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1. Introduction

The worldwide seismic design codes and seismic structural analysis pro-
cedures commonly use the peak ground acceleration (PGA) or spectral
acceleration (S,) as the seismic intensity measures (IMs). Also, these IMs are
widely employed for the seismic fragility assessment of infrastructures (Lee
& Nguyen, 2018; Nguyen & Lee, 2018; Tran et al., 2021). However, many
studies demonstrated that PGA or S, may not always be the best options for
the seismic design and fragility analyses of structures (Cao & Ronagh, 2014;
Elenas & Meskouris, 2001; Ghayoomi & Dashti, 2015; Massumi &
Gholami, 2016; Nguyen, Thusa et al., 2020; Nguyen, Azad et al., 2020).
Numerous studies were conducted to evaluate the interrelation between
seismic IMs and seismic responses of buildings (Cao & Ronagh, 2014,
Elenas, 2000; Elenas & Meskouris, 2001; Kostinakis et al., 2015; Massumi &
Gholami, 2016; Pejovic et al., 2017), tunnels (Chen & Wei, 2013; Nguyen
et al,, 2019), on-ground liquid storage tanks (Phan & Paolacci, 2016),
pipelines (Shakib & Jahangiri, 2016), and nuclear power plant structures
(Nguyen, Thusa et al., 2020; Nguyen, Azad et al., 2020), and chimneys
(Qiu et al., 2020).

The correlation between seismic IMs and damage of bridges was carried
out intensively. Padgett et al. (2008) evaluated optimal IMs for generating
probabilistic seismic demand models for bridge portfolios through a multi-
span simply supported steel girder bridge. Considering synthetic and recorded
ground motions, they concluded that PGA and S (T}) are the most optimal
tor the synthetic motions, while cumulative absolute velocity (CAV) is the

Multi-Hazard Vulnerability and Resilience Building
ISBN 978-0-323-95682-6 © 2023 Elsevier Inc.
https://dot.org/10.1016/B978-0-323-95682-6.00004-8 All rights reserved. 221



222 Multi-Hazard Vulnerability and Resilience Building

most reliable for using recorded motions. Zhang et al. (2015) investigated the
correlation between seismic IMs of far-fault motions and the damage of a
cable-stayed bridge with a single pylon in China. The best correlated IMs
exhibited were velocity spectral intensity (VSI), S,(T1), and HI.
Jahangiri et al. (2018) pointed out that root mean square of acceleration
(Ajs) 18 the optimal IM for seismic response assessment of plain concrete arch
bridges. In the study of Zelaschi et al. (2019), considering a set of Italian RC
bridges and using 30 ground motions scaled to the conditional spectrum, they
pointed out that the Fajfar index (I,), PGV, and S, are the optimal IMs. Avsar
and Ozdemir (2013) highlighted that accelerated-related IMs are not well
correlated with the response of seismic-isolated bridges. Additionally, the
period-dependent IMs, such as VSI, HI, modified acceleration spectrum
intensity (MASI), and S, are strongly correlated with the maximum isolator
displacement of seismic-isolated bridges for ordinary records, whereas PGV
and modified velocity spectrum intensity (MVSI) are strongly correlated IMs
for pulse like ground motions. Recently, Wei et al. (2020) evaluated optimal
earthquake IMs for fragility analysis of a multipylon cable-stayed bridge with
super high piers.

Numerous studies on seismic performances of skewed bridges were
implemented (Abdel-Mohti & Pekcan, 2008, 2013; Bayat & Daneshjoo,
2015; Chen & Chen, 2016; Kawashima & Tirasit, 2008; Kun et al., 2018;
Wang et al., 2020; Wilson et al., 2014, 2015; Zakeri et al., 2015). However,
studies on the correlation between earthquake IMs and seismic responses of
skewed bridges have been very limited so far. The purpose of this study is to
develop probabilistic seismic demand models of 20 earthquake IMs and
seismic responses of a skewed RC bridge. For that, a set of 90 ground
motion records, which contain a wide range of amplitudes, magnitudes,
epicentral distances, significant durations, and predominant periods, are
used to perform nonlinear time-history analyses. Based on the probabilistic
seismic demand model, the etficient IMs for seismic responses of the bridge
are identified Fig. 15.1.

2. Skewed bridge configuration

The studied bridge includes 11 spans with the RC slab and 10 R C circular
triple-column bents. The length of all spans is 14.5 m, and the total length
of the bridge is 159.5 m. The height ot columns is varied from 4.0 to 6.0 m.
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Figure 15.1 Configurations of the skewed bridge.

