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Abstract 

This study characterizes the influence of long-duration ground motion on seismic demands and fragility performance of 

extended pile-shaft-supported bridges in liquefied and laterally spreading ground. To isolate the impact of amplitude 

and frequency content properties of ground motions, 91 pairs of spectrally equivalent long- and short-duration ground 

motion records are adopted in this study. An experimentally validated soil-pile-bridge coupled finite element model 

accounting for multiple sources of uncertainties in structural and geotechnical parameters is developed to perform a 

series of nonlinear dynamic analyses under the adopted long- and short-duration ground motions. Seismic demand 

parameters including soil lateral spreading displacement, peak bearing deformation, pile curvature, peak and residual 

column drifts are examined. Results indicate that long-duration ground motions do not bring detrimental effects to the 

estimates of peak bearing deformation; bridges designed under short-duration ground motions generally lead to 

conservative bearing deformation estimates under the spectrally equivalent long-duration counterparts. However, long-

duration motions do brings detrimental effects to the estimates of pile curvature and column drifts by amplifying the 

demands as large as 2~6 times to short-duration motions. Such influence should be carefully considered in the seismic 

design of bridges.  
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1. Introduction 

Long-duration ground motions have been recorded in recent strong earthquakes such as the 2008 Wenchuan 

Earthquake and 2011 Tohoku Earthquake. A long-duration ground motion can be technically characterized 

by its significant duration (Ds5-75, the interval between 5% and 75% of the total Arias intensity [1]) greater 

than a threshold. Although consensus has not been reached, a threshold of 25 s is commonly used in recent 

studies (e.g., [2,3]) to classify a ground motion as the long- or short-duration one. Intensive research efforts 

have been made to characterize the influence of ground motion duration on structural damage since 1980s, as 

critically reviewed and summarized by Hancock and Bommer [4] in 2006. They concluded that the influence 

is dependent to damage measures employed, i.e., duration almost does not affect peak response measures 

while it does affect cumulative damage measures. It is worth noting that ground motions or loading protocols 

used in the studies as reviewed by Hancock and Bommer [4] did not well isolate the influence of amplitude 

and frequency content of ground motions. In this regard, later on some researchers modified spectral contents 

of recorded short- and long-duration ground motions [5–7] or created stochastically simulated accelerograms 

[8] to have similar amplitude and frequency contents but different duration properties. To further reserve the 

characteristics of recorded ground motions that lead to reasonable structural responses as far as possible, 

Chandramohan et al. [2] set up spectrally matched (in an equivalent level) short- and long-duration record 

sets with unmodified spectral contents. Owing to the availability of these comparable motion sets as well as 

the development of experimental and numerical modeling techniques, a number of studies using probabilistic 

and deterministic analyses are performed on single degree-of-freedom models and building structures (e.g., 

[9–11], among others), but relatively few on bridges [12]. These studies mostly claimed that duration can 

influence not only cumulative damage measures such as collapse risk but also peak response measures such 

as column drift due to the consideration of strength and stiffness deterioration, geometric nonlinearity and P-

Δ effect in structural modeling. It should be noted that these studies practically ignored soil-foundation-

structure interaction. 

 Earthquake-induced soil liquefaction and concomitant lateral spreading has been witnessed a serious 

natural hazard that causes a great deal of damage to bridges in the past few decades [13]. Such damage is 

often too complex to be well predicted in current structural design practice due to complex soil-foundation-

structure interaction, high levels of uncertainties in ground motion characteristics (e.g., amplitude, frequency 

content, and duration) and variabilities in structural and soil properties. It has been widely recognized the 

potential for trigging liquefaction and damaging lateral spreading is highly related to the duration properties 

of motions [14]. However, rare studies examined the effect of ground motion duration on the performance of 

bridges in liquefied and laterally spreading ground. There is only one directly related study by Khosravifar 

and Nasr [15], who compared moment-curvature demands of a specific bridge pile-shaft in a specific lateral 

spreading prone site under one pair of spectrally matched short- and long-duration motions, and reported that 

inelastic demands are amplified in the long-duration counterpart. Apparently, more studies accounting for the 

high levels of uncertainties in soil and structural as well as ground motions are required to reduce the gap on 

this topic, which motivates the current study. 

 This study aims to identify the influence of duration on seismic fragility of bridges in liquefiable and 

laterally spreading ground. A coupled soil-pile-bridge finite element (FE) model is built in OpenSees [16] 

considering multiple sources of uncertainties in structural and geotechnical materials, profiles and geometrics. 

91 pairs of spectrally equivalent short- and long-duration ground motion records are adopted as seismic input 

to isolate the influence of amplitude and frequency content. 

