b, c Jafarian and Miraei [16]
3 Log-poly-2 ln X = a1 ln IM1 + b1 ln IM2 + a2(ln IM1)

2

+b2(ln IM2)
2
+ c ln IM1 ln IM2 + d

a1,b1,a2,b2,c,d Modica and Stafford [42]

4 Square-root-nounify ln X =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a(ln c + ln IM1)
2
+ b(ln IM2)

2
√ a,b > 0 This study

5 Square-root-unify ln X =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γ(ln c + IM1)
2
+ (1 − γ)(ln IM2)

2
√

γ ∈ [0,1] This study
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3.1. Description of prototype bridge

In this study, a representative prototype was developed according to 
a featured segment of sea-crossing viaducts, which encompasses three- 
span simply-supported girders with box-shaped girders. This enables a 
realistic assessment of isolated bridge under earthquake-tsunami haz
ards through detailed component-level modeling.

3.1.1. Design information of bridge
Fig. 3 illustrates the geometric layout and component details of the 

bridge case. The side span takes 30 m in length while the middle span is 
extended to 40 m. The bridge girder was continuous and cross the entire 
bridge span, with the section also detailed in this figure. The bridge pier 
consists of two columns with circular section, along with a linkage beam 
in the middle. The pier column is 1.5-m in diameter and 8.5-m in height, 
and was reinforced with 40 × Φ25 core rebar. The pier was constructed 
using C35 concrete (fcu,k = 35 MPa) and HRB 400 steel (fy = 400 MPa). 
The isolation between super- and sub-structures was achieved via rubber 
bearings, along with RC shear keys for extra restraints. Rubber bearings 
were designed with 300-mm width, 500-mm length, and 100-mm 
height. RC shear keys adopt a monolithic interface and was designed 
as per Mei and Guo [44]. The bridge pier adopted a robust design to 
ensure sufficient resistance both horizontally and vertically. In contrast, 
the girder element was built with C30 concrete (fcu,k = 30 MPa).

3.1.2. Earthquake and tsunami load modelling
Earthquake and tsunami often impact bridges successively. As the 

time interval between hazards depends on epicenter distance, their 
coincident effects were neglected, and the coupling effect when shaking 
bridges interact with water was also beyond the scope of this research. 
Isolated bridges have complex dynamics under earthquakes due to 
separated connection between girder and piers. Nonlinear linkage 
element such as bearings, shear keys can further enhance their sensi
tivity to seismic frequency contents due to isolated configurations. Be
sides, the discontinuous state between girder and piers can further alters 
bridge dynamics by enlarged natural periods. Hence, natural seismic 
records were used in this study, with 15 records selected by matching 
the Sa value at first-order natural period T1 = 1.36 s. And the record 
database was referenced to Baker and Lee [45], with original records 
scaled and ranging from 0 to 2.0 g with a 0.2-g interval. Notably, inland 

records with major short periods were employed to cope with the rela
tively small periods of the examined bridge, though submarine records 
often encompass significant long-period segments.

Tsunami intensities are essentially correlated with seismic levels, but 
are also affected by other factors such as seashore topography and water 
depth. Simulation method can well capture this but has rather high 
computational demand, making it unsuitable for fragility analysis. 
Therefore, the two hazards were treated separately in this study for the 
joint fragility calculation, leading to a maintained pattern of tsunami 
force at each seismic level. On this basis, tsunami forces on bridges was 
estimated as per Huang et al. [46] for box girders, which consist of 
horizontal and vertical components as follows, 
{

FV = ΔFhv + Fv,dyn
FH = ΔFhd + Fh,dyn

(8) 

in which FV , FH are vertical and horizontal components, ΔFhv is the static 
vertical load defined as buoyancy along with overtopping water weight. 
ΔFhd denotes the static force difference between front and back sides of 
girders. Besides, Fv,dyn and Fh,dyn represent dynamic effects in corre
sponding directions. Specifically, the static components (ΔFhv,ΔFhd) are 
dependent on water elevation, while dynamic tsunami loads (Fv,dyn,

Fh,dyn) mainly involve with flow speeds in vertical and horizontal di
rections. More details in this regard can be traced to Mei and Guo [34]. 
The tsunami force on bridge piers was estimated using Morison equation 
[47] as Eq. 9, in which CD is drag coefficient, and ρ, g are mass density 
(kg/m3) and gravity acceleration (m/s2). ux denotes the horizontal ve
locity (m/s) that also plays an important role in developing horizontal 
dynamic impacts (Fv,dyn). 

Fp = 0.5ρgux|ux|CD (9) 

To model the tsunami development close to bridge sites, solitary 
wave model was used to derive major flow properties [48,49]. Such 
method has proven effective in capturing the high nonlinearity of 
tsunami waves in shorelines [33]. The bivariate tsunami IMs also 
matches with solitary waves as they rely on relative wave heights (H/d). 
In this context, H/d was scaled in steps of 0.05, ranging from 0 to 0.7 to 
account for the breaking limit [50]. Note that overturning effect was 
neglected in this study due to large deck widths and consequently 
enormous self-weight and resistant moments. Anothe reason is that 

Fig. 3. Geometry arrangement and detailed configuration of inspected bridge (Unit = cm).
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damming water often occurs prior to tsunami arrivals, limiting the un
balanced vertical impacts that further induces moment effects. Further, 
shoaling effects that give more accurate wave conditions are excluded 
by focusing on isolated bridge performance.