The brnidge is skewed with an angle of 60°, as shown in Fig. 15.2. The
detailed dimensions of the girders, pier columns, and the bent cap are also
shown in Fig. 15.2. For the foundation of bridge bents, 12 bored piles
(D = 0.4 m) arranged in a double-row are connected with the pile-cap the
dimensions of which are height, width, and length are 0.9, 2.5, and 10 m,
respectively. The length of piles is reduced trom 22 m (at the bent P1) to
10 m (at the bent P10). The piles are mostly embedded into sand, gravel-
sand, amber gravel, weathered rock, and soft rock layers.

10 800
600 .
E 0 I I I @ 400 -r\
200 1
[a )
\E/ -10 1 é 0 T T T T
g % -200
@ -20 1 & 400
-600 .
-30 -800
-0.008 -0.006 -0.004 -0.002 0  0.002 015 0.1 -005 0 005 01 0.15
Strain Strain

Figure 15.2 Material models for concrete and reinforcement.
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3. Numerical modeling

The numerical model of the bridge 1s developed using SAP2000, the finite
element analysis program (CSI, 2015). The bridge slab is modeled using a
series of elastic shell elements. Meanwhile, the bridge piers are modeled as
nonlinear beam-column elements. For that, the model proposed by
Mander et al. (1988) 1s adopted for nonlinear concrete material, while the
reinforcement material model presented in Park and Pauley (1975) is
applied tfor reinforcing bars. Fig. 15.2 shows the stress-strain curves of the
concrete and steel models. The moment-curvature relationship of bridge
piers is illustrated in Fig. 15.3. Moreover, to consider soil-structure inter-
action, the piles are also modeled in terms of elastic beam elements, in
which the linear soil springs are attached to the pile element nodes. It
should be noted that the foundations of the selected bridge are mostly
embedded in the dense sand and weathered-rock layers. The 3D finite
element modeling of the bridge in SAP2000 and modal analysis results are
shown in Figs. 15.4 and 15.5, respectively.
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Figure 15.3 Moment-curvature relationship of bridge piers.

Figure 15.4 3D finite element model of the skewed bridge.
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Figure 15.5 Eigenvalue analysis results.

4. Earthquake intensity measure and ground motions
4.1 Intensity measures

Earthquake intensity measures (IMs) are fundamental for describing the
important characteristics of ground motion in a quantitative manner. Many
IMs have been proposed to characterize the amplitude, frequency content,
and duration of motions (Kramer, 1996). To obtain the seismic IMs, a
direct evaluation from earthquake accelerograms and a calculation by the
software can be implemented. This study accounts for 20 common ground
motion IMs and these parameters are calculated for every motion record
using the SeismoSignal program (SeismoSignal, 2017). The used IMs and
their definitions are presented in Table 15.1.

4.2 Ground motions

In this study, 90 ground motion records provided by the PEER center
database (PEER, 2019) are selected for time-history analyses. A wide range
of earthquake amplitudes, magnitudes, epicentral distances, significant du-
rations, predominant periods are considered in used ground motions. The
ranges of those parameters are as follows.

* 0.093g < PGA < 1.585¢

+ 0.25 <PGA/PGV < 3.294
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Table 15.1 Earthquake intensity measures.

Earthquake

No. parameter Definition Unit Reference

1 Peak ground PGA = max |a(t)| g —
acceleration

2 Peak ground PGV = max |v(t)| m/s —
velocity

3 Peak ground PGD = max |d(t)| m —
displacement

4 Root mean Ay = ;—, Ot'“’ a(t)zdt g Dobry
square of et al.
acceleration (1978)

5 Root mean Vs = rtl_, U””’ V(l)zdt m/s Kramer
square of velocity (1996)

6 Root mean D,,, = ’/t}j (:'" d(t)zdt m Kramer
square of (1996)
displacement

7 Arias intensity I, = i U{"” a(t)*dt m/s Arias

(1970)

8 Characteristic I = (Am)yz\/ﬂ m'”/ | Park et al.
intensity §*2 (1985)

9 Specitic energy SED = (f'” V(I)Zdt m’/s | —
density

10 | Cumulative CAV = [["|a(t)|dt m/s | Benjamin
absolute velocity (1988)

11 | Acceleration ASI o*s Thun et al.
spectrum intensity | = (?15 S.(& =0.05, T)dT (1988)

12 | Velocity spectrum | VSI . m Thun et al.
intensity = Jo1 So(§ =0.05, T)dT (1988)