2. Soil-Bridge Modeling and Ground Motions 

2.1 Study object and FE modeling 

The study object is a portfolio of multi-span girder bridges with multiple bents individually supported by an 

extended pile-shaft with fairly uniform distribution of strength and stiffness. The pile-shafts are embedded 

into similar gently sloping ground consisting of a clay crust layer overlying a liquefiable loose sand layer and 
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a dense sand layer that can trigger lateral spreading hazard under earthquakes. In this regard, the study object 

is simply represented by a single bent, as shown in Fig.1(a).  

A coupled soil-pile-bridge FE model is built in OpenSees [16], as illustrated in Fig.1(b). Four-node-

quad elements with PDMY material are adopted to represent sand, while PIMY material is used for the clay 

crust. In light of Wang et al. [17], a soft interlayer element with a lower value of reference shear modulus 

Grsoft = 85 kPa and a thickness hw = 0.5 m is built to mimic the shear localization phenomenon that is often 

observed between the liquefied loose sand layer and the clay crust in gently sloping ground [18]. Reinforced 

concrete pile-shafts are represented by displacement-based beam-column elements with fiber sections shown 

in Fig.1(b). Concrete and rebars are simulated using Concrete04 (Fig.1(c)) and Steel02 models (Fig.1(d)), 

respectively. Soil-pile-interaction is modeled using zero-length elements with PySimple1 (horizontal) and 

TzSimple1 (vertical) materials for the clay crust while PyLiq1 and TzLiq1 materials for the sand layers, 

which account for the influence of liquefaction. QzSimple1 material is used for the vertical resistance at the 

pile tip. The deck is represented by a lumped mass and linked to the top of the extended pile-shaft through a 

zero-length element with bilinear force-deformation relationship to simulate commonly used elastic rubber 

bearings [19] (Fig.1(e)). It should be noted that this simplified soil-structure coupled modeling technique has 

been validated by the authors [17,20] using three different centrifuge tests in literature and has been applied 

in several former studies [21,22]. 

 
Fig.1 – Schematic illustration of soil-bridge finite element modeling 

2.2 Modeling uncertainty consideration 

Multiple sources of uncertainties including structural and geotechnical materials, profiles and geometrics are 

considered in the above-described FE models (Fig.1). Table 1 lists the considered 16 parameters and their 

descriptions, distribution models and associated means and coefficients of variance (COV) as well as the 

sources of references. It should be noted that due to the lack of solid evidence, the angle of gently sloping 

ground is assumed to follow a uniform distribution with lower and upper boundaries of 0 and 8 degrees, 

respectively. 

 Latin hypercube sampling is applied to randomly create 91 cases and randomly paired to the selected 

91 ground motion records as described later. 
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Table 1 – Uncertainty consideration of structural and geotechnical parameters 

Category 

Parameter 

(Unit) Description Distribution Mean 

COV 

(%) Reference 

Structural 

fc (MPa) Concrete cover compressive strength Lognormal 34 18 [23] 

εc (/) Concrete cover strain at the strength Lognormal 0.002 20 [24] 

εcu (/) Concrete cover ultimate strain Lognormal 0.005 20 [24] 

fy (MPa) Rebar yield strength Lognormal 400 5 [25] 

Es (GPa) Rebar elastic modulus Lognormal 200 3.3 [24] 

bs (/) Rebar post-yield hardening ratio Lognormal 0.01 20 [24] 

D (m) Column diameter Normal 2 10 [20] 

L (m) Column height Normal 6.5 26 [26] 

α Column axial load ratio Normal 0.06 12 [26] 

ρl (%) Longitudinal reinforcement ratio Normal 1.5 27 [26] 

ρs (%) Transverse reinforcement ratio Normal 0.5 42 [26] 

Geotechnical 

Su (kPa) Clay undrained shear strength Lognormal 55 32 [27] 

Dr (%) Liquefiable sand relative density Normal 37 19 [27] 

H1 (m) Depth at bottom of clay layer Lognormal 3.1 56 [28] 

H2 (m) Depth at bottom of liquefiable layer Lognormal 5.2 30 [28] 

θ (Degree) Ground slope angle Uniform 0† 8‡ / 
† Lower boundary for uniform distribution;  
‡ Upper boundary for uniform distribution. 

2.3 Adopted long- and short-duration ground motion records  

Ninety one (91) pairs of spectrally equivalent short- and long-duration accelerograms from Chandramohan et 

al. [2] are adopted in this study as input at the bottom of the soil. Fig.2 compares their acceleration spectra 

and associated mean and 16th/84th percentile. Apparently, they are well matched across periods of interest (0 

~ 6 s), indicating equivalent amplitude and frequency content but different duration.  