3.2. Finite element modelling

In this study, OpenSees program was employed to perform structural 
analysis under combined seismic-tsunami impacts. The numerical 
bridge model was developed in Fig. 4, with girders modeled using an 
integral elastic beam-column element without breaks. In contrast, the 
double-column pier was modeled by nonlinear beam-column elements, 
with fiber sections defined by Concrete01 and Steel02 materials. On this 
basis, the strength of core concrete was calculated by considering the 
confinement effects from transverse rebar [51].

By contrast, the linkage component was modeled using zero-length 
elements to address predominant shear effects. The rubber bearing 
was defined with elasticPP material, with stiffness and strength set to 
2143 kN/mm and 20 kN, respectively. Shear key elements were denoted 
by combining Pinching4 and ENT materials to accommodate 
compression-only behavior, with the parameters determined as per Mei 
and Guo [34]. On this basis, rigid link was assigned to girder and pier 
nodes to ensure coordinated movements, with fixed boundary applied at 
pier base to model sufficient constraints. Thus, structural analyses were 
performed along with incremental dynamic analysis (IDA) and SOLM 
methods.

3.3. Uncertainty estimation

To account for the uncertainty in structural capacity (Eq.1), we 
adopted a number of random distributions for major parameters, as 
outlined in Table 3. The geometry parameter was incorporated only for 
bridge piers, while strength parameter was applied to other components. 
Concrete density uncertainty was defined byt the ratio about standard 
density value at ρstd = 2.65 t/m3. Note that the interdependence among 
parameters was neglected in this study. Random sampling was per
formed to capture the structural uncertainty, along with a random 
matching method to reduce repeated seismic analysis [28]. Such method 

implements only one record matched for each bridge model across each 
scaling level of seismic intensity. And it also requires each record 
selected at least once to account for uncertainties from record to record. 
Seismic-tsunami analysis was then conducted to attain bridge responses 
and fragility results. In this context, Latin-Hypercube-Sampling (LHS) 
technique was used to generate even distributed bridge parameters, with 
the sampling number set to 100 in this study. By combining 14 relative 
wave height (H/d) and depth (d) scaling levels with 10 spectrum level 
(Sa), totally 1.96 × 105 rounds of simulation were conducted on 40-core 
CPUs.

4. Discussion on results

This section presents a comprehensive discussion on the analysis 
results of multi-hazard fragility and risk assessment. Both component- 
and system-level results are examined, focusing on sequential 
earthquake-tsunami influences and vector-valued model performance.

4.1. Empirical component-level fragility

In this study, a statistical fragility analysis was first adopted to assess 
bridge performance under combined hazard effects. Initially, the 
fragility of individual bridge components was estimated for each hazard 
independently, followed by a joint fragility across different hazard 
baselines.

4.1.1. Fragility under individual hazard
Fig. 5 displays the stepwise seismic fragility of major components, 

using the first span as an example. All components show increasing 
fragility with Sa up to 1.2 g, though the trend varies at higher seismic 
levels. As shown in Fig. 5(a), the probability of slight damage increases 
consistently with seismic intensity, whereas that of moderate and severe 
damages exhibit non-monotonic trends. Notably, moderate-damage 
fragility decreases at higher intensities, while extensive- and severe- 
damage fragility shows consistent growth. This occurs because the 
initial moderate-severe range (LS2~LS4) responses progress to extensive 
state (LS3) when Sa rises. By contrast, other responses decline to slight 
damage (LS1), reducing the fragility at moderate damage but increasing 

Fig. 4. Details of numerical bridge model in OpenSees program.
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the fragility of higher damage levels (LS3-LS4).
Girder fragility shows a two-stage pattern for slight to extensive 

states (LS1~LS3), with negligible fragility at severe damage across all 
seismic intensities, as seen in Fig. 5(b). This suggests adequate resistance 
of superstructure to individual seismic loading. Such trend was also 
found at Sa = 2.0 g, where moderate- and extensive-damage fragility 
increases while severe-damage fragility decreases slightly. The fragility 
of bearing and shear key increases consistently for Sa < 2.0 g but de
creases at 2.0 g, because significant pier damage reduces the transferred 
force and protects isolated elements, as shown in Fig. 5(c)-(d).