13 Housner HI m Housner
spectrum intensity | = 02_'15 PS,(§ =0.05, T)dT (1952)

14 | Sustained SMA = the 3rd of PGA g Nouttli
maximum (1979)
acceleration

15 | Sustained SMV = the 3rd of PGV m/s Nuttli
maximum (1979)
velocity 0.1-05 (£_() 5

16 | Effective peak EPA = (S 2.5(5_0'03)) g Benjamin
acceleration (1988)
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Table 15.1 Earthquake intensity measures.—cont'd

Earthquake
No. parameter Definition Unit Reference
17 | Spectral S.(Ty) g Shome
acceleration at T, et al.
(1988)
18 | Spectral velocity S, (1Y) m/s -
at Ty
19 | Spectral Sa(Tv) m -
displacement at
T
20 A95 parameter Aogs = ().764-1{?‘438 g Sarma and
Yang
(1987)
e 50<M,<738

0.07Km <R, <89.76 Km

2.79 s < Ds 95 < 60.77 s

0.04s <T,<124s

The response spectra of ground motions are shown in Fig. 15.6. It

should be noted that the mean spectrum of the input motions falls between
the spectra of site class A and class B according to Eurocode 8 (EC-8, 2005).
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Figure 15.6 Response spectra of ground motions.
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5. Probabilistic seismic demand model

A probabilistic seismic demand model (PSDM), which contains the rela-
tionship between structural demand and an earthquake IM, needs to be
appropriately established in the probabilistic performance-based seismic
design (Pejovic et al., 2017). The most common expression of the rela-

tionship between seismic demand and earthquake IMs is the power form in
Eq. (15.1) (Cornell et al., 2002; Jahangiri et al., 2018; Padgett et al., 2008).

Sp=ax (IM)" (15.1)

where Sp 1s the median value of structural demand; a and b are the regres-
sion coefticients. This equation can be rewritten in forms of linear regres-
sion as follows:

n(Sp) = In(a) + b x In(IM) (15.2)

The conditional failure probability that the structural demand (D) ex-
ceeds its capacity for a given IM in the fragility analysis can be expressed as
P, = P[D > d|IM] (15.3)

where d is the specified value, normally it is based on the structural capacity.

Assuming that the structural demand and capacity follow lognormal distri-
butions, Eq. (15.3) can be rewritten as

PID>d|IM]=1 — @{ (15.4)

In(d) — ln(SD)}

O p|iM

where ®[-] is the standard normal function and o 1s the logarithmic
standard deviation.

6. Efficiency assessment of bridge response with
various IMs

Ground motions are horizontally imposed on the bridge model in the
transversal direction (Y-axis). EDP of the bridge is measured in terms of the
maximum horizontal displacement of the piers. Then, PSDMs of the bridge
are developed for all considered IMs and EDP. The efficiency of IMs is
evaluated using statistical indicators of the PSDM, which are the coefficient
of determination (RZ), correlation coefficient, and dispersion (i.e., standard
deviation). The higher the R” and correlation coefficient the more
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correlated and efficient IM is. If the standard deviation is lower, the

considered IM is more efficient.
Fig. 15.7 shows the scatterings of EDP of the bridge pier P5 in
Y-direction with respect to different IMs. It should be noted that the results
of all piers are obtained, and a similar trend is observed. Thus, results of a

typical pier (i.e., P5) are presented herein for the sake of space. It can be
found in Fig. 15.7 that IMs with the largest RZ of PSDM are S.(Ty), S,(Ty),
S4(T4), ASI, EPA, and PGA. The correlation coefficients and standard
deviations of the scatterings for bridge piers with various IMs are shown in

Fig. 15.8. It 1s also
SV(Tl)a Sd(Tl)a ASI:

In(EDP)

In(EDP)

In(EDP)

In(EDP)

In(EDP)

observed that the strongest correlated IMs are S, (T),

EPA, and PGA.
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Figure 15.7 Scatterings

of EDP with various IMs.
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Figure 15.8 Correlation coefficient and dispersions of PSDM of the bridge with various
IMs.

7. Concluding remarks

This study develops PDSMs for 20 earthquake IMs and identified the
efticient IMs tor the seismic performance of a skewed RC bridge. A set of
90 ground motions, which contains a wide range of amplitudes, magni-
tudes, epicentral distances, significant durations, and predominant periods, 1s
used to perform nonlinear time-history analyses. The numerical analysis
results reveal that the efficient IMs for the PDSM of the skewed RC bridge
are S (T4), S.(T), Su(T4), ASI, EPA, and PGA. Meanwhile, the weakly
correlated IMs with the response of skewed bridges are Dr s, PGD, SED,
Virms, and CAV.
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