 
Fig.2 – Acceleration spectra and their median and dispersion (16th and 84th percentile) characteristics of 

adopted spectrally equivalent (a) long-, (b) short-duration motion sets, and (c) their comparison 

Moreover, Fig.3 depicts an example of short- and long-duration accelerograms recorded during 2008 

Wenchuan and 2004 Niigata earthquakes, respectively. Comparisons of acceleration spectra in ordinary and 

lognormal spaces (Figs.3(b) and (c)) verify their equivalence in both amplitude and frequency content. 
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Fig.3 – An example of spectrally equivalent short- and long-duration ground motion pair: (a) long-, (b) 

short-duration motion time histories, and their acceleration spectra in (c) ordinary and (d) logarithm spaces 

Furthermore, Fig.4 compares intensity measure (IM) properties of the short- and long-duration motion 

sets. The assessed IMs include peak ground acceleration (PGA), peak ground velocity (PGV), modified 

cumulative absolute velocity (CAV5) [29], Housner spectrum intensity (HI) [30], and spectral acceleration at 

2.0 s (Sa20). These IMs, except for PGA, were found to be correlated well with seismic demands of bridges in 

liquefied and laterally spreading ground [31]. From Fig.4, it can be seen that the short-duration set generally 

has slightly larger PGA and PGV values as compared to the long-duration set. By contrast, the long-duration 

set exhibits dominantly lager CAV5 value due to its overwhelmingly greater significant duration (Ds5-75). 

Since CAV5 has been proved to be an optimal indicator for soil liquefaction [29], it is reasonable to infer that 

the long-duration motion set can trigger a higher level of liquefaction. In addition, the other two spectrum-

based IMs (HI and Sa20) are almost the same between the short- and long-duration sets, as expected. 

 
Fig.4 – Comparison of intensity measures of the adopted spectrally equivalent short- and long-duration 

ground motion sets: (a) PGA, (b) PGV, (c) CAV5, (d) HI, (e) Sa20 

3. Typical Results of Dynamic Analyses: Long- versus Short-Duration Motions 

To provide an overall insight of the influence of long-duration motions on the seismic demands of bridges in 

laterally spreading ground, Fig.5 compares the soil and structural demands between two motion sets. These 

demand parameters can generally characterize seismic damage to the studied bridges [21]. It is seen that the  

 
Fig.5 – Comparison of different engineering demand parameters under long- and short-duration motion 

sets: (a) peak soil lateral spreading displacement, (b) peak bearing deformation, (c) pile-shaft curvature, (d) 

peak column drift ratio, and (e) residual column drift ratio  
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Fig.6 – An example of seismic responses under a pair of long- and short-duration motion sets: time history 

responses under (a) long- and (b) short-duration motion, (c) envelope distribution, and (d) bearing and soil 

spring force-displacement responses and section moment-curvature relationship 
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long-duration set triggers significantly greater lateral spreading displacement, as large as nearly 5 times, as 

compared to the short-duration counterpart (Fig.5(a)), because of the higher level of liquefaction that leads to 

the larger lateral spreading displacement. Such significant soil displacement demands inevitably impose 

noted kinematic forces on the pile-shaft. Therefore, seismic demand tendencies under the long-duration set 

are witnessed as great as nearly 4, 2, and 6 times for pile curvature, peak column drift, and residual column 

drift, respectively, as compared to those under the short-duration set (Figs.5(c) to (e)). However, peak 

bearing deformation does not show a larger tendency (Fig.5(b)); rather it shows a slightly smaller tendency 

under the long-duration set. This may be partially because the peak bearing deformation is independent on 

the ground lateral spreading but relevant to PGA of ground motions where the short-duration set contains a 

bit larger PGA values than the long-duration set as previously shown in Fig.4(a). Overall, long-duration 

motions tend to amplify the soil lateral spreading displacement, pile curvature and column drift, but have less 

influence on the bearing deformation. 

 Fig. 6 depicts an example of seismic responses under a pair of long- and short-duration motion records 

(1985 Valparaiso and 1994 Northridge earthquakes, respectively). Ground motion and response properties 

are marked in Figs.4 and 5 using black circles. From the time history results in Figs.6(a) and (b), a higher 

level of liquefaction (represented by excess pore pressure ratio, ru) is observed across both excitation time 

and soil depth under the long-duration set, which consequently leads to larger responses in soil displacement, 

column drift and pile curvature. However, the bearing deformation demand is quite close even the long-

duration motion has a notedly greater PGA value (approximately 1.3 times as illustrated in Fig.4(a)). This 

may be attributed to the more severe damage to the pile-shaft under the long-duration motion that elongates 

the vibration period of the bridge and thereby reduce the seismic load imposed on the bearing. From Fig.6(c), 

the envelope of ru response across the depth is obviously aggravated under the long-duration motion, leading 

to a larger lateral displacement of the clay crust and thereby triggering a greater column deflection and pile 

curvature nonlinearity. These results can be further observed from Fig.6(d) in terms of component force-

displacement responses and section moment-curvature relationship at the depth-to-maximum-curvature. 