The following analysis examined the tsunami performance of bridges 
without discerning prior seismic load magnitudes, for which a repre
sentative water depth was selected at 8.5 m, as shown in Fig. 6. The 
result shows that tsunami fragility differs from seismic result in Fig. 5, 
where pier fragility increases steadily with H/d, but then with a sharp 
rise at H/d = 0.45 (Fig. 6(a)). The severe-damage fragility reaches 0.78 
at the upper bound, reflecting strong multi-direction tsunami forces. The 
fragility of girder component increases for H/d < 0.45 across states, but 
then declines for H/d ≥ 0.50, see Fig. 6(b). This can be attributed to the 
pier collapse while sustaining major P − Δ effects [34], which then re
duces the likelihood of girder unseating failures. Specifically, tsunami 
loads act on girder both vertically and horizontally, with horizontal 
effect pushing girder away from initial position, i.e. unseating failure. In 
contrast, vertical loads can apply both downward and upward, leading 

to swash-away failure subject to upward effects but notable compres
sions in downward cases. Such compressive effects can combine with 
horizontal loads and result in significant P − Δ effects, especially when 
coupled with residual seismic deformation. Linkage components also 
follow similar trends and exhibit minimal difference among distinct 
damage states, as shown in Fig. 6(c)-(d).

To capture cascading effects, tsunami fragility was then analyzed 
considering prior seismic damages. To this regard, several prior seismic 
magnitudes were selected at 0.2, 0.8, 1.4 g, and the conditional fragility 
was assessed by dividing the exceedance of sample number (n) over all 
sampling number (14 H/d levels×100 structural samples = 1400 cases) 
given the same initial Sa value, as shown in Fig. 7. Though the water 
depth was specified at 8.5 m for illustration, similar conclusion can be 
drawn for other water levels. Note that only residual seismic response 
was considered here but neglecting the peak value during earthquakes. 
For Sa = 0.2 g, all initial fragility at H/d = 0 is zero for overall com
ponents, implying negligible residual damage due to initial earthquakes. 
The girder fragility remains zero even at Sa = 0.8 g, coinciding with the 
rare seismic fragility in Fig. 5. Pier fragility shows a sudden growth at H/ 
d = 0.45, aligning also with the case ignoring earthquake intensities 
(Fig. 6). In comparison, pier fragility at Sa = 1.4 g increases gradually 
across tsunami levels, with severe-damage fragility slightly

decreasing at H/d = 0.6, as seen in Fig. 7(a3). The major reason lies 
in the different combination of vertical and horizontal wave loads under 

Table 3 
Information of random distribution for structural uncertainty.

Component Parameter name Notation Unit Distribution Parameters Reference

1 2

Pier Column diameter D m Normal 1.5 1.45 This study
Rebar diameter ds mm Normal 25 2.0
Concrete strength fcu,k MPa Normal 35.0 4.0
Rebar strength fy MPa Lognormal 5.99 0.01

Girder Elastic modulus E GPa Normal 30 0.2
Bearing Shear modulus Gbear MPa Uniform 0.66 2.07 AASHTO [52]

Friction coefficient μ N/A Lognormal -0.92 0.1 Zakeri et al. [41]
Shear key Peak strength fsk kN Normal 1921 50 Mei et al. [28]

Peak deformation δsk mm Normal 13.03 2.2
Others Normalized mass density ρ/ρstd N/A Uniform 0.9 1.1 Nielson and DesRoches [53]

Damping ratio ξ N/A Normal 0.045 0.0125 Bryant [38]

Fig. 5. Statistic seismic fragility of bridge components: (a) pier; (b) girder; (c) bearing; (d) shear key.

Fig. 6. Statistic tsunami fragility of bridge components across seismic intensity (d = 8.5 m): (a) pier; (b) girder; (c) bearing; (d) shear key.
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varying H/d amplitudes. In details, horizontal loads dominate
at H/d = 0.6 and result in essential pushing effects on bridge girders, 

inducing significant swashing failure of girders and decreasing the pier 
fragility. In contrast, vertical loads substitute at larger H/d values and 
lead to pier collapses via extensive P-Δ effects. As a result, the fragility 
value follows a rise-decline trend in Fig. 7 (a3). Moreover, such result 
barely applies to 0.2 and 0.8 g because of different residual seismic 
damages.

For girder and bearing in Fig. 7(b1), (c1), their fragility is near zero 
at Sa = 0.2 g, showing limited impacts from weak earthquakes even 
followed by strong tsunamis. At higher seismic levels, fragility was 
found to initiate at lower H/d thresholds of 0.5 and 0.45 for girder and 
bearing, respectively. Again, pier fragility was essential in this case 
while few damages were observed for the linkage elements. Shear key 
fragility follows similar patterns, except for slight damage (LS1) that 
corresponds to 10.07-mm (yield) deformation. In addition, girder 
fragility at H/d = 0 remains zero until Sa = 1.4 g while bearing damage 

starts from 0.8 g (Fig. 7(b)), highlighting the influence of residual 
damages due to rising seismic levels. The tsunami fragility of linkage 
elements also shows prompt increases with enhanced seismicity, 
implying notable decline in bridge resistance due to prior earthquake. 
However, such fragility remains steady near the upper bound due to 
dominant pier failures, as implied in Fig. 7(a2). Fig. 7(b2) indicates an 
increasing girder fragility for severe damage compared to the decline for 
other states at H/d > 0.5, because the original damage of LS1~LS3 
progresses to severe levels. In contrast, the calculated fragility exhibits 
declined trends for both shear keys and bearings, implying the domi
nance of pier collapse failure modes due to P − Δ effects, as seen in (c2) 
and (d2). Due to the same reason, pier fragility undergoes significant 
growth across all prior seismic intensities, as seen in Fig. 7(a).

Therefore, pier elements in isolated bridges suffers significant 
fragility under both seismic and tsunami hazards. By contrast, isolation 
devices can effectively protect superstructures by sacrificing (shear 
keys) and plastic deformation (bearings), leading to the minimal 

Fig. 7. Statistic tsunami fragility of bridge components after different intensities of earthquakes (d = 8.5 m): (a) pier; (b) girder; (c) bearing; (d) shear key.
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fragility of girders subject to low-level initial earthquakes. However, it 
also develops with seismic magnitudes due to diminishing constraints 
from damaged isolated devices.

4.1.2. Fragility under multi-hazard actions
Building on the individual hazard fragility, the joint fragility under 

successive earthquake-tsunami impacts was evaluated for pier and 
girders. Herein, analysis was performed for three baseline parameters: 
water depth (d), relative wave height (H/d), and spectral values (Sa). 
Fig. 8 shows the joint fragility at a fixed water depth of 8.5 m. The pier 
fragility rises monotonically with H/d across all damage states 
(LS1~LS4). However, a decreasing trend with rising seismic intensity 
was observed at large H/d values for moderate to severe damage states, 
see (a2)-(a4), with slight-damage fragility maintaining steady at unity 
across most Sa-H/d ranges. Here, the slight-damage fragility increases 
steadily with Sa, as opposed to the severe-state fragility that decreases at 
higher Sa, again owing to the absence of shear key constraints after 
initial earthquakes.

Compared with piers, girders show lower fragility and smaller 
maximum value below 0.8 (Fig. 8(b)). An up-down trend with 
increasing H/d values is observed across all spectral values for slight to 
severe damage states, with the transition point (peak) occurring at H/ 
d = 0.45. In comparison, the development of girder fragility increases 
stably at lower Sa levels but then becomes inconsistent at higher seismic 
levels. While subjected to lower seismicity, girder fragility remains near 
zero despite tsunami magnitudes, which again underscores the role of 
significant seismic damages in escalating tsunami vulnerability. In 
addition, girder fragility also exhibits an up-down trend owing to the 
absence of shear key constraints.

Fig. 9 presents the joint fragility at a constant H/d of 0.35. In this 
case, pier fragility rises with Sa across all damage states except moderate 
(LS2), which declines at Sa = 1.8 g as the damage shifts toward slight 
state (LS1), see Fig. 9(a2). By contrast, extensive and severe states 
exhibit increased fragility due to shear key failure that prevents P − Δ 
effect development. At such H/d level, the development of pier fragility 
is similar across water depths, showing limited dependence on sub
mergence when the wave heights are relatively low.

By contrast, girder fragility (Fig. 9(b)) is zero for all states at Sa 
< 0.4 g, but then rises to 0.58 and 0.78 for severe (LS4) and slight (LS1) 
damages, respectively. This again confirms the limited influences of 
individual tsunami after weak ground shaking despite the water depth 
level. However, the fragility increases significantly at higher Sa due to 

shear key failures. Here, girder fragility also shows an up-down trend 
with water depth, again reflecting the shift from pier collapse to girder 
dislocation due to the increasing tsunami impact in horizontal direction. 
Note that girder fragility exhibits inconsistent development with water 
depths despite prior seismic levels, and this can be illustrated by the 
change in immersed state of bridge girders. In this context, the effective 
flow velocity causing impacts to girders increases from zero at lower 
water depths, but then decreases with water depths given specified H/ 
d values due to wave profiles. As a result, the severe-damage fragility of 
girders remains zero even at the maximum Sa, which coincides with the 
conditional fragility result in Fig. 7.

Seismic-tsunami fragility was also analyzed for the Sa baseline in
tensity, see Fig. 10. In this case, the slight-damage fragility of pier de
velops notably at low tsunami levels, underlining the strong influence of 
initial seismic damage. Other states increase gradually with both Sa and 
H/d, with merely slight changes observed for H/d. The fragility gener
ally rises with H/d and peaks around 0.45, again owing to bi-directional 
tsunami loads and P − Δ effects. Notably, the fragility remains relatively 
stable for each damage, implying that the influence of wave height 
surpasses that of depth. Similar to Fig. 9, the fragility remains compa
rable at lower H/d, while higher H/d level also introduces an up–down 
pattern with depth. The peak fragility at d = 6 m and H/d = 0.7 can be 
attributed to combined push-compressive forces on deformed piers that 
causes typical second-order effects, while d = 13.5 m exhibits reduced 
fragility due to merely dominant horizontal forces.

The girder fragility (Fig. 10(b)) shows minimal sensitivity to depth at 
low H/d, with only slight increases as H/d grows. Peak fragility occurs in 
shallow depths for large H/d, suggesting decreasing horizontal tsunami 
forces as water level arises. Comparing pier and girder fragility reveals 
that, the increasing depth tends to reduce girder fragility but enhance 
pier fragility, with the largest reduction at d = 6 m aligning with sig
nificant pier fragility growth, see subplot (a). Hence, the fragility 
pattern of isolated bridges differs from moment-resisting types that has 
consistent rising with both hazard levels [54]. This can be attributed to 
the limited force transfer from girders to piers, which depends on the 
strength of intermediate linkages.