4. Fragility Assessment: Long- versus Short-Duration Motions 

4.1 Fragility analysis methodology 

Fragility analysis is a critical component for performance-based risk assessment [32], which describes the 

conditional probability that the demand (D) of a structure meet or exceed its capacity (C) at a specific level 

of damage state under a given ground motion IM, as commonly expressed by: 
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where Φ(●) is the standard normal cumulative distribution function, SD and SC are median values of the 

demand and capacity, respectively, βD and βC are logarithmic standard deviations of the demand and 

capacity, respectively. The demand can be estimated by probabilistic seismic demand model using Cloud 

method [33]: 

 
b

DS a IM   (2) 

where a and b are regression parameters. The dispersion of the demand model can be estimated by Eq.(3). 
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where di is the ith realization of the demands obtained from the time history analyses and N is the number of 

the analyses (N = 91 in this study). It is acknowledged that the selection of IM can significantly affect the 

accuracy of demand estimate and therefore an optimal IM is paramount for fragility analysis. In this study, 

Sa20 is adopted based on the authors’ former study [31] as well as the fact that the short- and long-duration 

motion sets have equivalent Sa20 values (Fig.4(e)). 
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 The capacity estimates (i.e., limit states) indicate the level at which structural components resist the 

demands exerted on the bridge. Based on expert judgment and experimental observations in literature, Table 

2 lists threshold median values and their logarithmic dispersions of four limit states (i.e., slight, moderate, 

severe, and complete) for the studied engineering demand parameters, including peak bearing deformation, 

pile curvature, and peak and residual column drifts. 

Table 2 – Median (SC) and logarithmic dispersion (βC) properties of considered four damage limit states 

EDP Slight Moderate Severe Complete  

(Unit) SC βC SC βC SC βC SC βC Reference 

Peak bearing defo. (cm) 7.50 0.79 11.25 0.68 15 0.73 18.75 0.66 [19,34] 

Pile curvature (1/mm) 1.88 0.11 16.07 0.26 31.16 0.32 44.96 0.33 † 

Peak column drift (%) 1.45 0.10 2.60 0.20 4.30 0.29 6.90 0.29 [35] 

Residual column drift (%) 0.25 0.25 0.75 0.25 1.00 0.46 1.50 0.46 [36] 
† Derived from section moment-curvature analyses considering structural uncertainties. The slight state refers 

to rebar first-yielding, the moderate state means concrete cover crushing, the severe state represents strain at 

concrete core reaches two thirds of its crushing strain, and the complete state indicates the core crushing. 

4.2 Fragility results and discussion 

Based on the fragility analysis methodology described above, fragility curves can be derived. Fig.7 compares 

structural fragility under the long- and short-duration motion sets in terms of different engineering demand 

parameters at different limit states. From Fig.7(a), the long-duration motion set leads to larger probability of 

exceedance for peak bearing deformation as compared to the short-duration counterpart across all four limit 

states. This result follows the above finding that the bearing deformation demands tend to be lower under 

long-duration ground motions. This result also indicates that bridges designed under short-duration ground 

motions generally leads to conservative results under spectrally matched long-duration ground motions. As 

for pile curvature, column peak and residual drifts, apparently larger damage probabilities are observed at all 

studied limit states, implying that the long-duration motions generally bring adverse effects and should be 

considered in the seismic design of bridge. 

 
Fig.7 – Comparison of fragility curves under long- and short-duration motions for different bridge 

components: (a) peak bearing deformation, (b) pile-shaft curvature, (c) peak column drift ratio, and (d) 

residual column drift ratio  

5. Conclusions 

This paper identifies the influence of ground motion duration on seismic demands and fragility of extended 

pile-shaft-supported bridges in liquefied and laterally spreading ground leveraging spectrally matched short- 

and long-duration ground motion records. Various geotechnical and structural demand parameters, including 

soil displacement, peak bearing deformation, pile curvature, and peak and residual column drifts, under the 

short- and long-duration motion sets are compared to reach the following main conclusions. 
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1) Long-duration ground motions significantly aggravate the level of liquefaction across both time and soil 

depth, leading to significant amplitudes of soil lateral spreading displacement as great as approximately 

5 times to that under short-duration ground motions. 

2) Regarding peak bearing deformation, bridges designed under short-duration ground motions generally 

leads to conservative results under spectrally matched long-duration counterparts. Thus, for 

convenience, the effect of duration can be ignored for estimates of bearing deformation. 

3) For pile curvature and column drift, long-duration motions generally bring adverse effects to amplitude 

the demands as large as 2~6 times to short-duration motions. Such influence should be considered in the 

seismic design of bridges for these demand parameters. 
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