The seismic-tsunami analysis again highlights the dominant fragility 
of pier compared to girders for the isolated bridge. Both girder and pier 
fragility exhibits higher sensitivity to spectrum and relative wave height 
levels but limited dependence on water depth. Further, isolated and 
second-order effects can critically shape the multi-hazard fragility 
pattern for isolated bridges.

Fig. 8. Statistic seismic-tsunami fragility of primary components (d = 8.5 m): (a) pier; (b) girder.
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4.2. Analytical component-level fragility

Following the statistical fragility analysis, analytical fragility was 
evaluated using vector-valued functions. Fig. 11–13 present the fragility 
of primary components under each baseline, with the first vector for
mula in Table 2 adopted and a fixed water depth at d = 8.5 m. The pier 
fragility rises with both Sa and H/d at the initial stage for all damage 
states, consistent with the statistical results in Fig. 8(a). Fragility value 
of 1.0 is observed at the upper bound for slight damage (Fig. 11(a1)), 
whereas only at Sa = 0 g for other states. This reflects that shear key 
failure prevents the tsunami load transferred to piers, which then leads 
to reduced P − Δ effects. A minor drop in slight-damage fragility occurs 
near Sa = 0.4 g due to absent shear key limitations, coinciding with the 
statistic results in Fig. 8(a1). For moderate damage, the fragility reaches 
unity at upper H/d at Sa = 0 g, but falls below unity at the coincident 
upper bounds. The major reason also lies in the reduced forces to piers 
after shear key failure, and similar pattern occurs also for extensive and 

severe damages (a3–a4).
As can be seen in Fig. 11(b), girder elements result in uniform 

fragility development. The fragility peaks near the coincident upper 
bound for all damages, indicating a direct contribution from both haz
ards. At lower Sa levels, fragility remains zero for all damages, sug
gesting again the limited influence of tsunami alone after minor 
earthquakes. Fragility at severe damage stays near zero across H/d while 
other states grow with Sa, implying the effect of initial seismic loading in 
amplifying tsunami damages, as seen in Fig. 11(b4). Comparing 
different Sa indicates that, the fragility sensitivity to H/d develops 
directly as Sa increases.

Given a fixed H/d value at 0.35, the pier fragility shows monotonical 
growth with Sa, with minimal variation observed across water depths 
(Fig. 12(a)). This again addresses the dominant influence of wave height 
compared to water depth. And the maximum fragility of each damage 
shows good alignment with statistical results. Here, girder fragility de
velops consistently with Sa for LS1~LS3 across depths, while the severe- 

Fig. 9. Statistic seismic-tsunami fragility of primary components (H/d = 0.35): (a) pier; (b) girder.

Fig. 10. Statistic seismic-tsunami fragility of primary components (Sa = 1.0 g): (a) pier; (b) girder.
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Fig. 11. Analytical seismic-tsunami fragility of primary components (d = 8.5 m, log-sum model): (a) pier; (b) girder.

Fig. 12. Analytical seismic-tsunami fragility of primary components (H/d = 0.35, log-sum model): (a) pier; (b) girder.

Fig. 13. Analytical seismic-tsunami fragility of primary components (Sa = 1.0 g, log-sum model): (a) pier; (b) girder.
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damage fragility varies notably with water depths as seismic level rises, 
mirroring the up-down pattern in Fig. 9(b4).

Fig. 13 further presents the fragility at fixed spectral level of 1.0 g. 
Herein, pier fragility exhibits steady increase with H/d across all states. 
Slight- and moderate-damage fragility remain above zero at the lowest 
tsunami level, indicating the notable influence of residential seismic 
damage. In contrast, extensive- and severe-damage fragility yields zero 
values in the same zone, aligning with the zero seismic fragility in Fig. 5
(a). The variation with water depth is also minimal for LS1~LS3 but 
becomes pronounced for LS4, see Fig. 13(a4). Note that the statistic 
fragility varies notably with depth in Fig. 10, but the log-sum fragility 
model fails to capture such dependence, though it performs well in 
modeling H/d influence. In comparison, the girder fragility under such 
seismic levels remains near zero at lower H/d levels for extensive (LS3) 
and severe (LS4) states. Slight- and moderate-damage fragility develops 
almost linearly with H/d, while the fragility value at extensive and se
vere states approaches nonlinear trends with strong water depth sensi
tivity, see (b3) and (b4). Comparing with statistic results suggest that 
vector-valued method tends to underestimates the peak fragility for 
spectral baselines.

The analytical fragility further confirms the coupled sensitivity of 
pier elements to seismic and tsunami intensities for isolated bridges, 
which mainly arises due to the tsunami loads in multiple directions. In 
this regard, the pier-linkage interaction alongside residual seismic 
damages can largely affect bridge responses under such sequential 
hazard actions.

4.3. Comparison of vector model effectiveness

To assess the effectiveness of different vector fragility models, their 
calculated results were compared in this section. To this regard, the 
contour plots at levels 0.2 and 0.8 were used, as seen in Figs. 14–16. For 
pier fragility estimation, the square-root model yields similar patterns 
for unified and non-unified formulas across damage states, indicating 
low sensitivity to their factor combination. In contrast, notable differ
ence appears between the log-sum and log-poly-1 models. The log-poly- 
2 model matches other models at the 0.2 contour but produces higher 
fragility at 0.8, especially for LS2 and above, as seen in (a1)-(a2). The 
log-sum model gives intermediate results, while log-poly-1 predicts the 
lowest fragility at slight damage for Sa < 0.5 g. Notably, LS3~LS4 

Fig. 14. Comparison of joint fragility from different vector-valued functions (d = 8.5 m): (a) pier; (b) girder.

Fig. 15. Comparison of joint fragility from different vector-valued functions (H/d = 0.35): (a) pier; (b) girder.
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contours differ markedly from lower states (LS1~LS2) in its pattern, with 
maximum values at Sa = 0 and minimum at large Sa values. This aligns 
with the unique up-down fragility surface in Fig. 11, reflecting the 
strong tsunami actions when shear key failure is avoided during first 
earthquakes. The difference between models narrows for LS3~LS4, 
though log-poly-2 prediction remains the highest at 0.8 level, see Fig. 14
(a3).

For girder elements, only the 0.2 contour level was shown as 
maximum fragility remains below 0.7 as per Fig. 8. In this case, the 
prediction shows similar development across models for LS1~LS3 states, 
see Fig. 14(b1)-(b3). The square-root model diverges at Sa = 1.5–2.0 g 
for extensive state, suggesting overestimation at higher seismic in
tensities. LS4 yields even greater disparity, where the log-poly-2 model 
gives the highest fragility, while the square-root model is lowest for Sa 
< 1.2 g. After that, the model distinction tends to decline with 
increasing spectral levels, showing their comparable capability under 
intensive ground motions. Therefore, log-poly-2 model is most conser
vative for a water depth (d) baseline, while square-root model yields the 
lowest values.

Fig. 15 indicates the contour result at fixed H/d = 0.35, in which 0.1 
and 0.2 levels were specifically utilized for LS4 state due to its limited 
fragility. It was found that square-root model again yields similar results 
despite unified factors. Limited model distinctions can be observed for 
LS1~LS3 states as opposed to LS4 state, in which square-root and log- 
poly-2 models produce fragility above 0.2 while others remain below. 
In addition, log-poly-1 model yields the highest fragility for LS1~LS3 
states, whereas square-root model dominants at LS4. The lowest fragility 
was found with log-sum model at the 0.2 level, but is then altered by the 
square- root model at 0.8, see (a1) and (a2). In this figure, the predicted 
LS1~LS3 fragility for girders also show minimal variation across models, 
but LS4 result reveals notable differences around Sa = 1.0 g, with log- 
poly-2 model yielding the lowest outcome while log-poly-1 and 
square-root models exhibit jumping increases at Sa = 1.3–1.5 g.

Fig. 16 compares fragility at fixed Sa = 0.5 and 1.0 g for piers and 
girders, respectively. In this case, model differences become more sig
nificant than Figs. 14 and 15. Log-poly-1 model gives the largest pre
diction for LS1 and LS2 states at 0.2 contour, while LS3 and LS4 results 
converge, as seen in (a3)-(a4). In this case, the log-sum model was found 
to produce the lowest fragility across all damage states, while log-poly-2 
model yields a curved fragility trend that differs from the linear devel
opment in other models. For girder fragility, log-poly-1 provides the 
highest LS1 prediction, while log-sum the lowest according to (b1). In 
contrast, the square-root model produces the lowest results for LS2~LS4 

states, while log-poly-2 yields the highest outcome for LS4, indicating a 
potential conservative prediction on bridge fragility.

On this basis, the model fitting capacity was evaluated using Akaike 
Information Criterion (AIC), with errors in Table 4 weighted by the 
damage state importance, taking 0.10, 0.15, 0.25, 0.50 for LS1~LS4 in 
the current research. Herein, only pier and girder elements were 
addressed owing to their crucial role in bridge performance. It should be 
mentioned that the importance factor is hypothesized here but could be 
determined by bridge significance and functionality, which are beyond 
the scope of the present work. The result shows that log-sum model gives 
the smallest error for all states except LS1, where log-poly-1 is lower. 
Weighted average errors (×105) are 2.44 for log-sum model and 1.97 for 
log-poly-1 model, while log-poly-2 and square-root are higher at 3.01 
and 3.24, respectively. For girder elements, log-sum model exhibits the 
lowest average error (0.31), with polynomial models higher (0.49 and 
1.29) and square-root highest (3.73). Errors for the square-root model 
are also identical for unified and non-unified cases, aligning with earlier 
contour analysis. It is then clear that vector-valued method can have 
different applicability to various bridge components.

Table 5 further compares weighted AIC values across vector-based 
models using weighted importance. Herein, the model complexity in
cludes both polynomial function and vector model. The pier prediction 
error after weighting drops to 1.72 but is again larger than log-poly-1 
model at 1.59. In contrast, the log-sum model error for girder in
creases slightly to 0.43, as compared to square-root model taking 4.73. 
This highlights an increased prediction error at lower damage level for 
bridge piers, and a reduced error subject to severe damages for girders. 
By averaging pier and girder results, log-sum model was found to induce 
the lowest AIC (1.07), followed closely by log-poly-2 model (1.12). Such 
findings further highlight the importance of selecting proper vector 
models for isolated bridges subjected to earthquake and tsunami loads. 
Among them the log-sum model provides balanced accuracy and sta
bility across hazard baselines.

4.4. Assessment on system-level performance

Based on component-level fragility, system-level fragility was 
calculated using the upper bound of the SOLM estimation according to 
Section 2.2, and the log-sum model was employed due to their least 
errors.

4.4.1. System-level fragility
Fig. 17 presents the statistical result at each hazard baseline as in 

Fig. 16. Comparison of joint fragility from different vector-valued functions: (a) pier (0.5 g); (b) girder (1.0 g).
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Figs. 14–16. For both d and H/d baselines, fragility value remains at zero 
at the coincident lower bound for all damage states, see subplots (a)-(b). 
In most cases, fragility increases steadily with both intensities but shows 

an up-down trend around H/d = 0.35, consistent with the girder 
fragility pattern in Fig. 9. Notably, the maximum system-level fragility 
reaches 1.0 while the component-level remains below, showing the 
contribution from various bridge components. As a result, severe- 
damage fragility approaches unity at the upper bound even when pier 
and girder fragility are far lower. This implies a significant failure 
probability of isolated bridge under such combined hazard impacts. At 
Sa = 0.5 g, fragility remains negligible at lower H/d for all water depths, 
showing again that tsunami alone have minimal impacts while without 
strong earthquakes occuring initially (Fig. 17(c)). Note that the 0.5-g 
ground motion intensity was used here to alter 1.0 g, as the latter 
fragility is near unity across all intensities.

Fig. 18 compares the statistical and analytical fragility in a system 
level. It can be found that, the fragility at lower seismic bound yields 
zero values for LS2~LS4 at small H/d values. Whereas, LS1 fragility 

Table 4 
Comparison of prediction errors from various vector-valued functions.

Component Function 
No.

Model errors (×105) Rank

Slight Moderate Extensive Severe Mean

Pier 1 5.86 1.42 1.24 1.22 2.44 2
2 3.40 1.77 1.47 1.24 1.97 1
3 2.55 7.75 0.97 0.76 3.01 3
4 2.65 2.79 3.22 4.32 3.24 4
5 2.65 2.79 3.22 4.32 3.24 4

Girder 1 0.11 0.20 0.30 0.62 0.31 1
2 0.29 0.30 0.38 0.97 0.49 2
3 0.26 0.27 0.35 4.29 1.29 3
4 2.24 2.79 3.44 6.46 3.73 4
5 2.24 2.79 3.44 6.46 3.73 4

Table 5 
Comparison of AIC outcomes from different vector-valued functions.

Vector-valued 
function

Model 
complexity

Model errors 
(×105)

AIC estimation 
(×105)

Rank

Pier Girder

Log-sum 7 1.72 0.43 1.07 1
Log-poly-1 9 1.59 0.65 1.12 2
Log-poly-2 12 2.04 2.30 2.16 3
Square-root-nounify 9 3.65 4.73 4.19 4
Square-root-unify 8 3.65 4.73 4.19 5

Fig. 17. Statistic seismic-tsunami fragility of bridge system: (a) d = 8.5 m; (b) H/d = 0.35; (c) Sa = 0.5 g.
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shows non-zero initial values due to notable shear key fragility to hor
izontal tsunami forces even at Sa = 0 g, see Fig. 18(a1). Note that this 
does not contradict Fig. 7, where marginal tsunami fragility remains 
zero before H/d = 0.45. This is because the marginal result only ac
counts for tsunami influence, while the joint fragility also includes 
complete prior seismic responses. Along the seismic intensity, LS1 and 
LS2 fragility exhibit a fall-rise trend (Fig. 18(a1), (a2)), while LS3 and 
LS4 follow an up-down-up pattern shown in (a3)-(a4). This aligns with 
the pier fragility trend in Fig. 11, also owing to the enhanced P − Δ ef
fects. In contrast, the sytem-level fragility increases monotonically with 
H/d for all states and spectrum levels, and this further underlines the 
dominant influence of wave height.

Analytical results at H/d = 0.35 show that fragility increases steadily 
with Sa, and then reaches unity even before the upper bound, see Fig. 18
(b). Nevertheless, the value remains stable across water depths, showing 
good agreement with the limited sensitivity to depth. The fragility value 
is larger than zero even at Sa = 0 g because of shear key damage con
tributions. The fragility directly rises with H/d for all depths, followed 
by a sharp increase near H/d = 0.45, and this aligns with the conditional 
pier results in Fig. 7(a). While fragility is nearly constant across depths 
for small H/d, depth effects become more evident when H/d value be
comes larger, as seen in Fig. 18(c3), (c4).

The comparison indicates a good agreement between statistical and 
analytical result under various hazard baselines. Under depth-based 
baseline, the component fragility aligns well with statistical results 
along both H/d and Sa. For H/d baselines, fragility rises quickly for slight 
damage but more gradually for severe damage, which is also consistent 
with statistic patterns. However, analytical predictions fail to capture 
the up-down trend with rising depth for moderate to severe states 
(Fig. 17(b2), (b4)). At specified Sa levels, analytical fragility can provide 
good prediction across damage states. Comparing the surface pattern of 
statistic and analytical methods, the log-sum model is suitable for esti
mating system-level fragility under Sa and H/d baselines but less 

effective for water-depth. Besides, this analysis also reveals that multi- 
component interactions tend to amplify overall bridge vulnerability. 
Further, the coupled hazard effects, along with component-level inter
dependence can largely affect the global performance of isolated 
bridges.

4.4.2. Damage ratio analysis
Additionally, the integrated influence of various damage states was 

examined using a damage ratio index, which is defined as the damage 
loss over construction cost, see Fig. 19. In this context, each damage 
state was designed with contribution to the integral damage of bridges, 
with truncated normal distribution to capture uncertainties. Following 
prior study on bridge loss assessment [55], the upper bound of truncated 
normal distribution was defined as 5 %, 15 %, 40 %, and 100 % for 
LS1~LS4 states, with lower found equal to 1 %, 2 %, 10 %, 30 %. The 
log-sum model results are adopted for fragility estimation, with the 
mean of each truncated model to reflect an expectation-level conse
quence. Therefore, the calculated damage ratio value must remain 
below unity across both hazard magnitudes.

The result in Fig. 19(a) shows that, damage ratio increases consis
tently with H/d, with higher initial value observed at H/d = 0 for larger 
Sa values. Given higher H/d levels (Fig. 19(a)), the damage ratio exhibits 
a down-up trend with Sa, aligning well with the system-level fragility in 
Fig. 18. Fig. 19(b) reveals that the damage ratio rises with Sa but shows 
negligible variation with depth at H/d = 0.35. Besides, the results at Sa 
= 0.5 g indicates a proportional ratio growth with H/d, with significant 
variation observed for H/d > 0.45, see Fig. 19(c). Notably, the initial 
values above zero again highlight the role of prior damage due to ground 
shakings. The maximum damage ratio is about 0.65 for all baselines, 
which exactly corresponds to the mean damage ratio of LS4 state. This 
highlights the dominating effects of severe damage at the upper bound 
intensity, compared to the limited contribution from low-level damage 
states. Hence, both relative wave height (H/d) and spectrum level (Sa) 

Fig. 18. Analytical seismic-tsunami fragility of bridge system (function I): (a) d = 8.5 m; (b) H/d = 0.35; (c) Sa = 0.5 g.
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can largely affect damage ratios, leading to consistent increases with 
each hazard intensity and peaks over their upper bounds. In contrast, 
water depth exhibits little contributions under lower H/d, regardless of 
prior seismic intensities.

5. Conclusion

In this study, the performance of isolated bridges under earthquake 
and tsunami hazards was assessed via a fragility-based framework. 
Multi-hazard intensities were defined according to physical mecha
nisms, with a single measure adopted for earthquake and bi-variates 
measures for tsunamis. Analytical fragility was assessed via various 
vector-valued models, with system-level fragility derived from SOLM 
approach. Further, damage ratios were estimated to yield quantitative 
description of hazard consequences.

The primary contributions and findings of this study are summarized 
as follows: 

(1) Isolated bridge has distinct seismic fragility from integral bridges 
due to the strength of linkage elements relative to piers. Pier 
fragility increases before extremely large seismic magnitudes 
while girder fragility develops inconsistently with seismic levels.

(2) The seismic-tsunami fragility of piers grows directly with relative 
wave heights, but decreases with seismic intensity under higher 
H/d levels, while girder fragility yields an up-down development 
with both hazard intensities.

(3) Log-sum model yields the best fitting capability, with square-root 
model the worst. Vector-valued method can estimate the fragility 
of major bridge components but tends to underestimates for H/ 
d baselines.

(4) Spectrum acceleration and relative wave height have dominant 
influences on isolated bridge fragility, as opposed to the limited 
impact from water depths.

(5) Log-sum fragility function can be further employed for the risk 
assessment of isolated bridge under sequential seismic-tsunami 
actions.

Limitations and prospects

(1) This study only considered structural uncertainty in geometry 
and strength. Further research is demanded with respect to 
random tsunami forces.

(2) The current work only adopts a single design for linkage element. 
A parametric study with different linkage designs is vital to 
evaluate their influences.

(3) Vector-valued function has limited accuracy in estimating 
system-level fragility. Alternative methods such as generalized 
linear estimation (GLE) merit investigation in the future.

(4) Weight factors for AIC evaluation are assumed in this study. 
Further studies should refine these factors by considering their 
contribution to global bridge functionality.
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